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= INTRODUCTION

. We are delighted to present you with this update on Visual Snow Syndrome and
Dr Puledda.

Research is core to King’s, what we do, what we care about and how we educate. Our enquiry-driven
research delivers transformative insights with the power to advance and accelerate global progress. Our
academics work across disciplines and collaborate with partners so that our research changes practice
and influences understanding at home and abroad. Here at King’s, our researchers take world-leading
ideas and turn them into life-changing impact.

LONDON

Thanks to your support, Dr Francesca Puledda and her colleagues at the Institute of Psychiatry,
Psychology & Neuroscience at King’s are making significant strides in understanding Visual Snow
Syndrome and its basis. In supporting this work, you are not only enabling a world-leading researcher
in the area to reach significant research miletsones, but also impacting all those who currently live with
Visual Snow Syndrome.

In this report we have included Dr Puledda’s most recent success — a startling breakthrough into
understanding the biological basis for Visual Snow Syndrome. You will find the full published paper
announcing this discovery at the end of the report.

Your kind support and the partnership that we have established is prized both by Dr Puledda and the
wider King’s community. Thank you.
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. New brain scan study discovers possible

biological basis of Visual Snow Syndrome

Last year, Dr Puledda led a study that used

a novel approach to show that the patterns

of activity in two brain chemical systems -
glutamate and serotonin — are different in people
with visual snow syndrome compared to those
without the condition.

Visual Snow Syndrome (VSS) is characterised
by a continuous visual disturbance in which
people see static, flickering dots, and flashing
lights — this happens when their eyes are both
open and closed.

It affects about 2 -3% of the world’s population
and it can be debilitating, impacting vision,
hearing, thinking, sensory processing, and
quality of life.

The study was part-funded by the National
Institute for Health and Care Research (NIHR)
Maudsley Biomedical Research Centre, and
supported by the Visual Snow Initiative and the
Eye on Vision Foundation.

Researchers used existing scanning data from 24
patients with VSS, 25 migraine patients and 24

healthy people with no VSS or migraine history.
The brain scans were conducted at the NIHR
King’s Clinical Research Facility.

Currently there is no medication that is effective
at helping people with VSS and the search

for treatment has been hindered by a lack of
knowledge around the biology of the condition.

Previous scanning studies in people with VSS
have shown alterations in different regions of
the brain and how these interact, however, there
has been no research looking into the possible
molecular changes that could underlie the
condition.

Further research into this area could provide
insight into potential biological targets for
treatment.

Using a new approach that was developed

by researchers at the NIHR Maudsley

BRC, the study combines information from
positron emission tomography (PET) imaging
information on the distribution of different
chemical receptors in the brain with functional
Magnetic Resonance Imaging (fMRI) analysis
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of the interaction of activity between different
regions of the brain.

Using this Receptor-Enriched Analysis of
Functional Connectivity by Targets (REACT)
approach, researchers can extract a map of
activity of brain chemicals across the different
brain areas.

The five brain chemicals examined in this
study were noradrenaline, dopamine, serotonin,

glutamate and gamma-aminobutyric acid
(GABA).

Researchers found that in patients with VSS
there were particular differences in the activity
of glutamate and serotonin networks in specific
areas of the brain.

There was less synchronised activity (or
functional connectivity) in the glutamate
networks in the anterior cingulate cortex (ACC)
in those with VSS compared to healthy controls
and those with migraine.

The ACC is a hub for thinking and top-
down control over sensory inputs. The
different pattern of activity could represent an
interruption in the filtering and integration of
visual information.

Analysis also showed that VSS patients had
reduced functional connectivity in the serotonin
networks of the visual cortex, insula, temporal
pole and orbitofrontal areas of the brains
compared to healthy controls.

This reduced connectivity in serotonin
networks was also seen in migraine patients
with aura suggesting a biological link between
VSS and aura.

The findings suggest that serotonin activity in
VSS patients may be influencing the integration
of complex sensory information.

The results did not find any differences for the
other brain chemicals that were investigated in
the study.

Dr Puledda was the first author on the paper
publishing these findings, and worked alongside
a number of researchers from across the Institute
of Psychiatry, Psychology & Neuroscience at
King’s.

For the full article, published in Annals of
Neurology in 2023, please see Appendix One at
the end of this report.

Dr Francesca Puledda

Senior Clinical Research Fellow
Institute of Psychiatry, Psychology & Neuroscience

Dr Puledda said this on the discovery and its significance:

‘Previous research has given us some insight into the brain regions involved in visual snow syndrome
but our study is the first to identify the brain chemistry that could underiie the condition and other

Sensory experiences such as migraine aura.

Until now there have been no effective treatments for VSS and importantly our research has confirmed
that VSS is a neurological disorder with a chemical basis that could be used as a target for development of

treatments.’



ING’S

College

On behalf of Dr Puledda and King’s College London, thank you for your
commitment to such critical research.

We are extremely grateful for your generosity and commitment to Dr Puledda’s groundbreaking work
on Visual Snow Syndrome. We very much look forward to updating you on Dr Puledda’s work in our
next report.

Your support enables us to impact the lives of those living with Visual Snow Syndrome, by giving them
a better understanding of how the syndrome works and affects them. Further research into this area
will only serve to progress the chance of finding better ways to treat VSS.

‘We hope you have enjoyed reading about Dr Francesca Puledda’s most recent success.

Thank you.

For more information please contact

Maggy Liu
Senior Philanthropy Manager — International

King’s College London & King’s Health Partners
Virginia Woolf Building

22 Kingsway

London

WC2B 6LE

Email: Maggy.Liu@kcl.ac.uk
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Abnormal Glutamatergic and
Serotonergic Connectivity in Visual Snow
Syndrome and Migraine with Aura

Francesca Puledda, MD, PhD ©,"? Ottavia Dipasquale, PhD,? Benjamin J. M. Gooololy,3
Nazia Karsan, MRCP, PhD,"* Ray Bose, MD, MD(res),"* Mitul A. Mehta, PhD,’
Steven C. R. Williams, PhD,® and Peter J. Goadsby, MD, PhD"24

Objective: Neuropharmacological changes in visual snow syndrome (VSS) are poorly understood. We aimed to use
receptor target maps combined with resting functional magnetic resonance imaging (fMRI) data to identify which neu-
rotransmitters might modulate brain circuits involved in VSS.
Methods: We used Receptor-Enriched Analysis of Functional Connectivity by Targets (REACT) to estimate and com-
pare the molecular-enriched functional networks related to 5 neurotransmitter systems of patients with VSS (n = 24),
healthy controls (HCs; n = 24), and migraine patients (MIG], n = 25, 15 of whom had migraine with aura [MwA]). For
REACT we used receptor density templates for the transporters of noradrenaline, dopamine, and serotonin, GABA-A
and NMDA receptors, as well as 5HT1g and 5HT,4 receptors, and estimated the subject-specific voxel-wise maps of
functional connectivity (FC). We then performed voxel-wise comparisons of these maps among HCs, MIG, and VSS.
Results: Patients with VSS had reduced FC in glutamatergic networks localized in the anterior cingulate cortex (ACC) com-
pared to HCs and patients with migraine, and reduced FC in serotoninergic networks localized in the insula, temporal pole,
and orbitofrontal cortex compared to controls, similar to patients with migraine with aura. Patients with VSS also showed
reduced FC in 5HT,a-enriched networks, largely localized in occipito-temporo-parietal association cortices. As revealed by
subgroup analyses, these changes were independent of, and analogous to, those found in patients with migraine with aura.
Interpretation: Our results show that glutamate and serotonin are involved in brain connectivity alterations in areas of the
visual, salience, and limbic systems in VSS. Importantly, altered serotonergic connectivity is independent of migraine in VSS,
and simultaneously comparable to that of migraine with aura, highlighting a shared biology between the disorders.

ANN NEUROL 2023;94:873-884

Visual snow refers to a sensory phenomenon character-
ized by the perception of tiny, constantly moving dots
in the entire visual field. When the snow is associated with
additional symptoms, such as palinopsia, photophobia,
entoptic phenomena, and nyctalopia, one can talk of
visual snow syndrome (VSS).! VSS presents different
degrees of severity2 and can represent a disabling disorder
for many patients,” particularly due to its association with

. . 4 . . . . .
migraine,” psychiatric disorders,” and tinnitus.®

Clinical practice and recent studies”® have shown
that no medication is particularly effective for VSS, and
the search for appropriate treatments has been hindered
by the lack of knowledge around the underlying biology
of the condition.

A previous magnetic resonance imaging (MRI) study
found several changes in the brain functional connectivity
(FC) of patients with VSS when compared to healthy con-
trols (HCs). The abnormalities, found both at rest and

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.26745
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during visual stimulus processing, involved a large network
of brain areas, particularly the visual pathways, as well as
attentional and salience networks.’ These brain alterations

110,11 and

were confirmed with other functiona
structural>'* imaging studies in VSS. A study using
['8F]-FDG positron emission tomography (PET) found
altered neuronal metabolism in the visual cortex in
patients with VSS,* and proton magnetic resonance spec-
troscopy (‘"H-MRS) showed increased lactate and a trend
for increased glutamate in the lingual gyrus."

No study thus far has provided insight into the
molecular underpinnings of VSS. Given that VSS seems
to involve abnormal sensory processing at the scale of
widespread neuronal circuits, this is challenging. However,
an altered function of certain neurotransmitters could be
hypothesized in the neurobiology of VSS. For example,
the close relationship with migraine, as well as evidence of

cortical  hyperexcitability =~ from  neuromodulation

17 implicates excitatory and inhibitory imbalance

studies,®
due to either altered glutamatergic and/or GABAergic
mechanisms, and possible serotonergic changes.®

Here, we aimed to identify biomarkers for the spe-
cific brain mechanisms underlying VSS by applying
Receptor-Enriched Analysis of Functional Connectivity by
Targets (REACT). REACT is a recent multimodal analyti-
cal approach comparable to the dual regression (ie, a
2-step multiple linear regression analysis) to estimate
subject-specific functional maps from standard templates
of the resting state networks.'” The main difference with
the standard dual regression approach is the use of maps
of distribution density of molecular targets from PET and
single photon emission computed tomography (SPECT)
imaging to enrich functional MRI (fMRI) data with
molecular information and estimate functional networks
related to specific molecular systems of interest.”” The
advantage of REACT is that it allows the use of template-
based receptor maps without the need for subject-specific
molecular imaging data, whereas also allowing the exami-
nation of connectivity changes in light of the molecular
mechanisms driving these alterations.

In this work, we revisited fMRI data of both HCs
and patients with VSS from our previously published
study’ as a basis for our investigation to look for func-
tional alterations at rest in key neurotransmission-related
circuits, including the transporters of noradrenaline
(NAT), dopamine (DAT), and serotonin (SERT), the
GABA-A and NMDA receptors. We included a third
group of patients with migraine, both with and without
aura, in order to account for findings due to comorbid
migraine diagnosis, as this is a significant comorbidity of
VSS that remains to be understood.?' Finally, we ran a
subanalysis focused specifically on serotonin 5HT,p and
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5HT,4 receptors, as these systems are particularly relevant
in migraine® and VSS* biology.

Methods

Participants
Full details of the original data collection, study popula-
tion, and study design can be found in the previous publi-
cation.” In brief, twenty-four patients with VSS (mean
age = 28 £ 6 years; men/women = 12/12) and an equal
number of gender and age-matched HCs (mean
age = 28 £ 5 years; men/women = 10/14) attended a
single MRI session. Participants had to be between
20 and 60 years old, with no contraindications to undergo
an MRI, no serious previous medical conditions, no his-
tory of any recreational drug intake in the past, consump-
tion of no more than 6 cups of coffee per day, no
recurrent medication intake with an action on the central
nervous system, and no psychological diseases that would
require medication or that could affect neural pathways.

The study was granted ethical approval by the
London-City and East Research Ethics Committee
(Reference number: 16/LO/0964). Informed consent was
obtained from all participants.

Twenty-five patients with migraine (21 women and
4 men, 15 with migraine with aura [MwA], 10 with
migraine without aura [MWOoA], and 19 who were right-
handed) from another study in our group®® were included
as a further control cohort.

MRI Acquisition
Scanning was performed on a 3T General Electric
MR750 MRI scanner at the NIHR King’s Clinical
Research Facility, King’s College Hospital, London using
a 12-channel radiofrequency (RF) head coil. For HCs and
patients with VSS, whole-brain fMRI images were acquired at
rest.”” A multi-echo planar imaging (EPI) sequence was used
(TR = 2,500 ms; echo times = 12, 28, 44, and 60 ms; flip
angle = 80°; FOV = 240 x 240 mm; matrix = 64 x 64;
slice thickness = 3 mm; 32 axial sections collected with
sequential [top down] acquisition and 1 mm interslice gap;
and in-plane resolution = 3.75 mm). Anatomic scans were
also obtained using a high-resolution 3D T1-weighted
IR-SPGR  sequence (TR =7.312ms; TE = 3.016 ms;
TI =400 ms; flip angle=11; FOV =270 x 270 mm;
matrix = 256 X 256; slice thickness = 1.2 mm; 196 slice
partitions, ~ ASSET

resolution = 1 mm).”

factor =1.75; and  in-plane

Image Preprocessing
The rs-fMRI dataset was preprocessed using Analysis of
Functional Neurolmages (AFND)?° and FMRIB Software

Library (FSL).”” The initial preprocessing steps performed
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using afniproc.py included slice timing and volume re-
alignment and time-series de-spiking. Mean framewise dis-
placement was also estimated at this stage, using the data
from the first echo. TE-dependence analysis was then per-
formed to reduce motion-related artefacts and other non-
BOLD sources of noise?>"*° using the tedana workflow.?
A user-defined mask was applied to the data. An adaptive
mask was then generated, in which each voxel’s value
reflects the number of echoes with “good” data. A 2-stage
masking procedure was applied, in which a liberal mask
(including voxels with good data in at least the first echo)
was used for optimal combination, T2*/S0 estimation,
and denoising, whereas a more conservative mask
(restricted to voxels with good data in at least the first
3 echoes) was used for the component classification proce-
dure. A monoexponential model was fit to the data at each
voxel using log-linear regression in order to estimate T2*
and SO maps. For each voxel, the value from the adaptive
mask was used to determine which echoes would be used
to estimate T2* and SO. Multi-echo data were then opti-
mally combined using the T2* combination method.”’
Principal component analysis (PCA) based on the PCA
component estimation with a Moving Average (stationary
Gaussian) process’’ was applied to the optimally com-
bined data for dimensionality reduction. The following
metrics were calculated: kappa, rho, countnoise, coun-
tsigFT2, countsigFSO0, dice_FT2, dice_FSO0, signal-noise_t,
variance explained, normalized variance explained, and
d_table_score. Kappa and Rho were calculated as measures
of TE-dependence and TE-independence, respectively. A
t test was performed between the distributions of T2*-
model F-statistics associated with clusters (ie, signal) and
non-cluster voxels (ie, noise) to generate a t-statistic (met-
ric signal-noise_z) and p value (metric signal-noise_p)
measuring relative association of the component to signal
over noise. The number of significant voxels not from
clusters was calculated for each component. Independent
component analysis was then used to decompose the
dimensionally reduced dataset. The following metrics were
calculated: kappa, rho, countnoise, countsigFT2, coun-
tsigFS0, dice_FT2, dice_FSO, signal-noise_t, variance
explained, normalized variance explained, and d_tab-
le_score. Kappa and Rho were calculated as measures of
TE-dependence and TE-independence, respectively. A
t test was performed between the distributions of T2*-
model F-statistics associated with clusters (ie, signal) and
non-cluster voxels (ie, noise) to generate a t-statistic (met-
ric signal-noise_z) and p value (metric signal-noise_p)
measuring relative association of the component to signal
over noise. The number of significant voxels not from
clusters was calculated for each component. Next, compo-
nent selection was performed to identify BOLD
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(TE-dependent), non-BOLD (TE-independent), and
uncertain (low-variance) components using the Kundu
decision tree (version 2.5).>' This workflow used
numpy,” scipy,” pandas,34 scikit-learn,” nilearn, and
nibabel.*® This workflow also used the Dice similarity
index.>”

White matter (WM) and cerebrospinal fluid
(CSF) masks were obtained from the segmentation of
the subjects’ structural images and eroded in order to
minimize the contribution of grey matter partial volume
effects. After co-registering them to each individual’s
fMRI space, they were used to extract the mean WM
and CSF signals from each participant’s preprocessed
dataset. Those signals were then regressed out of the
denoised data and a high-pass temporal filter with a cut-
off frequency of 0.01 Hz was applied. Data were then
spatially smoothed with a with an 8 mm FWHM
Gaussian kernel.

Each participant’s fMRI dataset was co-registered to
its corresponding T'1-weighted anatomic scan and warped
to standard MNI152 space using the Advanced Normali-
zation Tools.”” Tmages were finally resampled at
2 X 2 x 2 mm® resolution.

REACT-Based Analysis

For the receptor-enriched fMRI analysis, we ran 2 separate
models: the “mixed model,” exploring different molecular
systems (ie, the dopaminergic, noradrenergic, serotonergic,
GABAergic, and glutamatergic systems), and the “seroto-
nergic model,” focused on 5HT, g and 5HT,, receptors
(Fig 1). All density maps were derived from in vivo PET
images of the transporters of dopamine,”® noradrenaline,”
and serotonin (derived from an internal PET database of
['!C]DASB PET images of 16 healthy controls), as well as
the GABA-A,*® and NMDA (derived from an internal
database of ['®F]GE-179 PET images of 9 HCs). SHT
and 5HT,, receptors were used to enrich the functional
data with information on the spatial density distribution
for each target. Of note, both models included the density
map of SERT. However, whereas in the mixed model the
distribution of SERT was used to capture the full architec-
ture of serotonin and explore the brain’s functional mech-
anisms underlying VSS, in the serotonergic model it was
included only to control for its effects in the primary
responses of interest, that is, those related to 5HT;p and
5HT,, receptors.

Running REACT comprises of a 2-step multiple lin-
ear regression analysis within the REACT toolbox
(https://github.com/ottaviadipasquale/react-fmri).*"  The
4D whole-brain fMRI maps and PET maps were
demeaned, and the PET maps used as spatial regressors to
estimate the dominant BOLD fluctuations related to each
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control; NAT = noradrenaline; PET = positron emission tomography; REACT = Receptor-Enriched Analysis of Functional
Connectivity by Targets; SERT = serotonin; VSS = visual snow syndrome.

of the molecular targets. Of note, a mask, generated by
binarizing the PET maps, was used to restrict analysis to
only the areas where information on transporter and
receptor density was available. This first step of this analy-
sis generated subject-specific temporal dynamics for each
of the molecular targets, which were then used as temporal
regressors in the second multiple linear regression to esti-
mate molecular-enriched functional connectivity maps. At
this stage, the input fMRI data and design matrix were
demeaned, with additional normalization of the latter to
unit standard deviation, and the analysis was conducted
on the whole grey matter volume. This final step of
REACT generated, for each combination of participant
(VSS, HCs, and MIG) FC maps enriched by the molecu-
lar systems included in each model (mixed and
serotonergic).

Statistical Analysis

For each molecular-enriched functional network of inter-
est resulting from the 2 models (ie, DAT, NAT, SERT,
NMDA, and GABA-A for the mixed model, and 5HT g
and 5HT)4 for the serotonergic model), we first compared
the subject-specific spatial maps across groups (HC, VSS,
and MIG) using permutation-based 1-way analysis of
covariance (ANCOVAs), controlling for mean framewise
displacement. Additionally, to test if the changes found in
the main analysis were unique to VSS, we ran subgroup

876

1-way ANCOVAs comparing HCs, pure VSS (ie, patients
with VSS with no migraine), and MwoA; and HCs, pure
VSS, and MwA. All voxel-wise statistical analyses were
performed with Randomise,42 using 5,000 permutations
per test and contrast. Multiple comparison errors were
controlled for by using the threshold-free cluster enhance-
ment option43 in FSL.

For each significant result, we extracted the mean
FC values within the significant clusters and ran
Tukey post hoc tests in SPSS to evaluate which groups
differed from each other, controlling for mean framewise

displacement.

Results
One patient with VSS and three HCs were excluded from

final analyses due to excessive head movement (mean
framewise displacement > 0.2 mm). No patients with
migraine were excluded. This left n = 23 patients in the
VSS group, of whom n = 9 had no migraine (“pure VSS”
group), n = 21 patients in the HC group and 25 patients
in the migraine group (MIG), of whom 15 had aura
(MwA group).

The molecular-enriched FC maps related to DAT,
NAT, SERT, NMDA, GABA-A, SHT,p, and SHTa,
averaged across each group (HCs, patients with VSS, and
patients with migraine), are reported in Figure 1.

Volume 94, No. 5
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Mixed Model

The 1-way ANCOVAs highlighted statistically significant
differences between the HC, VSS, and the MIG groups in
the functional networks enriched with SERT and NMDA
(Fig 2A) and localized in the right insula, temporal pole,
and orbitofrontal cortex (Fyex = 14.5, p = 0.009, num-
ber of voxels = 761, Xpeak = 40, Ypeak = 12, Zpeak = —22)
and in the anterior cingulate cortex (ACC)/middle cingu-
late cortex (MCGC; Fpeqc = 14.2, p = 0.042, number of
voxels = 26, Xpeak = 60, Ypeak = 0, Zpeakk = 38), respec-
tively. Tukey post hoc tests revealed lower FC in the
SERT-enriched network in patients (both VSS and
migraine) as compared to HCs (VSS < HC, r=5.160,
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2 <0.001; MIG < HC, = 4.417, p < 0.001), and in the
NMDA-enriched network in VSS with respect to HCs
and patients with migraine (VSS<HC, r=5.252,
2 <0.001; VSS < MIG, 7= 4.598, p < 0.001). No group
differences were found for DAT-, NAT-, and GABA-
A-enriched functional networks.

When comparing HCs and the 2 subgroups “pure
VSS” and MwoA in the same model, we found significant
differences in the NMDA-enriched functional network
localized in right frontal pole, inferior and middle frontal
gyri (Fig 2B; Fyer = 16.9, p =0.010, number of
voxels = 937, Xpeak = 38, Jpeak = 36, Zpeak = 0). Post hoc
analyses revealed higher FC in MwoA as compared to HC
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FIGURE 2: Mixed model analysis. (A) Full group analysis showing significant changes in SERT (left) and NMDA (right) enriched networks
in patients with VSS with respect to HCs and patients with MIG groups. (B) Subgroup analysis comparing HC versus pure VSS versus
MwoA. (C) Subgroup analysis comparing HCs versus patients with pure VSS versus patients with MwA. HCs = healthy controls;
MIG = migraine; MwA = migraine with aura; MwoA = migraine without aura; SERT = serotonin transporter; VSS = visual snow

syndrome.
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(#-stat = 5.37, p<0.001) and pure VSS (r=4.753,
2 <0.001). No significant differences were found in the
other systems.

When comparing HCs and the 2 subgroups “pure
VSS” and MwA, we found significant differences in the
SERT-enriched functional network localized in the right
temporal pole, insula, orbitofrontal cortex, and planum
polare (Fig 2C; Feao = 15.3, p=0.023, number of
voxels = 256, Xpesk = 40, Jpeak = 85 Zpeak = —20). Post hoc
analyses revealed lower FC in both patients with pure VSS
and with MwoA as compared to HCs (pure VSS < HC,
t=4.164, p <0.001; MwA < HC, r=4.576, p < 0.001).
No significant differences were found in the other systems.

Serotonin Model

The one-way ANCOVAs highlighted statistically signifi-
cant differences among the HCs, VSS, and MIG groups
in 5 clusters of the SHT,a-enriched functional network
(Fig 3 and Table , upper panel). These clusters were local-
ized in different cortical regions, including the right
planum temporale, central opercular cortex, Heschl’s
gyrus, planum polare, superior temporal gyrus, postcentral
gyrus, supramarginal gyrus, parietal operculum cortex and
insula (cluster 1), the left postcentral gyrus, opercular cor-
tex, superior temporal gyrus, planum temporale, planum
polare, and Heschl’s gyrus (cluster 2), the right superior
and inferior division of the lateral occipital cortex and the
right middle and inferior temporal gyrus (cluster 3),
the left inferior division of the lateral occipital cortex (cluster
4), and the right temporal occipital fusiform cortex and
occipital fusiform gyrus (cluster 5). Tukey post hoc tests

Cluster 1

revealed lower FC in patients (both the VSS and MIG
groups) as compared to HCs in all clusters (see “Significant
contrasts” column in Table ). No group differences were
found in the SHTg-enriched functional network.

The subgroup ANCOVAs comparing HCs, patients
with pure VSS, and patients with MwoA showed signifi-
cant differences in 3 clusters of the SHT,a-enriched net-
work (see Table , middle panel). The first 2 clusters vastly
overlap with clusters 3 and 4 of the full group analysis,
whereas the third is located in the right inferior division of
the lateral occipital cortex and the right occipital fusiform
gyrus. The post hoc tests revealed significantly lower FC
in both patient subgroups compared to HCs in cluster
1, and lower FC in pure VSS compared to HC and
MwoA in clusters 2 and 3. No group differences were
found in the 5HT;z-enriched functional network.

The subgroup ANCOVAs comparing HCs, patients
with pure VSS, and patients with migraine with aura
showed significant differences in 9 clusters of the SHT,a-
enriched network (Fig 4 and Table , lower panel). The
post hoc tests revealed lower FC in patients (both VSS
and MwA) as compared to HCs in all clusters excluding
the smallest one (see “Significant effect”
Table ). No group differences were found in the SHT -

column in

enriched functional network.

Discussion

The data presented here show that patients with VSS
demonstrate significant differences in functional brain net-
works related to SERT and NMDA molecular systems,

Cluster 5

5-HT2A-enriched FC network
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FIGURE 3: Clusters of significantly reduced serotonergic-enriched functional connectivity in all patients with VSS (n = 23) and
patients with MIG (n = 25) with respect to HCs (n = 21). For all values and statistics refer to Table . FC = functional connectivity;
HCs = healthy controls; MIG = migraine; VSS = visual snow syndrome.
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Group comparison

VSS versus HC
versus MIG

Pure VSS versus
HC versus MwoA

Pure VSS versus
HC versus MwA

Fyeale

16.7

13.1

12.4

11.5

8.34

13.7

18.5

11.3

15.4

18.8

17.1

15.9

20.2

10.4

11.9

8.9

8.2

Pgwr)

0.004

0.015

0.025

0.031

0.047

0.036

0.028

0.048

0.014

0.01

0.012

0.03

0.019

0.039

0.036

0.047

0.049

303

232

35

175

136

22

1,044

964

745

169

155

96

89

F-test

X y z
46 —28 6
—58 —6 2
46 —62 2
—50 —80 0

34 —=50 —16

44 —62 2

—46 —80 -2

46 —66 —18

62 —18 20

46 —62 2
—54 -10 0
—48 —82 0

28 —54 50

38 -6 2

—56 -20 20

44 -30 8

32 =72 —16

STG = superior temporal gyrus; VSS = visual snow syndrome.

Brain regions

R PT, central operculum, HG, PP, STG,
PoG, SMG, parietal operculum, and insula

L PoG, opercular cortex, STG, PT, PP, and

HG

R superior and inferior LO; MTG, and ITG

L inferior division of LO

RFG

R superior and inferior LO, MTG, and ITG

L inferior LO

R inferior LO and FG

R central operculum; PoG, PT, PP, HG,

SMG, STG, and parietal operculum

R LO; MTG; and FG

L central operculum, Insula, PP, STG, PT,

and HG

LLO

R superior parietal lobule; LO; and AG

R insula

L central operculum PoG, parietal operculum,

and SMG

R PT, HG, and STG

RFG, LO, and LG

TABLE. Clusters Showing Significant Molecular-Enriched FC Differences for the 5HT,, Target of the Serotonin
Model, Comparing the Full Groups (Patients With VSS, HC, and MIG; upper panel); and Two Subgroup
Analyses: Pure VSS, HC, and MwoA (Middle Panel); Pure VSS, HC, and MwA (Lower Panel)

Post hoc tests

Significant contrasts

HC > VSs
HC > MIG
HC > VSs

HC > MIG
HC > VSs

HC > MIG
HC > VSs

HC > MIG
HC > VSs

HC > MIG
HC > pure VSS
HC > MwoA
HC > pure VSS
MwoA > pure VSS
HC > pure VSS
MwoA > pure VSS
HC > pure VSS
HC > MwA
HC > pure VSS
HC > MwA
HC > pure VSS
HC > MwA
HC > pure VSS
HC > MwA
HC > pure VSS
HC > MwA
HC > pure VSS
HC > MwA
HC > pure VSS
HC > MwA
HC > pure VSS
HC > MwA
HC > pure VSS

HC > MwA

t

5.803
4.461
5.117
3.425
4.582
3.59
4.428
3.34
3.551
3.567
4.977
2.755
5.908
3.121
4.715
2.443
5.004
4.654
5.012
3.395
4.44
4.791
5.248
3.19
5.468
3.72
3.911
3.7
3.975
3.734
3.732
3.17
3.967

1.975

Abbreviations: AG = angular gyrus; FG = fusiform gyrus; HC = healthy control; HG = Heschl’s gyrus; ITG = inferior temporal gyrus; k = cluster
size; L = left; LG = lingual gyrus; LO = lateral occipital cortex; MIG = migraine; MTG = middle temporal gyrus; MwA = migraine with aura;
MwoA = migraine without aura; PP = planum polare; PoG = postcentral gyrus; PT = planum temporale; R = right; SMG = supramarginal gyrus;

< 0.001

< 0.001

<0.001

0.003

<0.001

0.002

<0.001

0.004

0.002

0.002

<0.001

0.024

<0.001

0.01

< 0.001

0.05

< 0.001

< 0.001

<0.001

0.004

< 0.001

<0.001

< 0.001

0.008

< 0.001

0.002

< 0.001

0.002

< 0.001

0.002

0.002

0.008

< 0.001

0.131
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FIGURE 4: Clusters of significantly decreased 5HT,a-enriched functional connectivity in patients with pure VSS (n = 9) and MwA
(n = 15) with respect to HCs (n = 21). For all values and statistics refer to Table ; only cluster with > 100 voxels are shown in the
image. FC = functional connectivity; HCs = healthy controls; MwA = migraine with aura; VSS = visual snow syndrome.

and not GABA-A and NAT, with respect to HCs. These
changes, involving crucial areas of the sensory and limbic
systems, not only confirm functional connectivity alter-
ations of VSS found in previous studies, but also allow us
to view those findings in light of molecular mechanisms
that could be specific to the syndrome. Importantly, all
regions of significantly differing connectivity found in
patients with VSS were indeed opposite to the direction of
coupling shown in the averaged neurotransmitter maps
(see Fig 1). This confirms that the areas of gain or
decrease of connectivity diverge significantly from the nor-
mal function of these brain networks, and might thus rep-
resent a robust biomarker of VSS. This is corroborated by
the comparison with the migraine patient group and by
the subgroup analyses conducted in patients with VSS and
no migraine, which suggested that the changes were
largely independent of migraine co-occurrence in VSS. In
fact, consistent with previous reports in the literature,”*
60% of our VSS population had concomitant migraine.
In order to make inferences regarding the disorder’s spe-
cific pathophysiology, it is therefore of crucial importance
to distinguish the neural changes of interictal migraine
from those inherent to VSS.

Among our findings from the mixed model,
accounting for the influence of different neurotransmitter
systems in the functional connectivity changes in VSS, we
were able to establish that glutamatergic-enriched connec-
tivity is uniquely reduced in VSS in the dorsal ACC/MCC
(see Fig 2A). This region has connections to both the lim-
bic system and executive areas of the frontal and parietal
cortices,” making it an important hub for cognition and

880

top-down sensory control.”> The anterior/mid-cingulate
cortex is directly involved in attentional and salience pro-
cesses*®? as well as executive awareness functions.*®*?

Glutamate alterations have been detected in the
visual cortex of patients with VSS by means of MRS."” As
the major excitatory neurotransmitter in the brain, gluta-
mate is considered a key factor in states of altered excit-
ability and hyper-responsivity, such as migraine.”® A
reduced glutamate-mediated connectivity in this region in
VSS might thus signify a dysregulation of normal atten-
tional functions and integration of sensory processing’’
that cannot be explained by a simple cortical hyper-
excitability, rather by a the wider spectrum of cortical dys-
excitability that is common to migraine with aura as
well.”>>® Further, the fact that NMDA-related activity
was associated with reduced connectivity in the mid-
cingulate cortex suggests downregulation of multi-sensory
control mechanisms in these brain regions,54 and could
even represent a potential pharmacological target for VSS
in the future.

Patients with VSS also showed changes in connectiv-
ity associated with areas of serotoninergic transporter
expression, represented by decreased FC in the insula,
temporal pole, and orbitofrontal cortex, similar to that of
patients with migraine. When analyzing this in more
detail by looking at our population subgroups (see
Fig 2C), the change was confirmed in patients with “pure
VSS,” and was equally present in patients with migraine
with aura, but not in those without aura. The anterior
insula is a central station within the salience network,”
which can be understood as the areas adapting behavior
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based on the internal predictions created by the brain and
on how much these deviate from the external environ-
ment.”®>” The posterior regions of the insula are associ-
ated with somatotopic organization and nociceptive
detection, with input directed to the more anterior
areas.”® The involvement of the orbitofrontal cortex and
temporal pole might further be linked to the concomitant
presence of tinnitus in patients with VSS, as these regions
are directly implicated in different levels of auditory stim-
ulus processing.sg’60 Overall, these findings suggest that
serotonin might be influencing the dysregulated integra-
tion of complex sensory stimuli typical of VSS.

The serotonin model allowed us to investigate these
changes with more detail. Here, we found that FC was
reduced in VSS in a SHT,4-dominated network localized
bilaterally in the insula, primary and secondary auditory
cortices, and in areas V3/V3A and V5 of the associative
visual cortex. Area V5 represents the main region of the
visual system to detect motion stimuli®" and has previ-
ously been implicated in VSS neurobiology, with findings
of increased grey matter volume in this region,12 coherent
with the perception of moving dots central to the condi-
tion. Area V3/V3A, on the other hand, has never been
investigated in VSS; it has, however, a long-standing asso-
ciation with typical migraine aura, mostly thanks to a sem-
inal paper showing early activation of this region at the
onset of visual aura symptoms.62 Area V3A has a
retinotopic representation of the opposite hemifield and is
associated with motion processing,** which could certainly
explain its relevance in VSS.%4

Importantly, by analyzing patients with VSS with no
migraine, as well as patients with migraine with or with-
out aura, we found that these areas showed overlapping
and independent FC changes in “pure VSS” and migraine
with aura. This finding could thus provide a missing link
to explain the complex pathophysiology among VSS,
migraine, and typical migraine with aura. In fact, whereas
the association between migraine without aura and VSS is
characterized by co-occurrence of the 2 disorders, reflected
by a worsened phenotype of VSS when migraine is also
present,” typical aura is more common in VSS without
making the disorder more severe. This suggests that the
link between typical aura and VSS is a purely biological
one, rather than a bi-directional worsening of one condi-
tion in the presence of the other.*

Aberrant serotoninergic metabolism has also been
implicated in visual perceptual syndromes,®> particularly
hallucinogen persisting perception disorder (HPPD).*¢”
HPPD typically arises following consumption of lysergic acid
diethylamide, a potent partial SHT, receptor agonist.*®"°
It has strong pathophysiological links to VSS,” often pre-
senting with overlapping symptomatology.”' The 5-HT,
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receptor is abundantly expressed in layers III and V of the
brain’s visual cortex, particularly in inhibitory interneurons
within V1 and V27>”? and an imbalance between cortical
excitation and inhibition mechanisms has long been
suspected in HPPD.”* It is thus not surprising that the activ-
ity of serotonin and the 5-HT,4 receptor may be associated
with a disruption of visual and salience networks in VSS,
particularly given the high density of serotoninergic projec-
tions from the thalamus and LGN to the visual cortex.””
Interestingly, a recent case reported VSS symptoms arising
after exposure to citalopram, a selective serotonin reuptake
inhibitor.>> Further, lamotrigine, which has an inhibitory
function on 5HT,4 receptors and is widely used in patients
with typical migraine aura and HPPD,”® has also shown
anecdotal efficacy in VSS.” However, a larger case series has
shown that both citalopram and lamotrigine are mostly inert
in patients with VSS,® thus suggesting that serotoninergic
transmission has a more complex role in the biology of this
condition.

An interpretation of our current findings is that sero-
tonin might be modulating the altered connectivity within
areas of the visual motion network in VSS, via dysfunction
in the salience network, and could thus be causing wrong-
ful allocation of attention to the noise-like percept of snow
and increased neural gain within the visual system.”” Our
findings further provide evidence for a serotonin-5HT,a
involvement in the pathophysiological association among
VSS, migraine with aura, and HPPD.

Limitations

The main limitations of our study relate to the relatively
small sample size, which could certainly have influenced
our final results. However, the functional connectivity
analysis has shown to be powered adequately, as it demon-
strated effects related to visual snow in our previous
study.” Second, although REACT improves the interpret-
ability of resting-state analyses, it does not measure neuro-
transmitter function directly and relies on molecular
templates of healthy subjects estimated independently.
Finally, although the imaging parameters and study loca-
tion were identical, the migraine cohort was added subse-
quently for analysis purposes and thus did not form part
of the original study.

Conclusions

In conclusion, our results show that glutamatergic and
serotoninergic circuits are directly involved in the dysfunc-
tional activity of visual and salience networks in VSS, and
could represent potential drug targets for the condition in
the future. The brain regions most involved in these
changes were the insula and ACC, supplementary visual
areas V3/V3A and V5, and the auditory cortices. Our
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findings also suggest that altered serotonergic connectivity
might represent the common link among VSS, HPPD,

and migraine with aura.
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