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Summary

In Copenhagen, located at a Northern latitude of°5he paucity of daylight in
the winter impacts human physiology and mood (kemaed seasonality) in up to
90% of the population. Although the winter is taliexd by most people, 5-10%
meet the diagnostic criteria of Seasonal Affectivsorder (SAD); an occurrence
of seasonal related depressive episodes, often wmbet in the fall and
spontaneous remission in the spring. Due to thels¢ively predictable episodes
with affected mood, SAD represent a unique oppdstun study neurobiological

state factors of importance for the mood swings.

The serotonergic neurotransmitter system has a ctda in the regulation of

circadian rhythms and it is also involved in ottempects of SAD, including

mood, sleep and appetite. Previdd€-DASB Positron Emission Tomography
(PET) studies have demonstrated that in peopleowitla diagnosis of SAD,

cerebral SERT correlates inversely with daylighhutes, in particular in carriers
of the short allele (S-carriers) of the serotomiansporter linked polymorphic
region (5-HTTLPR). It remained to be investigatedhbhow individuals resilient

to SAD and patients with SAD regulate their cerel88RT across seasons, if
such seasonal changes were related to clinicalrisevad@ SAD, and how 5-

HTTLPR genotype and sex interacted with the seaslated change in SERT.

Thus, the aims of this PhD-study were:

Aim I) to characterise seasonal SERT regulation in heaithiyiduals resilient to
SAD
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Aim 1) to investigate group differences in seasonal SE&julation and the

relation to symptom severity in SAD patients

Aim IlIl) to explore the effects of 5-HTTLRP genotype on seak SERT
regulation in SAD patients

Aim IV) to investigate gender by season effects in SADieasiindividuals and
SAD patients

We enrolled 23 SAD resilient healthy controls, auderised by low seasonality
ratings (all S-carriers) and 17 SAD patients (1da84ers) and measured cerebral
SERT levels by means dfC-DASB PET twice, both summer and winter. A
measure of whole brain SERT binding (globakBPwas used to examine global
SERT changes across seasons, groups, sexs andl3RIRTgenotypes. Based on
previous findings we hypothesized that globakBRould be higher in the winter
than in the summer in individuals resilient to affee disorders, particularly in
females. Further, assuming that high levels oflratleéSERT are associated with
depressive symptoms, we hypothesized, that SADematiwould have even
higher global BRp the winter compared to healthy individuals resilito SAD.
We also anticipated the increase from summer tdewwvould correlate with the

increase in SAD ratings.

In contrast to expectations we found that SAD sl individuals had a
significantdown-regulation of cerebral SERT levels in winter. Whereas the SAD
and SAD resilient participants had comparable SH&EIs in summer, SAD
patients had significantly higher global SERT leviel the winter. These effects
came clearly across as a highly significant groiffer@nces in seasonal SERT
regulation ABPyp) and the relative increase in SERT correlatedtpety with

the relative increase in depressive symptoms. diitiad, we found that S-carriers
had a significant larger seasonal SERT regulatmnpared to h-homozygotes.

10
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Irrespective of group, we found more pronounced@eal SERT regulations in

female participants.

Our findings suggest that the development of SAD®EYmMSs is associated with a
failure to downregulate SERT appropriately durirg@sure to the environmental
stress of winter, especially in individuals withghirisk profiles for affective
disorders, i.e. in women and in S-carriers. Ouradate consistent with the
interpretation that high cerebral SERT is assodiatgh low levels of interstitial
5-HT which in turn elicits the SAD symptoms. Thenaal implication is that
women and S-carriers with SAD may be particulaikelly to respond to

pharmacological intervention with 5-HT reuptakeibitors.

11
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Resume

Kabenhavn ligger 55%hord for aekvator og dens befolkning udsaettes defored
betydelige svingninger i meengden af dagslys gendrem Ni ud af ti indbyggere
oplever at vinteren pavirker deres humgr negalijgsom behovet for sgvn og
kulhydratrig kost forgges. Op til 5-10% opfylder diagnostiske kriterier for en
egentlig vinterdepression (Seasonal Affective DOisoy SAD). SAD er

karakteriseret ved cyklisk forekomst af humgr-, rsg\og appetitmaessige
forandringer, oftest med forveerring om efteraret folglkommen bedring om

foraret.

Det serotonerge (5-HT) neurotransmitter-systemlespien betydelig rolle i
reguleringen af vores dggn- og saesonrytme, heruaifiektregulering, sgvn og
appetit. Den cellemembran-bundne transporter, damgér 5-HT tilbage i
nervecellen efter en frigivelse, kaldes serotoramgporteren (SERT) og den kan
afbildes hos mennesker vhja. Positron Emissionshpafiske (PET) skanninger.
Tidligere PET-skanningsstudier, hvor man har skanaske forsggspersoner pa
forskellige tidspunkter af aret, har vist at SERJe® om vinteren, og iseer hos

personer, som har S- og ikke L-variationen af et gem koder for SERT.
Afhandlingen havde fire delmal:

I) at karakterisere seesonbetingede SERT-svingningerdske forsggspersoner,

som er saerligt modstandsdygtige overfor vinterdegpon.

II) at undersgge, hvordan de modstandsdygtige adskillefra personer med

SAD mht. reguleringen af hjernens SERT mellem sonwgevinter, og at se, om

13
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der er sammenhaeng mellem SAD patienternes SERTeregu og
sveerhedsgraden af SAD.

1) at belyse, hvorledes genotype (S eller L) paviderseesonbestemte SERT-
svingninger hos personer med SAD.

IV) at undersgge, om de saesonbestemte SERT-svingrengeere udtalte hos
kvinder end hos maend.

Vi undersggte i alt 23 raske forsggspersoner sbtrotls for at de havde S-genet
var karakteriseret ved at have ingen eller megetkdone sasesonrelaterede
svingninger i humgr, appetit og sgvn (de modstaygtige). Vi undersggte ogsa
17 personer med SAD (heraf 11 med S-gen). Beggepgrublev PET-skannet
savel sommer som vinter og fik dermed hjernens SBRitling kvantificeret
(global BRp) pa to arstider.

Om sommeren havde personer med SAD det samme nafe8ERT i hjernen
som de modstandsdygtige. Men modsat forventningenltfvi, at de SAD-
modstandsdygtig@edregulerede deres SERT i hjernen om vinteren, hvorimod
personer med SAD genereftregulerede deres SERT i hjernen. Ikke alene havde
SAD patienterne dermed hgjere SERT niveau end ddstaadsdygtige om
vinteren: Den relative stigning de udviste korretkr positivt med den relative
forveerring af SAD-symptomerne. Den saesonudlgste TSE&yulering var
desuden mere udtalt hos personer med S-genet eddLrgenet og kvinder

udviste generelt stgrre seesonudsving end maends 8&RT.

Resultaterne fra denne PhD tyder pa, at udviklingdnvinter-depressive
symptomer kan skyldes en utilstreekkelig nedreguteraf hjernens SERT,
betinget af det sparsomme dagslys, som vinterearlya ved vore laengdegrader.
Dette synes iseerlig grad at veere tilfeeldet hosgmer med gget risiko for at
udvikle SAD, nemlig hos personer med S-genet ogkvirsder. Et hgjt SERT-
niveau i hjernen om vinteren svarer til et laverel'® niveau i hjernen, hvilket

kan veere udlgsende for SAD. PhD-afhandlingens tedstylder derfor pa at det

14
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blandt patienter med SAD iseer vil veere kvinder eghdned S-genet som kan
drage fordel af behandling med lsegemidler, derastids SERT i hjernen.

15
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Nomenclatures

Seasonal Affective Disorder, SADEpisodes of depression with a seasonal
pattern. Equivalent to the terms seasonal depmessid winter depression.
Sub-syndromal seasonal affective disorder (SADA condition where seasonal
fluctuations in mood or behaviour are subjectivietpairing albeit not meeting
diagnostic SAD criteria.

Seasonality:Any seasonal related change in mood, behaviour or plogsi.
Non-seasonal affective disorder (non-SAD)ndividuals resilient to SAD.

Major Depressive Disorder, MDD: Episodes of depression without a seasonal

pattern. Equivalent to the terms unipolar depresamd depression.

16
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Abbreviations

YC-DASB: Carbon-labeled 3-amino-4-(2-
dimethylaminomethylphenylsulfanyl)-
benzonitrile

Y'C-MADAM: 11Carbon labeled -N, N-

Dimethyl-2-(2-amino-4-

methylphenylthio)benzylamine

H1C-McN 5652: 11C-(+)-6beta-(4-Methyl-

thiophenyl)-1,2,3,5,6 alpha,10beta-

hexahydropyrrolo[2,1- aJisoquinoline)
123_B-CIT: **4 labeled (2 carbomethoxy-3

B -(4-iodophenyl)tropane)

5-HIAA: 5-Hydroxyindoleacetic acid

5-HT: serotonin, 5-hydroxytryptamine

5-HT4R: serotonin receptor 4

5-HTTLPR: serotonin transporter linked

polymorphic region

ANOVA: analysis of covariance

AUC: area under curve

AUC cerebeium area under the cerebellar time

activity curve

BLT: bright light therapy

BMI: body mass index

BPyp : binding potential relative to the non

displaceable binding

Cl: confidence interval

Cimbi: Center for Integrated Molecular

Brain Imaging

df: degrees of freedom

DNA: deoxyribonukleinacid

DRN: dorsal raphe nuclei

DSM: diagnostic and statistical manual of

mental disorders

Eq.: equation

fMRI: functional magnetic resonance

imaging

FWHM: full width half maximum

GA: gyrus angularis

GABA: gamma-aminobutan acid

GnRH: gonadotrophine releasing hormone

HRRT: high-resolution research tomography

ICD: international classification of diseases

ipRGC: intrinsically photosensitive retinal

ganglion cells

k2’: reference tissue wash-out constant
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L o-homozygotesthomozygote carriers of
the long argine allele

Ls-carriers: long guanine allele carriers
MAO A: monoaminoxidase A

MDD: major depressive disorder

MDI: major depression inventory

mPFC: mediale prefrontal cortex
MP-RAGE: rapid three-dimensional tradient
echo

MRTM: multilinear reference tissue model
Non-SAD: non-seasonal affective disorder
P-value: probability value

PET: positron emission tomography

PFC: prefrontal cortex

PMS: premenstrual syndrome

PSQI GS: Pittsburgh sleep quality index
global scores

RDC: research diagnostic criteria

REM: rapid eye movement

RGC: image forming ganglion cell

ROI: region of interest

SAD: seasonal affective disorder

SCAN: schedules for clinical assessment in
neuropsychiatry

S-carriers: short allele carriers

SCN: nucleus suprachiasmaticum

SD: standard deviation

SERT: serotonin transporter

SIGH-SAD: Hamilton rating scale for
depression — seasonal affective disorder
version

Snip: single nucleotide polymorphisms
SPAQ GSS:seasonal pattern assessment
questionnaire global score

SPAQ: seasonal pattern assessment
questionnaire

SPECT: single-photon emission
computerized tomography

SSRI: selective serotonin reuptake inhibitor
TAC: time activity curve

TSE: turbo spin echo

VIF: variance inflation factor

VOI: volumes-of-interests

WHO: world health organizations
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Background

Neurobiological Background

Today, research in biorhythms and seasonal affeclisorder (SAD) can roughly
be grouped in two main themes. One emphasisesd@rcanisalignment i.e.
phase-shifts of melatonin while the other emphasg®nges in monoaminergic
neurotransmission, in particular serotonin. SADimuttely results from the
interaction of several vulnerability factors (Leant 2007). This thesis work

focuses on the serotonergic changes only.

Introduction to the circadian system

The nucleus suprachiasmaticum

The Suprachiasmatic nucleus (SCN) is embedded enatiterior part of the
hypothalamus right above the optic chiasm. The $Ctlie center of a complex
and widespread circadian system which act via ah@ta of endocrine,
immunological and neuronal pathways to entrain tehand physiology to the
light / dark cycle (Morin 2013) (figure 1). Informian of the light/dark cycle is
communicated by blue light-elicited excitation hetintrinsically photosensitive
Retinal Ganglion Cells (ipRGC) in retina and a ssting propagation of an
excitatory signal within the retino-hypothalamiadt. Standard retrograde tracing
have revealed that approximately 35 regions proingat to the SCN. The main
efferent projections can be separated in to thregppmsources of input (Graff,
Kohler et al. 2005, Morin 2013):

19
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1) Terminus of the retino-hypothalamic tract conveyiman-visual information
via pituitary adenylate cyclase-activating polypegt at glutaminergic
neurons

2) Terminus of the geniculohypothalamic tract, indikgconveying visual light
information from the rodes and cones via neurogep¥ and GABA neurons
from the intergeniculate leaflet

3) Terminus of a hub of dense serotonergic input oatyig from the medial
median raphe nuclei and indirectly from dorsal eplclei projections that
emerge via the intergeniculate leaflet (figure 1)

The SCN sends afferent projections to approximalélybrain regions across

three main patterns which mainly include inter-hyyadamic projections. The

first pattern is most extensive, it delivers outfiuthe periventricular nuclei, the
second and third deliver output to the septum anthalamic paraventricular
nuclei, respectively. In addition, the SCN is paldio endocrine entrainment to
zeitgebers such as the light/dark cycle: cortistdase is regulated via the above
mentioned SCN communications to the paraventricuiaclei, controlling
cortico-releasing hormone and the release of gdngline releasing hormone

(GnRH) are under the temporal regulation by SCNerihtypothalamic

projections (rodents data) (Tonsfeldt and Chappell2). The communication

with the pineal gland is not mediated by direct roeal pathways, but via
complex parachrine signaling that is describedeataill elsewhere, e.g., (Sapede
and Cau 2013). Many brain regions are includethéneixtended circadian system
including adjacent parts of the hypothalamus, thkenhula and tecmentum and
via interneuronal connections across these regidreseby over 100 different

brain regions are potential contributors to theawlian system (Morin 2013).

Limbic projections

A direct pathway connecting SCN to the amygdalaldesesn described in the gold
hamster (Morin, Goodless-Sanchez et al. 1994, Ihowever, unclear to what
extent this pathway is functional in humans andt iflirectly exerts seasonal
effects on mood and behavior. However, the cotiiodic circuit comprising the

amygdala, the anterior cingulate gyrus and mediefrgntal cortex (mMPFC) is

20
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affected by bright light intervention (see also itBrt light therapy”) (Fisher,
Madsen et al. 2013).

Retino-raphe projections

Preclinical studies conducted primarily in rodehts/e aided the delineation of
retino-raphe projections and have not found evideat direct ipRGC-raphe
projections (Hattar, Kumar et al. 2006). Howevered projections to DRN from
image forming ganglion cells (RGCs), indistinguisleafrom the classic image-
forming alpha/Y-like RGC type, has been found asrogsrious species
(summarized in (Luan, Ren et al. 2011)). One stindgerbils investigated the
role of the RGC-DRN pathway by silencing the RG@uihby an immunotoxine.
They found a reduction in serotonin levels in DRNhgll as increased depressive
behavior upon intervention (Ren, Luan et al. 2018)ine with this a study of 5-
HT levels and photoperiod, confirmed that DRN levef 5-HT were higher
under long-day conditions than short-day conditiamsboth chipmunks and
nocturnal mice (Goda, Otsuka et al. 2015). As DRIkhe main site of regulating
global cerebral 5-HT tone these studies providesinsights into daylights lights

potential to modulate mood via DRN projections.

Figure 1. Triple label images of SCN
anatomy in (A) the rat and (B) mouse
stained for vasopressin (blue), serotonin
(green) and retinal projections (red). The
yellow color results from merging
information from adjacent red and green
pixels or because green and red items are
superimposed in the original tissue. The
oblate rat SCN enables the triple stain
procedure to give the tissue a laminar
appearance not visible in the more upright
SCN of the mouse. The figure is modified
after Figs. 5 and 8 in Morin et al.(2006).
Printet inExp Neurol 2013 May ; 243: 4—
20.
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Introduction to the serotonin system

Serotonin

Serotonin (5-hydroxytryptamine, 5-HT) is a monoaangic neurotransmitter that
regulates both basal bodily functions includingepleappetite, reproduction and
temperature and more complex functions like mo@fression and cognition
(Jacobs and Azmitia 1992). In addition, 5-HT isalwed in governing circadian
rhythms by afferent and efferent communication wite SCN (Morin 2013).
Serotonin is biosynthesised in a two step prodessthe amino acid tryptophan
is converted to 5-hydroxy-L-tryptophan by tryptopHaydroxylase then follows a
conversion of the product by the enzyme aromatanino acid decarboxylase to
5-HT. Serotonin can not pass the blood-brain baame the synthesis takes place
in the soma of the serotonergic neuron locatechén ldrain stem in the raphe
nuclei. The highest concentration is found in tbstnal part of the raphe nuclei
(the dorsal and ventral raphe nucleus) locatelemtidbrain and pons and only a
smaller fraction is synthesised in the caudal p@rated in medulla oblongata.
From the raphe nuclei the serotonergic axons ascand branches out to all
cerebral regions with exception of the cerebellurhiclv only receives a
negligible amount of serotonergic fibers. The sametgic signal transduction is
initiated by an engulfment of the 5-HT vesicle hretcell membrane causing a
released of 5-HT into the synaptic cleft. The 5-Hiblecule can then exit the
synapse in one of the following wags via binding to postsynaptic receptors
(classical neuronal transmission (hard-wirdx)) by volume neurotransmission
where the molecule diffuses to remote targets émtatongside the nerve terminal
or ¢) by reuptake into the pre-synaptic membrane bys#r®tonin transporter
(SERT). In addition, the 5-HT molecule can be brokewn by the non-specific
enzyme monoamine oxidase A (MAO A) into its metébol 5-
Hydroxyindoleacetic acid (5-HIAA ) (CNS forum).

To this date 14 distinct subtypes of 5-HT receptuas been characterized. All
receptors, but the 5-HTreceptor, that is a ligand-gated ion channel (Tjbson,
Lester et al. 2010), is coupled to a G-protein. Theeptors can be further
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categorized accordingly to their second messengsermms (Millan, Marin et al.
2008). Synaptic 5-HT levels can be reduced eitherdunluced synthesis and
trafficking, increased degradation (increased MAOQOa#tivity) or increased
removal from active sites (increased SERT dengitgffinity). Low synthesis is
unlikely to contribute to psychiatric disorderstas 5-HT precursor, the amino
acid tryptophan, is abundantly present in varioosdf sources. However, in
experiments where a low 5-HT neurotransmissioresrdd, 5-HT synthesis can
be manipulated by implementation of a tryptophanpleteon regime
e.g.(Neumeister, Praschak-Rieder et al. 1997). u&emh of 5-HT reuptake or
degradation can be therapeutically exploited tatti@arious conditions linked to
low levels of 5-HT, i.e. drugs that blocks SERT dyugs that reduce MAO-A
activity are commonly used to treat depressiveagfgs (CNS forum).

Serotonin can not be directly measured in vivoha human brair{(Paterson,
Tyacke et al. 2010). As proxies, various biomarkeasve been implemented
including measurements of sweet taste sensitiitydérsen, Holst et al. 2014),
measurements of 5-HIAA in cerebral spinal fluidsiykx, Bakker et al. 2013) or
venous blood (Lambert, Reid et al. 2002) or p&tBtHT levels (Willeit, Sitte et
al. 2008). However these methods are based onhgeyigproxy measures and
therefore they are not ideal. Nevertheless, a rngwoach for assessing cerebral
5-HT has been implemented. Initial preclinical stsdfound that paroxetine
administration to the Flindes sensitive rat causd®-47% down-regulatioof 5-
HT, receptor binding in all regions evaluated inclgdithe basal ganglia and
hippocampus, while 5-HT depletion increased theTa-Hceptor binding in the
dorsal hippocampus, hypothalamus, and lateral gl@allidus (Licht, Marcussen
et al. 2009). The finding of a possible proxy measwof 5-HT was successfully
confirmed in humans by our group. In a double @shdandomized placebo
controlled*'C-SB207145 Positron Emission Tomography (PET) std@ymg of
fluoxetine or placebo was administered daily toh@2lthy males for three weeks
to increase 5-HT tone in the fluoxetine interventgroup. After three weeks, the
group receiving active compound had significantlgcr@ased global 5-HT
binding (Haahr, Fisher et al. 2014), thus 5;#8ceptor binding can be used as a

inverse proxy measure for chronic altered 5-HT Ieve
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The serotonin transporter linked polymorphic region

Serotonergic neurotransmission is highly depended SERT density and
manipulations of SERT efficacy can alter 5-HT lev€lorres, Gainetdinov et al.
2003).A polymorphism residing the promoter region locatgdstream from the
transcription start site of the SLC6A4 gene (chreame 17g11.2) encoding
SERT, the5-HT Transporterinked Polymorphic Region (5-HTTLPRghapes
inherent differences in trait serotonergic tone.p/Aximately 2/3 of the
population residing the Northern hemisphere carpramoter variant that does
not include 44 base pairs in the final product (¢hert allele referred to as S-
carriers) and 1/3 are homozygote for the allel¢ dogs include the 44 base pairs
(the long allele, referred to as L-carriers) (Ed@aur et al. 2008). In addition, a
single nucleotide polymorphisms (snip, rs25531)a@pg guanine with adenine
has also been found to alter SERT transcriptionsThus widely accepted that
due to transcriptional commonalities of the shiel@and the long guanine allele
(Lg) the carriers of these genotypes should be cdattaso individuals
homozygote of the long adenine allelea{homozygotes) when investigating
effects of 5-HTTLPR genotypes (Nakamura, Ueno e2@00). The majority of
PET studies have found that S- angdarriers have lower in vivo levels of SERT
(Praschak-Rieder, Kennedy et al. 2007, Reimold, Iksamet al. 2007, Kalbitzer,
Frokjaer et al. 2009) and only a single study thite replicate this (Murthy,
Selvaraj et al. 2010). In accordanc®g;carriers havdower rates of mMRNA
transcription in lymphoblast cell lines (Lesch, Behet al. 1996)Based on the
framework of Haahr et al., 2013, we tested the rehiedifferences in 5-HT
profiles between S- and non S-carriers in a cobb#7 males and females. The
results were affirmative of higher levels of 5-HiE, inversely indexed by 5-HR
binding, in S-carriers (Fisher, Holst et al. 201i2).addition, we implemented a
sucrose sensitivity taste test to obtain a proxysfiT tone (Heath, Melichar et
al. 2006) and found corroborating results, ashbmozygotes were found to
detected sucrose in the solutions at lower conagotrs and have a less steep
sucrose concentration detection curve relative-tar8ers (Andersen, McMahon
et al. 2014)Thus stratification of 5-HTTLPR genotype can beduas a research
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tool to create a model that accommodates invegiigatof 5-HT tone across

variousconditions.
Seasonal fluctuations in the serotonin system

Seasonal fluctuations in serotonin and serotonergigiomarkers

In 1980, Carlsson and coworkers published that mup@st-mortem levels of
hypothalamic 5-HT were lower in the fall/winter gales compared to the
summer samples. Two later studies were aligned thith and reported lower
levels of the 5-HT metabolite 5-HIAA in plasma a@&F in winter compared to
summer (Lambert, Reid et al. 2002) (Luykx, Bakkieale 2013). The latter study
also reported that seasonal 5-HIAA CSF variatiors waore prominent in S-
carriers and that the CSF 5-HIAA variation from soer to winter correlated
positively with ratings of Beck Depression Inventdr (BDI) (Luykx, Bakker et
al. 2013).

Seasonal fluctuations in serotonin transporter binthg

An overview including single-photon emission conggutomography (SPECT)
and PET investigations of seasonal SERT fluctuatianhealthy individuals can
be found in paper I. The studies of seasonal SHETuUations in clinical cohorts
are not included. A single study contrasted SER/EIt of SAD patients and
healthy controls in winter (Willeit, Praschak-Rie@ al. 2000), the results of this
study is elaborated in “Seasonal affective disqr@¢iology”. The studies are
summarized in table 1. In brief, previous studiaggest that seasonal SERT
fluctuations are present in cohorts of mixed gesderliatitudes above 53° north
of the equator, particularly in females and ngahomozygote individuals (figure
2). The apparent inconsistencies are thus likebteém froml) small sample sizes
and cross-sectional study desig)she application of sub-optimal radioligangs
the emphasis on sub-cortical regions ofiiyifferences in latitude ang) failure
to include confounding variables such as sex amiTBLPR genotype in the
analysis or take into account other confoundingoigcsuch as travelling, retinal

pathology or outdoor activities (paper I).
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Table 1. SPECT and PET studies examining seasonaERT fluctuations

listed in chronological order. Studies exclusively in healthy individuals are

included whereas studies including MDD or SAD paseare not included in the

table.
PUBLICATION METHOD SEASON- RESULTS
N (F) VARIABLE
AREA (LATITUDE) STASTISTICAL MODEL SEASONAL SERT
FLUCTUATION+/-
Neumeister et al,2000 Cross- dichotomised +lower thalamus-
12 (12 sectional summer: May-Aug.
(12) I . y-Au9 hypothalamus SERT
Vienna (48° N 123 3. inter: Nov.- Dec. . . .
! ( ) 1-p-CIm W v variance in the winter
by group comparison b
SPECT y group P y group 4 hours post
Mann-Whitney tests S
injection
-No difference in
mesencephalon/pons
Buchert et al., 2006 Cross- dichotomised, + higher SERT BRyp in
29 (14) sectional cut-off at Apr. " and Sep. L
mesencephalon in winter
Hamburg (53° N) Hc-McN5652 | 30" . .
No difference in
PET by various ANOVA models.,
thalamus or the voxel
adjusted for sex age and sex .
based anaysis
by season
-No sex by season effect
Koskela et al., 2008 Longitudinal | season dichotomised - No differences in
12 (5) 12Z4_ADAM | summer: Jul.-Aug. thalamus or
Helsinki (60° N) SPECT winter: Nov.-Feb. mesencephalon,
by Wilcoxon signed-rank tests irrespective of sex
Praschack-Rieder et Cross- season dichotomised, cut-off| + higher SERT BRyp in
al.,200¢' sectional | at Mar. 2¢-21" and Sep. 20 | ant.med. PFC, ant.cing.
88 (44) UC-DASB | 21" and daily sunshine/day | cortex caudate,
Toronto (43 ° N) PET length as numerical variable | putamen, thalamus,

By age corrected ANCOVA

mesencephalon in

26



Seasonal changes in cerebral serotonin transgmn@ing in individuals with or resilient to seasbagective disorder

models and linear regression

models

fall/winter

and

+ inverse correlation of
SERT BPyp between

daily sunshine and day

length
Kalbitzer et al., 2010 Cross- daylight minutes +inverse correlation of
57 (20) sectional By age, sex, gene by dayligh{ SERT BPy, and
Copenhagen (56°N) YC-DASB corrected multipe harmonic | daylight minutes in the
PET regression caudate and putamen,
trend in thalamus,
+ gene by daylight *
effect in putamen
-No effect in
mesencephalon
-No difference in the
voxel based anaysis
Murthy et al., 2010 Cross- Daylight minutes - No correlation of
63 (0) sectional By repeated measures SERT BPyp and
The United Kingdom (54° N)|  *'C-DASB ANOVA genotype as betweendaylight minutes in
PET subject factor, region as withinraphe, mygdala, ant.
subject factor and age as Cing. Cortex,
covariable. hippocampus, caudate,
putamen or thalamus
-No G * E effects in
any ROI
Cheng et al,2011 Cross- Season measured by sunlight - No difference in
66 (40) sectional exposure (SE) accumulated 30mesencephalon,
Tainan (22° N) 12_ADAM | days prescan irrespective of analysis
SPECT by Mann-Whitney
comparisons of 3 SE groups
and by linear regression of
age, sex and SE
Matheson et al. 201% Cross- daylight minutes -No differences in
40 (0) sectional by age corrected multiple strialtal, extra striatal
Stockholm (59 °N) YC-MADAM | linear regression (thalamus, hippocampus
PET , amygdala) or DRN
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F: females

N: latitude, defined as degree north of equatogiranfrom 0° to 90°

Latitudes calculated at http://www.mapsofworld.éiatn long/

"Gene by Environment interactions effect: s a differe in amplitude of the daylight by SERT

interaction between A-homozygotes and nonsthomozygotes (figure 2)

! (Neumeister, Pirker et al. 2000)

% (Buchert, Schulze et al. 2006)

3 (Koskela, Kauppinen et al. 2008)

* (Praschak-Rieder, Willeit et al. 2008)
> (Kalbitzer, Erritzoe et al. 2010)
®(Cheng, Chen et al. 2011)

"(Murthy, Selvaraj et al. 2010)
8(Matheson, Schain et al. 2015)

Confidence limits e LL
- Estimated harmonic s nonLL
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Figure 2. The seasonal SERT fluctuations in 57 hehly Danes (Kalbitzer, Erritzoe et al.
2010). Left Figure illustrates the seasonal effect'8®-DASB BRp (putamen) with pointwise
confidence limits, modeled as a harmonic functiathvperiod 1 year (estimated peak in the
middle of December, SE: 21 days, in good agreemvéhtthe model using daylight minutes as
a predictor) adjusting for age and sex. The plopeidts are the partial residuals (male of mean
age). The right figure displays the interactioni@n number of daylight minutes and serotonin
transporter linked polymorphic region-allelic s&tadjusting for age and sex. For comparison
with the left figure the estimated linear resporese a function of daylight minutes was
transformed to a function of calendar time (fromlbftzer et al. 2010, biol Psych) (Kalbitzer,
Erritzoe et al. 2010).
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Seasonal Affective Disorder

Etiology

SAD has been proposed to develop when the dimmgsthaylight superimposes
strain on an individual with traits of high flexiiby or instability within the
serotonin system (Ciarleglio, Resuehr et al. 20A1yisk individuals are, e.g.,
females, (Magnusson and Partonen 2005), S-catRersenthal, Mazzanti et al.
1998), bipolar disorder patients (Abreu and Braga2@l15) and premenstrual
dysphoric disorder patients (Praschak-Rieder, Wik¢ al. 2001). There is
evidence suggesting that the development of SADked to changes in the 5-
HT system i.e. SAD symptoms can be alleviated byarplacological
enhancement of serotonergic neurotransmission (@Kep Wurtman et al.
1989, Dilsaver and Jaeckle 1990, Partonen and hosind996) and the
beneficial effects of bright light therapy can leeersed by tryptophan depletion
(Neumeister, Praschak-Rieder et al. 1997, NeumeiStener et al. 1998). In
vivo studies of cerebral changes in the 5-HT systé®AD patients are sparse,
only a single study in seasonal SERT changes iedw SAD sample. This
study investigated 11 patients with SAD in theimpgyomatic phase and 11 non-
depressed healthy volunteers with the non-selectoamine transporter and
SERT radioligand**3-p-CIT and SPECT and reported lower thalamic-
hypothalamic variance of SERT in SAD patients coragao healthy controls
(Willeit, Praschak-Rieder et al. 2000). We and otheave investigated if the
outcome of a sucrose taste sensitivity test - aypneeasure of 5-HT — differed
in SAD and healthy controls across seasons andagmwups. We found that
SAD patients had a less steep sucrose concentrdatection curve in the
winter compared to the summer (Andersen, Holstl.eR@l4). This was in
accordance with previous work in this field of rax (Heath, Melichar et al.
2006) (Arbisi, Levine et al. 1996) (Srivastava, Rluson et al. 2013).
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Diagnosis

The SAD diagnostic criteria were first suggested Rysenthal et al. 1984
(Rosenthal, Sack et al. 1984). A diagnosis coulddiavhen a patient met all of
the following criteria:

1) A history of depression fulfilling RDC* criteritor major affective disorder,

depressed;

2) A history of at least two consecutive yearsalfi\ivinter depressive episodes
remitting in the spring or summer;

3) The absence of other major (Axis I) psychiattisorder or psychosocial

explanation for the seasonal mood changes (RodeB8tek et al. 1984).

*Validated Research Diagnostic Criteria (RDC) foajor depression (Spitzer, Endicott et al.
1978)

Today the diagnosis is encompassed in The Diagnasti Statistical Manual
of Mental Disorders, 4th edition, text revision (@S/-TR) as an episode
specifier for recurrent MDD (table 2). CurrentlyettSAD diagnosis is not
incorporated into the World Health Organizations H®) International

Classification of Diseases (ICD), which is the diastic tool used in Denmark.

Table 2. DSM 5 diagnostic criteria for SAD(from the American Psychiatric

Association; “Diagnostic and statistical manual wfental disorders 5th

edition”)

Criteria for MDD with a seasonal pattern (equivalém seasonal affective
disorder) (can be applied to the pattern of magprdssive episode in bipolar |

disorder, bipolar Il disorder, or MDD, recurrent)

A. There has been a regular temporal relationsbipvéen the onset of major

depressive episodesd a particular time of the year (e.g., regupgearance of

the major depressive episode in the fall or wint&igte: do not include cases in
which there is an obvious effect of seasonal-rdla®ychosocial stressors (e.g.,
regularly being unemployed every winter)

B. Full remissions (or a change from depressiomémia or hypomania) also

occur at a characteristic time of the year (e.gpréssion disappears in the
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spring)

C. In the last 2 years, two major depressive egsoldave occurred that
demonstrate the temporal seasonal relationshipsedkin criteria A and B, and
no non-seasonal major depressive episodes haveredcduring the same
period

D. Seasonal major depressive episodes (as descabede) substantially
outnumber the non-seasonal major depressive egighde may have occurred

over the individual's lifetime.

Diathesis

Female gender

Sex differences in depressive symptoms and in therstonin system
Eighty percent of all SAD patients are of femalendgr (Magnusson and

Partonen 2005). This exceeds the 50% overrepreégentaf females suffering
from MDD (Kessler, McGonagle et al. 1993). Notaldmales and males do
not only differ with respect to prevalence but aiscclinical presentation of
symptoms. A survey of 2620 healthy Swedes (56% leshaconcluded that
females are at a 1,5 times increased risk of sehsetated mood swings
compared to males and men are more likely to egpee hypersomnia whereas
women are more likely to experience hyperphagianduvinter (Chotai, Smedh
et al. 2004). Similar results have been reportdat vaspect to MDD patients; a
study found that females were more likely to sufiemn hypersomnia and
hyperphagia during a depressive episode that thale counterparts (Gorman
2006). Sex differences, at various levels of tHdTosystem, is well described:
healthy females have lower 5-Hfleceptor binding (corresponding to higher 5-
HT) (Haahr, Fisher et al. 2014) in limbic regiormmpared to healthy males
(Madsen, Haahr et al. 2011) and higher SERT binthngnesencephalon, but
not in projection areas (Erritzoe, Frokjaer et 2010). Buchert et al., 2006
found season by sex interactions effect in SERTamae in mesencephalon and
thalamus on a trend level (figure 3) (Buchert, Sohet al. 2006).
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Seasonal fluctuations in estradiol levels
Findings of seasonal fluctuation in pituitary-oweri axis output in healthy

humans, namely at high latitudes is well replicaisdmmarised by Bjornerem
el al. 2006 (Kauppila, Pakarinen et al. 1987, Bgopem, Straume et al. 2006)) .
In example, a large study of 1651 women and 1540 fmoen Northern Norway

found that estradiol levels peak in June and trdDgtober. However, the effect
size was discrete; only 0.2—-0.9% of the variatiorestradiol was explained by
seasonality and the effect were most notable irtnpersopausal woman and

men (Bjornerem, Straume et al. 2006).

Interaction of gender, estradiol and mood
The large sex difference in SAD prevalence coultbpially be caused either

by sex differences in the 5-HT system, differenoesex-hormone profiles
and/or differences in the coupling of the sex-hanewand key features of the
5-HT system. Several studies have emphasised tise cloupling of estradiol
fluctuations and SERT expression, reviewed in 20¢8Borrow and Cameron
(Borrow and Cameron 2014). Of note, the risk of @leping a depressive
episode is found to be markedly increased at tioietp where estadiol levels
fluctuate in a woman'’s life, i.e. during pubertya{in, Coffey et al. 2014), post

partum (Munk-Olsen, Laursen et al. 2006) and imditeoon to menopause
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(Freeman, Sammel et al. 2014). Moreover, mood swagyoss the menstrual
cycle (premenstrual syndrome, PMS) can be relidyedelective serotonin re-
uptake inhibitor (SSRI) treatmeat estradiol replacement therapy (Imai, Ichigo
et al. 2015). Thus, this line of evidence emphasiseassociation of depression
and estradiolfluctuations which are abundant in the lifespan of females
compared to males. The estradiol-SERT coupling fugber elaborated in a
placebo-controlled randomisedC-DASB PET trial. Sixty healthy females
underwent a placebo injection or an injection dé@RH agonist (GnRHa) to
induce a biphasic ovarian hormone response thatdwt@rminate with an
estradiol drop to post menopausal levels. The GnRHaoked subclinical
depressive symptoms that were associated both tmcaease in neocortical
SERT levels and to the magnitude of the estradésiponse to treatment
(Frokjaer, Pinborg et al. 2015) . The authors sstggk that individuals
particularly sensitive to an estradiol flare, woldd more vulnerable to any
superimposed biological challengés line with this, preclinical research have
found that estradiol levels or estradiol fluctuatioaffect the 5-HT system,
either via regulation of synthesis and degradadioendogenous 5-HT (Lokuge,
Frey et al. 2011) or by increasing SERT density, Eshleman et al. 2003).

S-carrier status of the serotonin transporter repea length
polymorphism

Initially samples of SAD patients were found to éavhigher prevalence of S-
carriers compared to the background population €Rib&l, Mazzanti et al.

1998, Praschak-Rieder, Willeit et al. 2002, Will&itaschak-Rieder et al. 2003).
Thus, it was established that S-carrier status avask factor for developing

SAD. However, these findings were later questiobgd review by Johansson
et al. 2003 (Johansson, Willeit et al. 2003) (taBje The authors pooled the
samples from three studies and included yet anathse-control group. They
did not find any association between S-carrieustaind SAD across the pooled
samples, but when the SAD individuals were condéchdd a low seasonality

sub-group there anticipated effects came acrosgemeless, the full range of
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studies based their analysis on the biallelic ifitation (S-carriers vs. non-S-

carriers) however the triallelic stratification rhighave yielded different results.

Table 3. Genotype frequencies of 5-HTTLPR in SAD géents and controls
(from (Johansson, Willeit et al. 2003)

I sl /s

Study Group N N (%) N (%) N (%) o OR (95% CIyt

Rosenthal ez al. (1998) SAD 97 27 (28) 53 (55 17(17) 7-13* 238 (1-26-4-52)
Controls i 34 (48) 28 (39) 9(13)

Johansson et af. (2001) SAD 82 28 (34) 43 (52) 11(13) 0-06™8 0-95 (0-50-1-80)
Controls 82 27 (33) 43 (52) 12(15)

Willeit er al. (2003) SAD 138 44 (32) 71 (51) 23(17) 1-48N8 1-15 (0-70-1-88)
Controls 146 51 (35 65 (45) 30(20)

New case-control study SAD 147 51 (35) 69 (47) 27(18) 0-34™8 093 (0-56-1-55)
Controls 115 38 (33) 58 (50) 19(17)

Combined SAD 464 150 (32) 236 (51) 78(17) 1-69™% 1:20% (0-90-1-58)
Controls 414 150 (36) 194 (47) 70(17)

OR: Odds ratios, assuming a dominant effect of skalele using the Mantel-Haenszel
estimator of the common odds ratio

*P <.05;

NS: Non Significant

The clinical characteristics of seasonal affective

disorder

Symptoms

Patients with SAD will present with a broad sympt@mofile ranging from
mood swings to neurovegetative disturbances. Theical presentation
encompasses symptoms that can be divided into fmain clusters: mood,
cognition, energy and vegetative changes. Thethirgte clusters are to a large
extent shared with MDD whereas the neurovegetatweptoms (often denoted
“atypical symptoms”) are signifying the SAD patientThe following
presentation is, unless otherwise stated, basddeowork of leading experts in
the field (Dr. Danilenko, Dr. Levitan, dr.Rosenth8lr.Lam and Dr.Jacobsen
((Rosenthal, Sack et al. 1984, Jacobsen, Wehr. et98[7, Lam and Levitan
2000, Levitan 2007, Danilenko and Levitan 2012) wasll as personal

communication with patients and with consultantgpaychiatry Dr. Hageman
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and Dr. Dam. The work of Jacobsen et al.,1987 jctled in table 4 (Jacobsen,
Wehr et al. 1987) .

Mood: The severity of the depressive mood tends to rasgaild to moderate
i.e. hospital admission and electroconvulsive thgrare rarely needed and
suicide attempts or suicides are rare incidentsvé¥yer, the SAD patients do to
a large extent experience low mood, low self-esteeramination,
blameworthiness and guild. In addition, there alsems to be some overlap

with symptoms of anxiety, including experienceslefealisation.

Cognition: SAD patients often complain of impaired abilitydoncentrate and
keep attention on a given task. This has been moedl in research across
various types of studies including surveys (MertkarLahti et al. 2012), in
comparison with non-seasonal depression (SullivehRayne 2007) and across

seasons (Jensen, Hjordt et al. 2015).

Energy: Patients describe a noticeable seasonal changecial sctivities, in

initiating projects, maintaining relationships aadhering to obligations and
many take a sick leave during depressive episodewinter, but never in
summer. Changes in vigilance is a core featureffetie disorders and may
be a direct effect of reduced 5-HT levels in spedfain regions important for

setting the levels of arousal, e.g. the brainstieenréro, Antonelli et al. 2013).

Neurovegetative symptoms

Hypersomnolence: The sleep disturbances are frequent and includé bot
alterations in sleep timing e.g. increased latelacgleep and changes in sleep
quality e.g. reduced slow wave (delta) sleep (Ribe#nSack et al. 1984). In
spite of the long hours spent in bed patients aftemplain of fatigue.
Reproduction: The prevalence of SAD peaks in premenopausal yéemgles
(Magnusson and Boivin 2003) and patients reporsezsonal fluctuations in

libido. This may be elicited by direct changes @x-formone profiles and/or
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the interplay of hormones and key features of thé€T5system (elaborated in
“Interaction of sex, estradiol and mood”).

Hyperphagia: One of the most characteristic symptoms of SAIhésdistinct
craving for carbohydrate rich food elements. Thisrmleads to overeating in an
impulsive style that abates the negative self imagen further. The specific
carbohydrate craving has been suggested to bedlittkw levels of 5-HT, as
high intake of carbohydrate can increase tryptophpiake in the brain and
potentially increase 5-HT levels (Wurtman 1982)idésfrom the cravings there
seems to be a general increase in appetite, whuntrast the anorexia often
observed in MDD.

Weight gain: SAD patients often show mood associated fluctaatim body
weight and they often gain 3-5 kg in the depressitage of winter. Patients
often relate this to the increase in impulsive reatbehaviour. However,
seasonal shifts in endocrine output (e.g. cortisold estradiol levels) may
increase anabolism and caloric need may be reddgedo lower activity of
daily living.

Table 4. Clinical characterization of 156 SAD patiets, adapted from
Jacobsen et al 1987, AmJ Public Health 1987 (Jacays Wehr et al. 1987)

TABLE 1—Symptoms Reported by SAD Patients during Winter (by per
cent of patients, N = 156)

Variables Symptom Reported % of Patients
Activity Decreased 96
Affect Sadness 94
Irritability 79
Anxiety 84
Appetite Incresed* 66
Decreased 19
Mixed 14
No change 1
Carbohydrate craving** 67 (N = 123)
Weight Increased” 72
Decreased 13
Mixed 1
No change 15
Libido Decreased 62
Sleep Increased duration® 79
Later wakening™* 69
Earlier onset** 60
Change in quality 77
Daytime drowsiness** 82 (N = 123)
Other Symptoms milder nearer equator** 74 (N=71)
Menstrual difficulties** 61 (N = 116)
Work difficulties** 88
Interpersonal difficulties™ 94

""atypical" depressive symptom.
““not diagnostic of typical or atypical depression.
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Unipolar versus bipolar course of seasonal affectevdisorder

More patients with SAD suffer bipolar disorder, redyntype |l compared to
patients experiencing non-seasonal depressiomnelmttial work by Rosenthal
and colleagues 76% had a seasonal bipolar typsdtder and 17% had type |.
Whereas the inventory concluded by Jacobsen fouad 7% will experience a
manic episode including elated mood, irritabilitpcreased libido, elevated
energy and social activity (table 4)(Jacobsen, Véelat. 1987).

Sub-specifiers of seasonal affective disorder

The majority of patients will experience symptonmversely correlated to
daylight minutes: as the day becomes shorter thgotms intensify and vice
versa as the light comes back on symptoms will spw@ous alleviate. The
SAD winter-type covers both a condition of unipokdanter depression with full
remission in summer as well as a bipolar sub-tydeeres symptoms of
hypomania will emerge in the summer. However, e reases symptoms will
surface in the spring, intensify as the day groevgyér and alleviate in the fall
and winter, a condition often referred to as sum8®D (Rosenthal, Sack et al.
1984, Partonen and Lonngvist 1998).

Treatment

Bright light therapy

To day, the use of bright light therapy (BLT) hasngd momentum and the
indication has expanded well beyond its initial grdtals as a cure for SAD.
BLT has been tested as treatment across a rangguodlogical and psychiatric
disorders e.g. MDD, bipolar disorder and ante-partlepression (Pail, Huf et
al. 2011). A Cochrane-review concluded that SAD d&en treated equally

effective with SSRIs and BLT. However, treatmentchbice was found to be
BLT due to low risk of side effects and almost inthage response to treatment
(Thaler, Delivuk et al. 2011). The optimal reginseestimated to be 5000 lux
hours per day, corresponding to 30 minutes exposur0.000 lux in the
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morning, preferably before 8 .A.M. (Levitan 2003)owever, recent data
suggests that not only intensity but also the a@omsspectrum of the bright
light source should be carefully considered whemosing bright light therapy
device. The ipRGC has a peak in sensitivity intihee spectre (Hattar, Liao et
al. 2002) making light emission within the blue sjpem highly potent in
suppressing melatonin and delaying circadian pliBsainard, Hanifin et al.
2015), alleviating symptoms of SAD (Glickman, Byree al. 2006, Strong,
Marchant et al. 2009), provoking alertness (Cajact2®07) and even in
changing emotional processing (Vandewalle, Archeale2011). The potency
of the blue spectrum was moreover emphasised itugy 9y Meesters and
group, where it was demonstrated that an emissknlix of blue light was
equally effective in treating SAD as emission offull spectre 10.000 lux
(Meesters, Dekker et al. 2011). An additional dffetay be obtained by
inclusion of wavelengths within the green spectras, green emission will
depolarize the image-forming retinal ganglion cedlsd via the geniculo-
hypothalamic tract communicate the photonic infdforato SCN. Moreover,
green emission helps restore the ipRGC upon trassom (Brainard, Hanifin et
al. 2015). We conducted functional magnetic resoeammaging (fMRI)
experiments and tested responses to threat by atiosral faces paradigm,
before and after three weeks of BLT therapy. Wenébthat bright light dose
correlated inversely with reactivity to threat iath left and right amygdala and
medial prefrontal cortex (MPFC) and positively witteasures of functional
connectivity between left amygdala and mPFC. Initamtd bright-light dose
was positively associated with intra-prefrontal duonal coupling at rescan in
Lg or S carriers, but not inathomozygote individuals thus providing evidence
of bright lights potential to modulate cortico-limlzircuits, possibly by altering
the cerebral 5-HT tone (figure 4) (Fisher, Madskeal €2014).
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Figure 4. Serotonin
transporter-linked  polymer-
phic region (5-HTTLPR)
moderates effect of bright-
\ mPFC seed light intervention on medial

" 1 prefrontal cortex (mPFC)-
prefrontal functional
coupling. (A) Statistical
parametric map highlighting
mPFC cluster, wherein the
positive effect of bright-light
intervention on  functional
coupling with our mPFC seed
was significantly moderated by
5-HTTLPR genotype status
(mPFC seed outlined within

:h?,f‘L_“LA/._A inset). Color bar represents t
1.257 scores. (B) Plot of bright-light
P intervention by 5-HTTLPR

interaction effect showing mean
functional coupling estimate
across 394 voxels and is
intended only for visualization
of interaction effect. Thirty
individual data points are
shown in blue or orange. Blue
and orange shading represents
95% confidence limit of

mPFC—prefrontal functional coupling
at rescan (adjusted)

_0.95 regression lines for 4. or S
carriers (non-L-homozygotes)
-050{ @ and L,-homozygotes,

O.LO 1.|0 2.]0 3.|0 4.IO 5.|0 6.IO 7.|0 8.|0 9.IO 16.0 11‘.0 respectively (from Fisher _et al.
Bright-light intervention (kilolux) 2014, biol. psych. (Fisher,
Madsen et al. 2014)).

Pharmacological interventions targeting the serotoim system

As treatment for SAD, different pharmaceuticalgyéing the 5-HT system at
various levels have been investigated. A numberrasfdomised placebo
controlled clinical trials with SAD patients diaggel by DSM V or research
criteria’s and with outcomes in terms of well valied rating tools (e.g., the
SIGH-SAD) have been conducted and are includeddrstmmary below.
SSRIs: Lam et al.1995 found that 20 mg fluoxetine alléxhsymptoms in
more than 50% of the patients, but the effect didsmgnificantly differ from the
effect size in the placebo group (Lam, Gorman et18095). Two studies
compared fluoxetine treatment to BLT and found caraple effects
(approximately 50% improvement of symptom ratingsboth groups in both
studies) (Ruhrmann, Kasper et al. 1998, Lam, Lesttal. 2006). Notably,

concurrent with observations in MDD patients, sal/studies reported a time
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lapse before onset of SSRI effects, whereas BLT ddédster acting onset.
Moreover, one study reported that BLT was supdodiuoxetine treatment in
alleviating atypical (vegetative) symptoms (Ruhrmaasper et al. 1998). The
effects of BLT and second generation antidepresshas been reviewed by
Thaler et al in 2011 (Thaler, Delivuk et al. 2011).

MAO-A inhibitors: Several placebo-controlled studies have investib#te
effects of MAO-A inhibitors, including moclobemid@artonen and Lonnqvist
1996), tranylcypramine (Dilsaver and Jaeckle 198®) phenelzine (Liebowitz,
Quitkin et al. 1984). All the studies found sigodnt effects of treatment and
recommended the drug for treatment of SAD.

Bupropion: Inhibits monoaminergic (dopamine, 5-HT and noradhe)
reuptake and antagonises several nicotine recephiypes. Placebo-controlled
trials uniformly report large effect sizes with raothan 70% increase in
symptom ratings (Westrin and Lam 2007) (Dilsaverd alaeckle 1990,
Niemegeers, Dumont et al. 2013). Moreover, a Coshraeview; concluded
that treatment with bupropion could prevent depvesselapse the following
season (Gartlehner, Nussbaumer et al. 2015).

Duloxetine: Is a serotonin and noradrenalin inhibitor, onecgle-controlled
trial reported effect of treatment (Pjrek, Willeital. 2008).

d- fenfluramin: Is a drug with a very broad recptor profile thauses a net
increase in all monoamines. One placebo-contradtedy found it to be very
successful in promoting remission as well as imilyi@ significant weight loss
(O'Rourke, Wurtman et al. 1989).

In conclusion, treatment response to an SSRI ispeoatle to BLT (Thaler,
Delivuk et al. 2011). However, it is unknown if sex 5-HTTTLRP genotype
affects treatment response in SAD patients. Althoiigs a topic of debate, the
majority of placebo controlled SSRI trials inclndi MDD patients have found
that Lahomozygotes and females have better response-ardission rates
compared to S-carriers and males respectivelydwed in (Porcelli, Fabbri et
al. 2012) (5-HTTLPR effects) and in (Damoiseauxod3t et al. 2014) (sex

effects).
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Cognitive therapy

A large study randomly assigned 89 SAD patientsitoweeks of cognitive-
behavioral therapy for SAD (CBT-SAD) or BLT duriragdepressive episode.
Both groups had significant and comparable remissaies as evaluated by
improvement in SIGH-SAD scores (Rohan, Mahon et2&l15). However,
mindfulness intervention during remission failed poevent relapse (Fleer,
Schroevers et al. 2014). Notable, patients own e=gpens to BLT predicted

the speed of response (Knapen, van de Werken22H54,).

Investigation of SERT binding by *'C-DASB
PET

Data acquisition by positron emission tomography

Cerebral SERT levels can be measured in the libingan brain by means of
PET neuroimaging. This neuroimaging modality isdabsn injection of a small
amount of positron emitting radioactive tracer.ekfinjection into a peripheral
vein, the radiotracer enters the brain and binds ispecific manner to the
molecular target of interest e.g. a receptor onciiesurface and binds in the
surrounding tissue in a non-specific manner. Wheaging, the isotope emits a
positron that upon encounter with an electron, walhihilate into two gamma
photons carrying an energy chargeexdctly 511 keV and travelling in diagonal
directions. The gamma photons are detected by dhgiehensive system of
crystals, lining the PET cameras field of view. Dte the coincidence
characteristics, the PET camera can separateviarglenformation and only
take into account the diagonal 511 keV photons tha¢ recorded
simultaneously. During a six-minutes transmissiocans an individual
attenuation map is created to correct for the temhavhich is absorbed in the
tissue. The emission scan then undergoes recotistruito frames of varying
time length based on count statistics, i.e. th& frames will be short and the
latter longer. The data acquisition is highly sewesi to within-scan head
movement and estimation of and correction for moeanctan be necessary.
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Upon reconstruction, the image is commonly filteegd threshold to included
only relevant brain voxels, this yields the inpot yet another reslicing of
frames before the 4D dynamic movement corrected taDe is created. To
obtain sufficient structural information to delineabrain regions, the single
subject PET image is co-registered to the structdRimage. Radioactivity in

a given brain region can then be calculated avdhene weighted average of

radioactive concentrations in laftd right hemisphere regions.

Kinetic modelling of 'C-DASB PET images
C-11-labeled 3-amino-4-(2-dimethylaminomethyl-phenifanyl)benzonitrile
(**C-DASB) has a high selectivity to the target SERVil$on, Ginovart et al.
2002) and is a well validated PET radiotracer (Kiohise et al. 2006) that
meets the requirements of an applicable radiotracgasses the blood brain
barrier in sufficient amounts, it has a favourata#o between tracer uptake in
specific versus non-specific binding tissue, it Hast kinetics that allows
quantification by kinetic modelling, it has a favable signal to noise (Wilson,
Ginovart et al. 2002) and it has a suitable refezeregion devoid of the target
protein. In addition, the radiation burden of**C-DASB scan is tolerable
(approximately 4.8 millisievert per scan) which reakhe tracer suitable for
studies requiring multiple scans. Moreover thetneddy short acquisition time
of 90 minutes (Ginovart, Wilson et al. 2001) and tdircumvention of arterial
cannulation by use of a reference region leansptibeess and greatly opts

compliance of the participants.

SERT is widely distributed within the human Dbrainithw exception of
cerebellum. As cerebellum is almost fully devoid sgfecific SERT binding
sites, any binding in cerebellum equals the normifipdracer distribution (i.e.
what sticks in tissue and vessels). Given theseipes kinetic modelling of
C-DASB can be performed by reference region appresce.g. by the
Multilinear Reference Tissue Model 2 (MRTM2) (lohist al., 2003). By this
approach, the first step is an estimation of tlearence rate constant (k2°) by
the Multilinear Reference Tissue Model (MRTM). Tkg" is then fixed and
used throughout modeling of all regions (MRTM2h{&e, Liow et al. 2003).
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Motion correction of'C-DASB PET images

Within a PET scan, motion can greatly affect theuaacy of the measurement
since it compromises the resolution. This issue te&n handled in the
reconstruction process e.g. by realigning the feamvgh movement. For less
gross movements, a smoothing of data during pregemeg can be sufficient to
make the kinetic modeling fit. Nevertheless, motmrrection is a tradeoff
between being able to fit data to the applied kinetodel and introducing
unwarranted bias. Experimental test-retest settangsparticularly sensitive to
the application of different preprocessing methaig] in situations where one
scan is hampered by movement it can be necessamnyotimn correct both
image, although this approach narrows the natuemiamce of data and

potentially can favor type Il errors (rapport A).
Injection of unlabeled DASB

If the injected mass of cold compound (unlabeleadr) is too high, it might
compete with the radiotracer and cause an underastn of the binding
potential. This has been reported for other antasfjoadiotracers, e.g., the 5-
HT, receptor radiotracétC-SB207145 (Madsen, Marner et al. 2011). The mass
dose effects of DASB on SERT binding have not y#rbinvestigated and this
uncertainty is currently being managed differerfitym study to study e.g., by
exclusion of dataset with high injected mass, mjusion of injected mass as a
covariate in statistical models or by a mathemhitcarection of the binding

potential (Madsen, Marner et al. 2011) (rapport B).
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Aims and hypothesis

Previous cross-sectional neuroimaging studies €tabl(Kalbitzer, Erritzoe et
al. 2010, Praschak-Rieder and Willeit 2012) havenalestrated that in

individuals without a diagnosis of SAD, cerebralRSEcorrelates inversely
with daylight minutes, in particular in S-carrie(Kalbitzer, Erritzoe et al.

2010). However, it remains to be investigated buitv individuals resilient to

SAD and patients with SAD regulate their cerebrBR$ across seasons, if
such seasonal changes are related to clinical isevadr SAD, and how 5-

HTTLPR genotype and gender interacts with the seaslated change in
SERT. Thus, the hypothesis and aims of this PhDysawe as follows:

Aim and hypothesis I: We aim to characterise seasonal SERT regulation in
individuals resilient to SADBased on previous findings, we hypothesise that
SERT levels in winter, is higher compared to summer

Aim and hypothesis Il. We aim to investigate group differences in seakon
SERT regulation and the relation to clinical séyen SAD patients. Under the
assumption that depressive symptoms are manif@ssatiof low 5-HT
neurotransmission (Torres, Gainetdinov et al. 2@¥8yitz and Drevets 2013),
we hypothesise, that SAD patients have even higlural SERT levels in the
winter compared to individuals resilient to SAD atidt the increase from

summer to winter correlates with clinical sevenfySAD.

Aim and hypothesis Ill: We aimto explore the effects of 5-HTTLRP genotype
on seasonal SERT regulation in SAD patients. Weothgsise, that SAD
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patients that carry the S-allele will show largeasonal SERT regulation
compared to the SAD patients homozygote for thallele.

Aim and hypothesis IV: We aim to investigate gender by season intenactio
effects on seasonal SERT regulation in individuedslient to SAD and in SAD
patients. As female gender predisposes to seago(ldikgnusson and Partonen
2005) we hypothesise that seasonal SERT regulatwihbe larger in females

compared to males.
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Ethical Considerations

The study was approved by The Copenhagen RegiansE@ommittee (H-1-
2010-085 with amendments and KF-01-2006-20 with radnmeent
21971/220225, H-1-2010-91, H-2-2010-108 and H-43120Q3. All subjects

consented to participation, in accordance with Deelaration of Helsinki II.

SAD is a highly prevalent condition in the northdramisphere, thus many
people would benefit both from the results and friass stigmatisation, as
diseases with well described patophysiology arenoffhore accepted in society.
The individual risk and discomfort each participamiderwent in conjunction

with the study should be weighted against the &urdf disease that follow
depression and the importance of understandingob&logical underpinning

in order to keep progressing with respect to bdtarmacological as well as
psychosocial treatment strategies. During the éxy#t subjects receive
radiation equivalent to three years of backgrowadiation, all participants were
informed of this prior to entering the study. SABtipnts were required not to
receive treatment for their condition during thepesment, but they were

informed of these premises prior to inclusion awndone left the study due to
this requirement.

Finally, the 5-HT system is involved in numerousege psychiatric as well a
neurological diseases i.e. major depressive dispsdhizophrenia and dementia
and knowledge regarding key features of the 5-H3iesy may constitute an

important contribution in these areas of reseascivell.
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Material and Methods

Methodological details can be found in the papand paper II.

Study Participants

Subjects that met the initial screening criteriaravasked to fill out The
Seasonal Pattern Assessment Questionnaire (SPASE(R@I, Sack et al.
1984), a self assessment questionnaire that eealusgasonal variations in
sleep, social activity, mood, weight, appetite andrgy. The score on each item
iIs summed to obtain a Global Seasonality Score JG&Bich indexes the
degree of seasonality symptoms (range: 0-24, GS8xli€ates SAD)(Kasper,
Wehr et al. 1989).

Inclusion criteria
e Age 18-45 years

e BMI<25
e Non-smokers
e Normal medical and neurological examination

e Copenhagen residency

Exclusion criteria
e Past or present neurological or psychiatric (IGD-disorders

e Use of drugs with effects on the 5-HT system
e Use of recreational illegal drugs more than 10 §mgse of cannabis

more than 50 times
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e Significant medical history

e Retinal pathology

e Use of photosensitizing medications

e Travelling to destinations at a different latituglenonths prior to any of
the scans or unstable diurnal cycle

e Planned or current pregnancy

e Pathological findings on medical examinations, iritblood tests or
MRI scans

Individuals resilient to seasonal affective disorde(Non-SAD
group)

Additional inclusion criteria

e S-or Lscarriers of the 5-HTTLPR genotype

All subjects were interviewed by one of the invgators prior to inclusion to
assure adherence to the screening criteria, tseaabgence of overt seasonality

and to confirm absence of overt psychiatric illness

The group was matched to the SAD group with resfmesex distribution, age
and BMI.

A total of 112 healthy subjects were genotyped wibpect to 5-HTTLPR
genotype to include 24 S-carriers. There were mp-duts but one subjected
was not included due to poor quality of the PETgmarhus 23 longitudinal

data sets were included in the study.

Psychometric assessments

A panel of state questionnaires including the Mapepression Inventory
(MDI) (range: 0-50, > 21 indicates depressed md&dch, Rasmussen et al.
2001, Olsen, Jensen et al. 2003), The PittsburgkepSQuality Index global
scores (PSQI GS) (range: 0-21, > 5 indicates sHiffirulties ) (Buysse,
Reynolds et al. 1989) and Cohens Perceived Steass @SS) (range: 0-40, no
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fixed cut-off formally applied to indicate stressere implemented to assure
that all subjects had a stable mood and sleepittgrpaacross the year. Trait
measures related to risk and resilience (The FaHigyory Assessment Module
screener (FHAM) (Rice, Reich et al. 1995)and ThresSfull Life Events (SLE)
(Roohafza, Ramezani et al. 2011), personality (NBE®) (P.T. Costa 1992),
intelligence (Reynolds Intellectual Screening TE€RIST)) (C.R. Reynolds

1998), educational level, marital status and etdrodgin were also registered.

Seasonal affective disorder patients (SAD group)
Additional exclusion criteria
» Bright light therapy within the past year
* Psychotropic drug therapy within the past year
» Significant neuropsychiatric co-morbidity (axisrlaxis Il disorders)
* Failure to achieve spontaneous remission or dapresise succeeding
season
Additional inclusion criteria
* (GSS> 11 and stating seasonality to be at least a mtelprablem
 Meet the ICD 10 diagnostic criteria for MDBnd the SAD criteria
described by Rosenthal (Rosenthal, Sack et al.)1984
Psychiatric assessment
SAD candidates were biannually assessed by consulia psychiatry to
confirm the SAD diagnosis. All referred candidateslerwent The Schedules
for Clinical Assessment in Neuropsychiatry (SCAMJiig, Babor et al. 1990)
to exclude any other axis | or axis Il disordergobe final inclusion. The
Structured Interview Guide for the Hamilton RatiBgale for Depression —
Seasonal Affective Disorder version (SIGH-SAD)(\iths JB 1988) was used

to index symptom severity both summer and winter.

A total of 36 patients were referred to psychaitnterview, of those 12 were
excluded due to co-morbidity or failure to meetghastic SAD criteria. Seven
subjects were lost to follow up, one individuallddi to go into spontaneous

summer remission and six individuals decided todethe study before follow

51



Seasonal changes in cerebral serotonin transgmn@ing in individuals with or resilient to seasbagective disorder

up for various personal reasons. As follows, a itmagnal data sets of 17
patients were included in the study.

Group characteristics

The study included 23 healthy S-carriers with loeasonality scores (13
females, GSS: 4.8+£2.1, age: 266 years) and 17 g&t@nts (9 females, 11 S-
carriers, GSS: 14.1+2.2, age: 2719 years), allemlgiven as meantSD. The
groups were comparable with respect to age (uregditest of mean age ((age
winter ¥ @0€summe)/2), P = .55), sex (Fishers exact teBt,>.99) and BMI (un-
paired t-test summerP = 0.15 and winter:P = .32). Detailed sample

characteristics and radioligand variables can bedan table 5.
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Table 5. Sample characteristics and radioligand vaables (from paper I1)

Summer Winter P-value
Non-SAD, N=23
Clinical data
MDI score 5.4+3.6 5.0+3.5 49
PSQI GS 3.7+21 36+18 79
BMI (kg/m °) 23.1+2.1 229+2.1 42
Biochemistry
Tryptophan load *(n=14) 0.13+0.02 0.13+£0.02 .86
Estradiol (nmol/L) 0.13 +0.07 0.24£0.14 .06
(n=10)
Progesterone (nmol/L)(n=11) 1.56 £1.00 4.1+7.93 .32
Radioligand variables
Non-displaceablebinding (Bg/ml) * [ 18634 + 2650 18489 +3351 | .77
k.’ (per min) 0.07+£0.01 0.07 £ 0.001 57
Injected mass ( pg/kg) 0.02+0.01 0.04 £0.03 .001
SAD patients, N=17
Clinical data
MDI score 6.4+4.2 21479 <.001
PSQI GS 45+1.8 6.5+2.3 .02
SIGH-SAD score 21+23 23.1+8.8 <.001
BMI (kg/m %) 22.3+2.5 22.1+25 .29
Biochemistry
Tryptophan load * 0.14 + 0.03 0.13+0.02 .07
Estradiol (nmol/L) (n=8) 0.19+0.20 0.18+0.18 .81
Progesterone (nmol/L)(n=7) 6.6 +13.7 0.84 + 0.40 .32
Radioligand
Non-displaceable binding (Bg/ml) 18516 + 3747 17600 +3684 | .07
k.’ (per min) 0.07+£0.01 0.07+0.01 48
Injected mass ( pg/kg) 0.02 £ 0.03 0.03 £ 0.06 .68

"As evaluated by AUGebelium.

Genotyping, plasma amino acids and sex-hormone data

Analysis of the 5-HTTLPR genotype was performedHA purified from
saliva. Immediately before all PET scans, blood drasvn for determination of
plasma tryptophan (Knudsen, Pettigrew et al. 1980y estradiol and

progesterone levels (in a subset of females) (BsykpPinborg et al. 2015).

Study Design

Participants in the SAD and Non-SAD samples wersessed summeand

winter with **C-DASB PET and structural MRI acquisitions. Thearsc
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sequence was randomized so that half of the ingalsdwere scanned first time
in the summer, the other half first time in the t®m defined as a 12 week

interval centred around winter or summer solstiggife 5).
Screening Bageline PET Rescan
l and SPAQ l ®d ( C-DASB) k= > o
. and MRI ) ] NDI

4
genotyping SPAQ211 ' Change of R
diagnosis by Season
psychiatrists S|
eep
9

Severity of Severity of
9 _ 9

Figure 5. The study design and assessments. Only [3Apatients were referred to

psychiatric evaluation.

Neuroimaging Protocols

'C-DASB PET acquisition
PET acquisition and quantification were performeddascribed in the papers

and in Frokjaer et al. 2009 et 2015 (Frokjaer, émpet al. 2009, Frokjaer,
Pinborg et al. 2015). In brief, all subjects wetarmed using a Siemens ECAT
High-Resolution Research Tomography (HRRT) scamperating in 3D list-
mode with the highly selective radioligahC-DASB. The 90 minutes of data
acquisition were preceded by a 6 minutes transamsstan to obtain individual
attenuation maps. To created coherence in thetlatigal data sets, all scans
were in-scan motion corrected using AIR 5.2.5 (Wgo@herry et al. 1992).
The mean PET image was aligned to individual stmattMR images. The
quantification of *C-DASB non-displaceable binding potential (B was
determined using a reference tissue model (MRTNM2jige, Liow et al. 2003).

Magnetic resonance imaging data acquisition and

co-registration
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All participants had a high-resolution structuralagyhetic Resonance (MR)
image on a Siemens Magnetom Trio 3T MR scannerQeimens 3T Verio MR
scanner. A 3D T1-weighted Rapid three-dimensioneddient Echo (MP-
RAGE) and a T2-weighted Turbo Spin Echo (TSE) $tmad image were
acquired and used for segmentation (MP-RAGE) andinbnasking as
previously described (Madsen, Haahr et al. 2011).

Paper I: MR scans were processed and analyzed using FfeeSAll Single-
subject PET time activity curves (TAC) were inityasummed and averaged
over all time frames in order to estimate a weigh®D Image for co-
registration. A rigid intra-subject multimodal isgation was used for co-
registration (Greve and Fischl 2009). Cortical \BPmaps were smoothed
(averaging over neighboring vertices) with a GaarsseD filter using a full
width half maximum (FWHM) of 10 mm.

Paper II: Co-registration of the high-resolution MR and PHWages was
performed in SPM8 using the mean of the first 2@iuteés of the PET scan,
corresponding to a flow-weighted image. A fully usedependent automatic
delineation of volumes-of-interests (VOI) was penied using probability
maps (Svarer, Madsen et al. 2005) based on tenrbggitution MR templates
were VOI's have been delineated manually. Radieggtiin regions was

calculatedas the volume weighted average of radioactive aanagons in left

and right hemisphere regions

A priori outcome measures

As seasonal SERT fluctuations has been found amger of brain regions (table
1) and as there is substantial inter-regional ¢aticen of SERT binding
(Erritzoe, Frokjaer et al. 2010) and an extensiwaironal communication

between the raphe nuclei and the SCN (Morin 2048)assume that cerebral
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seasonal SERT adjustments are orchestrated whkimaphe nuclei. Thus we
implemented a global measure of cerebral SERT bgdi

Calculation of global SERT binding potential

A volume weighted average of whole bral@-DASB BRyp (global BRp) was
estimated based on 17 grey matter segmented lagions (X = amygdala,
anterior cingulate gyrus, caudate, entorhinal coti@pocampus, insula cortex,
medial inferior frontal gyrus, medial inferior teomal gyrus, occipital cortex,
orbitofrontal cortex, parietal cortex, posteriongilate gyrus, putamen, sensori-

motor cortex, superior frontal gyrus, superior temgbgyrus, and thalamus):
Equation (Eg.)1

Global BRip = (3.(BPnpx * volume ))/ > volumen

Calculation of seasonal SERT regulation

The longitudinal information was integrated intsiagle variable that described
seasonal SERT regulation:
Eq.2

A BPyp = BPyp winter — BRp summer

Calculation of relative seasonal SERT regulation
Information of relativeSERT changes across seasons was integrated into a

single variable that describes seasonal SERT reguleelative to winter:
Eq. 3
rel ABPND =A BPND [ winter BRID

Calculation of relative change in SIGH-SAD scores
Information of relative mood changes across seasons was integrated into a

single variable that describes seasonal SIGH-SADIation relative to winter
(equivalent to Eq. 2 and 3):
Eq.4

rel ASIGH-SAD = (winter score-summer score)/winter sgore
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Statistical analysis

Hypothesis testing

The null-hypothesis (5} was specified as no differences between measures:
Ho is true when:

Summer BRp = winter BRp or SAD BRp = Non-SAD BRp
Ho is rejected when:

Summer BRp # winter BRp or SAD BRp # Non-SAD BRp

Power calculations

Basedon previous test-retest studi¢€-DASB BRyp has a variability of 3.7%
and a reliability of 0.89 in high-binding regionisi, Ichise et al. 2006). Based
on this 8 subjects are needed to detect a 20%eahefein BRp.

Management of covariates

Covariates known to affect RF (age (Kalbitzer, Frokjaer et al. 2009), 5-
HTTLPR genotype (Willeit and Praschak-Rieder 20%@x and BMI (Erritzoe,
Frokjaer et al. 2010)) were included as covariatesultiple regression analysis
of absolute BRp levels. Prior to analysis, multicollinerity betweeontinuous
variables was tested by calculation of the varianflation factor (VIF = 1/1-
R?) with a R threshold of 0.75. In addition, differences inseovariates and
in parameters that could potentially affect 8P (radioligand variables,
tryptophan level, estradiol- and progesterone keuelfemales) were compared
across seasons and across groups by means of paitedpaired students t-
tests respectively for numerical variables and leans of Fischers exact test for
dichotome variables. As SAD is more common in fie®aand young
individuals (Magnusson and Partonen 2005) and bplyssin S-carriers
(Johansson, Willeit et al. 2003), age, 5-HTTLPR aigpe, sex and sex by
group interactions were included in the longitutliB&AD data analysis of as
covariates. Data was not adjusted for BMI as BMArgdes is part of the SAD
symptomatology. As injected mass DASB do not affdéeRT BRp with in the
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range given in the studies (rapport B), injectedSBAwas not included as a

covariable in the statistical models.

Statistical models, paper |

Longitudinal analysis of global SERT binding acrosseasons

Global seasonal SERT regulation and sex by seageraction effects were
investigated by means of a single-factor repeateshsores analysis of
covariance (ANOVA).

Longitudinal univariate voxel-wise analysis of SERT binding across
seasons

Parametric maps of estimated \BPat a voxel level were compared across
seasons by means of a two tailed students paiest.tCorrection for multiple
comparisons was executed in a clustering framewaikg non-parametric

permutations tests.

Statistical models, paper Il

Cross-sectional group comparisons of SERT bindingni winter and in
summer
Group differences in global SERT binding summer amnter were assessed in

separate multiple regression analysis (A1 and A2):

Al.global BRipsummer~ group * BMbkymmer® 80&easorr geNOtype * sex
and

A2. global BRpwinter ~ group * BMUyinter* @g6uinter* geNOtype * sex

Comparison of seasonal SERT regulation across grosp
The difference in global seasonal SERT regulatmoss groups was assessed
in a multiple regression analysis employm@Pyp (Eqg. 2) as outcome

parameter (A3):

A3.global ABPyp ~ group* sex * sex by group * mean &ggenotype
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Correlation of relative change in SERT levels and elation to relative
change in SIGH-SAD scores

A multiple regression analysis was applied to itigase if relative global
SERT regulation (Eqg.3) predicted relative chang&IBH-SAD scores (Eg.4)
(A4):

A4.rel ABPyp ~ rel ASIGH-SAD * sex * genotype

A probability (P) of 0.05 was considered statidtggnificant in all analysis.
The statistical analyses were carried out in Grapgh®ism v.6, GraphPad
Instat v.3, R v.3.1 and MATLAB R2013a (8.1.0.604)lst.
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Results and Discussion

The main results are summarised and put into petispewhereas a more
detailed reporting and discussion of individuabfimgs can be found in paper |
and paper Il. Multiple regression analysis (A1-Ad &quations used to compute
outcome parameters (Eq.1-4) are detailed in Mdseaiad Methods. All results

are reported as meanSD.
Aim |

Characterisation of seasonal SERT regulation in
SAD resilient individuals

Summer and winter global RP values (Eq.1) and single voxel values were
compared by two-tailed students paired t-test émed for multiple

comparisons). The results are reported in paper I.
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Figure 5. Global SERT
BPnp summer and
0.9 . winter in  Non-SAD
a (paper 1). Non-SADs
=z ° have significantly lower
QL 08f global SERT BRp in
= @Q 2 summer (0.7 * 0.09)
S o7l o%° KN | compared to winter (0.66
o oo + 0.06), two tailed paired
o - ®on t-testP = .003.
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We hypothesised that our healthy participants wdnade higher global SERT
BPnp levels in winter compared to summer. Instead, and that they had
significantly lower global SERT BRp in the winter compared to summer
(figure 6). At first glance, this is puzzling besauseveral large PET studies of
seasonal SERT fluctuations have found highest $e0EBERT in winter (table
1). A possible explanation for this is that theltitgacontrols enrolled in those
studies were not included with the particular anintvestigate seasonality. This
means that the cohorts were not investigated ¢ldeelabsence of seasonality
symptoms, likely to be present in a large fractadnthe population living at
high latitudes (50°- 62° N) where seasonal moodngwi are frequent
(Magnusson, 2000.) Thus, the contrasting findingy tme a consequence of the
deliberate bias of low seasonality in our sampléew11l SAD resilient healthy
controls (GSS: 1.94£1.6) and 11 SAD patients wesnied in the winter with
123_8-CIT SPECT it was found that thalamic-hypothala®ERT variance was
lower in SAD patients compared to the SAD healtbgtols when measured
24, but not 4 hours post injection (Willeit, PraskiRieder et al. 2000).
However, the discrepancies may stem from use eksa dptimal tracer or the
lack of longitudinal information in th&3-B-CIT SPECT study. Nevertheless,
several studies support that individuals maintgmmental health in spite of an
increased risk-load are characterizedtiait markers of low SERT levels or
high 5-HT levels, in particular in regions importda affect regulation, that is
1) limbic and striatal levels of 5-HTreceptors, as quantified BYC-SB207145
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PET, were found to correspond inversely with tiuenher of depressed first
degree relatives across three groups of risk-stalgedlthy participants,
suggesting a positive “dose-response” correlatidb-dT levels (Haahr, Fisher
et al. 2014) and risk-load (Madsen et al., 2AUFERT levels, as quantified by
1C-DASB PET, in the dorsolateral prefrontal cortesrevfound to be higher in
subjects with a depressed co-twin compared to stshjeith a healthy co-twin
(Frokjaer, Vinberg et al. 2009) aBjithe majority of neuroimaging studies have
reported lower levels of SERT in high binding regioof S and g-carriers
compared to h-homozygotes, as reviewed by (Willeit and PrasdRadder
2010). Although a latef'C-DASB PET study could not confirm that (Murthy,
Selvaraj et al. 2010)) ant) by means of’C-SB207145 PET scans, we found
lower neocortical availability of 5-H;Treceptors in S-carriers compared 1o L
homozygotes (Fisher et al., 2012). In line witkesh indices of permanent
increased 5-HT levels in individuals with high geodiability, our healthy
subjects responded to increased environmentalitiaby lowering SERT level
and presumably increasing synaptic levels of 5-Nagayasu, Kitaichi et al.
2010). Thus our study and previous literature irngahat sustaining an
euthymic mood in the context of genetic or envirental pressure is not
biological effortless, rather it seems to demandaative adaptation in key

features of the 5-HT system.
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Voxelwise paired t-test, corrected (n = 23) Figure7.The
univari-ate voxel-

wise analysis
depicted on the
inflated brain

(paper 1). The map
displays the t-
values of clusters
with significant
changes in 'C-

3.50

lg;gg DASB  binding
across seasons
(summer - winter),
corrected for
multiple
comparisons. The
top row: Cortical

4.00

LEFT RIGHT presentation, the
bottom row: Mid-
sagittal
presentation.

Table 6. A selection of significant clusters with ignificant higher

SERT BPyp in summer compared to winter (paper I).

Region Cluster | Size [mnf] | MNIX [MNIY [MNIZ
t-value
Left hemisphere
Inferior temporal gyrus 4.36 1552 -44 -64 -5
Angular gyrus 4.1 445 -40 -64 34
3.99 382 -49 -57 37
Precentral gyrus 3.97 385 -43 -6 44
Inferior frontal triangularis | 3.93 875 -42 17 21
Middle frontal gyrus 3.52 393 -39 33 -2
Cuneus 3.01 529 -21 -86 25
Right hemisphere
Middle temporal gyrus 4.59 1236 64 -44 -5
Superior temporal gyrus 3.95 613 63 -38 13
Middle frontal gyrus 3.85 452 36 28 37
3.55 901 26 20 42
3.23 434 31 48 5
Angular Gyrus 3.76 367 34 -51 37
3.7 544 46 -58 27
3.6 445 33 -62 46
Cuneus 3.7 968 15 -87 22

As illustrated in figure 7 and table 6 the wholeaibrunivariate voxel-wise
analysis revealed several larger cortical clusterg. five clusters exceeds 900
voxels) with a significant down-regulation of SERM winter. Previous
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neuroimaging studies have primarily found seas@BRT changes in sub-
cortical regions (table 1). However, two PET stsdising*'C-McN5652 in 29
Germans (Buchert, Schulze et al. 2006)'@-DASB in 57 Danes (Kalbitzer,
Erritzoe et al. 2010), included post hoc whole braoxel based analysis. Both
studies had reported higher SERT binding in higkdinig regions in winter, but
neither of them was able to extend these findingscdrtical brain areas.
However, in the setting of an optimal radiotraced @ paired design, we find
substantial evidence of cortical involvement inssgel SERT regulation (of
note, all cluster displayed decreased levels of SERwinter, but none of the
sub-cortical clusters survived corrections for npldt comparisons). Several
clusters were detected across the prefrontal esri®039 Pcorrected < .0009).
One previous’C-DASB PET study found higher SERT in winter in treerior
medial prefrontal cortex and the anterior cingudatgrus in 88 citizens of
Toronto . We conducted fMRI experiments in 30 Heafhales before and after
three weeks of BLT, and found a negative dose-respeffect in threat-related
cortical reactivity and, in & and S-carries, we found increased inter-preftonta
coupling (Fisher, Madsen et al. 2014). Thus outlifigs are complementarily to
the Toronto study implying that the prefrontal eartis highly engaged in
directing mood and vigilance according to environtakécues. As the winter is
perceived as a more hostile environment (Kalbitz&lbitzer et al. 2013)
seasonal SERT fluctuations in prefrontal cortex nrapresent seasonal
modifications of prefrontal engagement in limmpidown control.

In addition, we recorded large winter down-regualasi of SERT binding across
the posterior lateral medial/inferior parts of thhemporal cortices with
extensions to the adjacent parts of the occipitatiaes (cuneus) (.0066 <
Peorrected < .0001). These regions receive substantiallypaéinput from the rods
and cones via thalamic-cortico projections and tlaeg crucial to object
recognition and visual image formation (e.g. cargaecondary visual cortex).
No previous studies have investigated seasonaufitions of SERT or other
features of the 5-HT system in these regions. Nbeksss, it is feasible that the
low levels of SERT in winter is linked to a redwctiin excitatory input, due to
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less illuminative stimulation of the image-formingtinal ganglion cells in

winter.

Aim I

Investigation of group differences in seasonal SERT
regulation and the relation to symptom severity in
SAD patients

Separate multiple regression analysis was appbedata from summer (Al)
and winter (A2) to investigate cross-sectional gralifferences in absolute
BPwp values in the two seasons. Difference in seas@ERT regulation
(ABP\p, EQ.2) across groups was investigated in a maltipgression analysis
(A3). In the SAD group, the relative changeABPyp (rel ABPyp, EQ.3) was
correlated to the relative change in symptom sgvéelASIGH-SAD, Eq.4) in

a multiple regression analysis (A4). The resulesraported in paper II.
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*adjusted for differences in age, BMI, sex and 5THIPR genotype

Figure 8. Seasonal effects across groups (paper.INo difference in SERT B
was found across groups in summer (Al, N= 40, edérw -0.02 BR,, 95% CI = -
0.073 to 0.033, R= .20, df= 34P = .45), whereas SAD individuals had higher SERT
compared to Non-SAD in the winter (A2, N = 40, esite = 0.06 Bf}, 95% CI =
0.013t0 0.101, R= .27, df = 34P = .01)



Seasonal changes in cerebral serotonin transpmnging in individuals with or resilient to seasbaéective disorder

ABPnD rel ASIGH-SAD

A
-

0.1

07 0B 09 10 11 12 13

‘ I -0.1 040 0.1 0.2 03
Non-SAD SAD rel ABPw

Figure 9. Seasonal effects across seasons and clatien to SAD symptoms (paper II).
Figure 9A: Global ABP\p was significantly different between grou@s3, N = 40, estimate =
.10 ABPyp Non-SAD > SAD),P < 0.00). Figure 9B: Relative change in symptom severity was
significantly associated with relative differeneegdlobal cerebral SERT binding (A4, N = 17,
estimate = .83 rel SIGH-SAD,?R.47,P =.006).

By analysis A1-3 (figure 8 and 9), we have, in agnent with our hypothesis,
found higher SERT in winter but not in summer in [5Aatients and a
significant difference in seasonal SERT regulatenoss groups. A>-B-CIT
SPECT study (detailed above) (Willeit, PraschakdRreet al. 2000) found
lower thalamic binding in SAD patients compared to hagaftbntrols in winter.
Thus, we subsequently addressed seasonal effectthalamus but, in
accordance with the outcome of the global analysis,found significantly
higher thalamic BRb in SAD’s in the winter compared to Non-SAD'’s.
Nevertheless, as SERT actively clears 5-HT from dimeaptic cleft (Torres,
Gainetdinov et al. 2003) and SAD symptoms can beviated by SSRI
treatment (Thaler, Delivuk et al. 2011) it is likgdhat SERT levels are raised
during the depressive stages. Albeit this matteroistinuously being debated,
the majority of neuroimaging studies including Mp@tients are in agreement
with this observation, as reviewed in (Savitz angév@ts 2013). The authors of
this review suggest that a primary increase in SEREIs facilitate decreased
synaptic levels of 5-HT that manifests as depressimptoms. Our data are in
agreement with this concept, extending the modeh¢tude individuals with
SAD. The group difference in seasonal SERT reguiafA3) was driven by a
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marked drop in global SERT levels in the shift toter in the Non-SAD group.
This observation indicates that SAD patients arablento downregulate their
cerebral SERT levels in winter, at least to a sidfit extent. The SAD S-
carriers mostly responded to the environmentakstreby an upregulation of
SERT. However, this effect was only borderline gigant (P = .056) and the
understanding of these processes would greatlyfibdrem an independent
replication. It also suggests that those individuhht fail most to downregulate
SERT may in fact be those who would benefit mostnfrSSRI intervention.
Nevertheless, the results of analysis Al-3 unifgrnmhply that the SAD
depressive state in winter is linked to an increas@lobal cerebral SERT
levels. The high levels of SERT may prompt a rapiioval of endogenous 5-
HT; depriving the brain of 5-HT and facilitating miestations of depression.
Albeit, we cannot conclude from the data if theoagstion between changes in
SERT levels and the depressive condition is a tae&ation, but given that
blocking of SERT by SSRI is use therapeuticallyreat depression it may be
present as a causal relationship. Moreover, o daés not inform us to what
extent the seasonal regulation of SERT levelspgaraary event linked directly
to changes in daylight minutes or if it represeatsecondary mechanism
initiated to keep of 5-HT homeostasis under cirdamses of seasonal changes
in 5-HT synthesis or vesicle trafficking. The cditgaof these events could
ideally be explored by a biannual assessments BIT Slevels (e.g. by
quantification of 5-HT receptors (Haahr, Fisher et al. 2014) preferably in
longitudinal setting of individuals staged accogito seasonality.

We found a robust positive association betweertivelancrease in SIGH-SAD
scores (relASIGH-SAD) and relative increase in SERT \BP(rel ABPyp)
(figure 9B) (e.g. inclusion of age or exclusiontio¢ sex in the statistical model
did not change the outcome). Moreover, the SIGH-S@PBrived from the
Hamilton Depression Rating Scale (HDR$3)a well validated psychiatric
instrument that takes into account both core symptof depression i.e. low
energy, anhedonia and low mood as well as the atlypiegetative symptoms
often described in SAD (Wiliams JB 1988). Threehest molecular

neuroimaging studies have investigated ratings yohpgom severity versus
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SERT binding during depressive stages of uni- polar disorderd) Meyer et
al. 2004, reported that SERT binding across variorain regions correlated
positively with anxiety ratings, as indexed by thgsfunctional Attitudes Scale
(DAS), in MDD patients, but not in healthy contrgMeyer, Houle et al. 2004)
2) Cannon et al. 2006 found a positive correlatiorSBRT binding in insular
cortex and dorsal cingulated cortex and anxietyings (Beck Anxiety
Inventory (BAI) during depression in 18 unmedicatguhtients with bipolar
disorder whereas no correlations was found betv&eRT binding and HDRS
ratings, the Montgomery—Asberg depression ratinaglesiMADRS) or the
inventory of Depressive Symptomatology-Clinician Rated (IDS-Q) i
mesencephalon, striatum, thalamus or selected périse anterior cingulate
cortex (Cannon, Ichise et al. 2007) @)dRuhe et al., 200974-B-CIT SPECT)
correlated HRDS ratings of 49 MDD patients and SERihding in
mesencephalon and thalamus (Ruhe, Booij et al.)2B0® did not find any
correlation. In addition, Frokjaer et al., 2015eastigated the correlation of sub-
clinical symptoms and SERT binding imealthy individuals by a placebo-
controlled randomised'C-DASB PET using a GnRHa intervention to trigger
symptoms. They found th&lDRS ratingswas positively associated with higher
cortical SERT binding post intervention in the aetgroup (Frokjaer, Pinborg
et al. 2015). Nonetheless, diversity in examindubcts, neuroimaging tools and
psychometric instruments makes it is difficult tead a mutual conclusion
across studies. The clear association of SERT dsargnd increase in
depressive symptoms in our study implies that SERdnges are part of the

SAD aetiology, although this analysis cannot esthlitausality.

Aim Il

Exploration of 5-HTTLRP genotype effects on
seasonal SERT regulation in SAD patients

The SAD group was divided into two samples of ghlomozygotes and 11 S-

carriers and seasonal differences in globalBRas analysed in separate paired
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t-tests (two-tailed). The non-SAD sample was inetlidin the multiple
regression analysis of genotype effects on seaKRERIT regulation (A3, N S-
carriers = 34, N = A-homozygote, ABPyp adjusted for age, sex and group
effects). The effect of genotype on the associatfoseasonal SERT regulations
and symptom severity in SAD patients was testedriafysis A4.

The results of analysis A3 and A4 are reportedaipep I1.

S-carriers La-homozygotes
0.84 0.8

0.6+
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Figure 10. Summer and winter SERT BRp in S-carriers and La-homozygote SAD
patients. SAD S-carriers had a borderline significant up-tation of global SERT in winter (n
=11, t(10)= 2.173P =.0549), whereas J.-homozygote SAD patients had no difference (n= 6,
t(5) = 0. 73 P =.50).

A previous™C-DASB PET study in an independent sample of SZesis from
the Copenhagen community described increased sdaSBRT fluctuations in
putamen in non-k-homozygotes comparedchihomozygote males and females
(table 1, figure 2) (Kalbitzer, Erritzoe et al. )L The authors suggested that
the S-allele imparts lability of 5-HTT expressioKa(bitzer, Erritzoe et al.
2010); this is in agreement with S-carriers’ insegh propensity to develop
MDD in the context of stressful life events presbudescribed (Caspi, Hariri
et al. 2010). Thus, we aimed to examine if thesenkations could be extended
to a SAD sample. We hypothesised that S-carryin® $Atients would exhibit
a more pronounced winter up-regulation in SERT camag to la.-homozygote
SAD patients. We found, on a trend level, that S&Darriers had higher global
SERT levels in winter compared to summer, wherdasa L,-homozygote
SAD patients had stable SERT across the year €ifQj. When including both
SAD and Non-SAD participants and adjusting dataskex, age and group we
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detected a significant larger seasonal SERT reigulat S-carriers compared to
La-homozygote SAD patients (A3, estimate = 0ABP\p, P = .04). As
genotype was a significant variable in analysis(R4 .04), we tested if the rel
ABP\p - rel ASIGH-SAD association was significantly different r@as
genotypes by spitting the sample, repeating thdysisaand comparing the
slope estimates. This revealed that the associat@only present in S-carriers
(S-carriers: N = 11, df = 8, estimate = 0.8% .04, La-homozygotes: N = 6, df
= 4, estimate = -0.0% = .85, comparison of slopes, N = P/ .009). Due to
the modest sample size of-homozygotes, the analysis was repeated without
adjusting for sex to increase the degrees of freedas this variable was
insignificant across the full range of analysis)t Ithis did not change the
outcome. Nevertheless, this post hoc analysis veasmell powered and we
emphasize that an independent replication in aefadgta set is required to
confirm this preliminary finding. However, the ran@f analysis of genotype
effects imply that in S-carriers, the SAD symptoans elicited by a failure to
downregulate or even upregulate SERT levels inevimthereas these events
does not seems to occur in thg-homozygotes SAD patients. By design, we
did not include lx-homozygote individuals in our SAD resilient groufhus,
we are not aware to what extent these effects tam low seasonality
samples. Initially it was reported that the prexake of S-carriers was higher
among SAD patients (Rosenthal, Mazzanti et al. 1,998 a later meta analysis
of three samples only found an allelic differeneesoss samples, when the
SAD sample was contrasted to a selected samplegsvafeasonality individuals
(table 3))(Johansson, Willeit et al. 2003). Howevke studies were all based
on biallelic genotype stratifications. In our retment procedure we performed
triallelic genotype testing (Nakamura, Ueno et28i00) to 112 healthy subjects
(GSS > 11) and 73 potential SAD candidates (G885 but we did not observe
any differences in nond-homozygote allele frequency across the samles (
.12) (table 7).
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Table 7. Genotyping of 112 healthy controls (GGS 4£1) and 73 potential

SAD candidates GS$11)

112 healthy controls | 73 potential cases
percent ( N) percent ( N)

L-homozygotes total | 38% (43) 23% (17)

Lala 29% (32) 18% (13)

Lalc 10% (11) 6% (4)

S-allele carriers 62% (69) 77% (56)

SLa 34% (38) 37% (27)

Slg 9% (10) 7% (5)

SS 19% (21) 33% (24)

Non-L, homozygotes | 71% (80) 82% (60)

Taken together, our analysis suggests that theliogupetween depressive
symptoms and SERT changes primarily applies torBeca. The differences in
transcription capacity across the alleles shapefopnd differences in 5-HT
signalling, by two temporally separated modes dfioacl) during brain
development, neuronal migration and maturation @irected by disparate
embryonic 5-HT settings (Azmitia 2001, Vitalis, @aset al. 2007) which may
shape differences in limbic fear responses (FisGemdy et al. 2015) an?) in
the matured brain, allelic differences in celluBEERT expression elicit trait
differences in endogenous 5-HT resources (FisheistHet al. 2012) which
seems to predispose S-carriers towards increasebifity in SERT expression
(Caspi, Hariri et al. 2010, Kalbitzer, Kalbitzer &t 2013). Data from fMRI
fear-conditioning studies suggest that these evemtform to an intermediate
phenotype expressing high traits of neuroticism amelevated susceptibility to
cyclic mood disorders (Hamilton, Etkin et al. 20Madsen, Mc Mahon et al.
2015). In essence, differences in SERT expressiay cause h-homozygotes
to be more sensitive to subtle SERT changes (tdl $mmdetect in our sample)
or cause key components of the 5-HT system to tpaiidferently i.e. the
symptoms of inadequate 5-HT neurotransmission lies(gmably) SERT stable
participants may render from decreased synthesistiing of 5-HT vesicles or
reduced post synaptic 5-HT reception. Moreover, agepted the summed
SIGH-SAD score in our analysis however, it is plalesthat some items are

more susceptible to SERT changes than others. GQuay snvestigated
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differences in depressive subtypes and found ferhaldaomozygotes were
more likely to experience melancholic depressiorenehs female S-carriers
were more likely to experience atypical depressibhus, we might see a
different pattern of correlation if the sample wdiwided with respect to
depression sub-types. Such an analysis was, howeatrained by the modest
La-homozygote sample size.

Aim IV

Investigation of gender by season interaction ¢ffec
on seasonal SERT regulation in individuals restlien
to SAD and in SAD patients

Gender by season effects on global seasonal SERTS levere investigated in
the Non-SAD group by a single factor repeated nregsANOVA. Effects of
gender on seasonal SERT regulatisadB®\p) in Non-SAD and SAD groups
was examined by inclusion of a categorical genderable and a second order
gender by group interaction term in the statisticaddel (A3). Results are
reported in paper | and paper II.

1.1
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Figure 11. Female and male global SERT B values across seasons (paper I\
single factor repeated measures ANOVA showed afiignt increase in global SERT
BPyp in the summer (0.7 0.09) compared to the winter (0.66Gt06) (Feason= 11.47,P

= .003). With a significant gender by season irtioa effect (Eeason x sex= 5.54,P =
.029); females increased global BPin the summer whereas males expressed stable
SERT levels across the year. Males and femaleschatparable SERT levels when
season was not taken into account(E 0.37,P = .55). Summer and winter Bffrom
individual observations are paired by the coloursb@ed: up-regulation, blue: down-
regulation).
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We hypothesised that female and male healthy [gaatics would have higher
SERT levels in winter, but in contrast to our expgons, we found that the
females had a significant larger down-regulationgtdbal SERT in winter
compared to males (figure 11). Due to a female gmdprance to SAD
(Magnusson and Boivin 2003) and the lack of sedsSERT fluctuations in
1C-DASB PET studies of males only (Murthy, Selvaggal. 2010, Matheson,
Schain et al. 2015), we had hypothesised that S¥iafes would have a larger
up-regulation of SERT in winter compared to malesl ¢his statement was
confirmed by our data analysis (A3, N = 40, estapat= 0.050 ABP\p
(females > males), estimadgpy group= -0.07 ABPyp (Non-SAD > SAD), group
contrasts based on estimates from A3: females, 2) BX<.001 and males,
n=18, P=.64). Two previous neuroimaging studies invesdédagender by
season effects in mesencephalon and thalamus iblém®und any significant
effects: Buchert et al., 2006'C-McN5652 PET) adopted a gender by season
interaction term and Koskela et al. 2008, explossk differences in a
longitudinal **4-ADAM SPECT study of 5 females and 7 males by nseah
paired t-tests in gender separated groups. Neifitée existing’C-DASB PET
season studies applied sex focused investigategs {ncluded a second order
gender by daylight minutes term) but data was ctetefor sex differences in
SERT BRyp (Praschak-Rieder, Willeit et al. 2008, Kalbitz&rritzoe et al.
2010).

We suggest that sex differences in sex-hormonalgsahay contribute to the
gender specific SERT adjustment observed in oumasgat In particular,
fluctuations in estradiol levels has been descritie@ffect mood via SERT
signaling (reviewed by (Borrow and Cameron 2014yestigated in (Frokjaer,
Pinborg et al. 2015) and summarized in “Interactodrgender, estradiol and
mood”. Notably, these studies have put great emplwsfemales, whereas the
SERT-estradiol coupling in males is relatively uakm. However, differences
in sex-hormone profiles may promote gender speeXpressions of the SERT-
estradiol coupling and SERT dynamics in generali@®@®w and Cameron 2014).
Thus, we cannot exclude that males react diffeyetatl light induced SERT
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manipulations and seasonal estradiol fluctuatidjsrferem, Straume et al.
2006).

We found the most pronounced seasonal SERT adjaténie our cohort of
SAD resilient females and not, as expected, inSA® cohort. However, it is
possible that the *“stress-intervention” (deprivatiof daylight) may be
perceived with disparate valence across the gendsrseasonality is far more
common among females (Magnusson 2000) our resifemales are indeed
different from the females of the background popoia whereas the male
contrast presumably is more modest. In any instahese results highlight the
importance of meticulous handling of gender effaatgparticular when the

prevalence across genders is not balanced.

Perspectives

0.25

winter > summer

0.14 |
ABPpNp 0.0+ ||IIIII"II"' - I I

winter < summer

-0.2-

Figure 12. A graphical represent-tation of season&ERT regula-tion in SAD and Non-
SAD par-ticipants (ABPyp). The difference ilBPyp is illustrated by an overlaying of the
two datasets. Each participant is represented dnlaur bar. The bars are sorted according
to numericaABP,p values. Red: Non-SAD and blue: SAD

Our data, as depicted in figure 12, suggests tatobserved high levels of

SERT in winter found in previous cross-sectioh@-DASB PET studies (table
1) (Matheson, Schain et al. 2015)((Praschak-Rieaher Willeit 2012) is the
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underlying neurobiological explanation for the higtles of seasonality, winter
blues and SAD, reported at these high latitudesanm(DJakobsen et al. 1998,
Magnusson and Partonen 2005). As our study paatitpin paper Il represent
two opposite outcomes in response to the envirotahatress of winter and
thus widens our understanding of seasonal SERTgesam SAD resilient
individuals and in SAD patients. The link of unigB&RT-regulation profiles
and clinical expression of seasonality supportsutgerstanding of seasonality
as a dimensional entity with varying degree of peti®n across populations
(Levitan 2007). The current work converges withvpyas studies on the topic,
demonstrating that the amplitude of seasonal SEH&Iulations increases with
latitude and frequency of females and S-carriethiwithe investigated sample,
whereas the presence of SAD resilient individuals sause the amplitude to
decrease, due to an opposite positioning of th& ped trough (paper 1) (see
also figure 2). Our finding underscores the impactaof a thorough assessment
of seasonality within a cohort, to avoid inclusiminindividuals with subclinical
expression of SAD features. This is in particulamportant in a longitudinal
setting as SERT regulations in opposite directioas result in a failure to

detect even large inter-individual differences.

Methodological Considerations

Rapport A

The effect of motion correction
We applied MC to all PET datasets to assure thatdatected difference was

not caused by different degree of head motion acseasons or groups (type |
error).

We investigated the effects of MC on absolute SBRitling from HRRT PET
scans in a sample of 115'8C-DASB datasets and on test-retest difference in
SERT binding in 28"'C-DASB dataset pairs (not independent samples). We
found that applying MC shifts data into a more aardistribution curve with a
bias towards a lower median. However, a low mediaxel movement (less

than 1 mm) was not associated with any significi@nge after MC neither on
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a BRp level nor in the covariance of data points. Thegssilts suggests that
MC can be applied by default in the pre-processingata, as it does not induce
unacceptable noise to the datasets that does edt ineDetailed results and

discussion can be found in rapport A.

Rapport B

The effect of injected mass of DASB on SERT BB
1C-DASB PET is the best available neuroimaging timol quantification of

cerebral SERT (Wilson, Ginovart et al. 2002) anaekic modeling can reliably
be performed by use of a reference tissue modalsovy@rt, Wilson, Meyer,
Hussey, Houle, 2001; Ichise et al., 2003). Nevée® some considerations
must be taken into account i.e. the injection dabelled compound will way
across productions and potentially this could piddyp bias the BRp
estimation. Thus we investigated the effects odatgd mass DASB across a
sample of 108" C-DASB PET HRRT scans conducted on healthy subjects
below the age of 35 years and with a BMI less 8ta{n=108, 78 females). The
correlation of injected mass DASB and \BF/alues from 3 regions of interest
(a pooled subcortical high-binding region (highbing), amygdala and a pooled
cortical region (neocortex)) where investigatedhvatmple linier regression to
test if injected DASB predicted RB. In addition, a sub-analysis was performed
in 19 of the 108 datasets where the amount of tegeDASB exceeded jog (10
females). Across all ROIs we found that neither tit@al amount of injected
mass DASB nor the amount of injected mass correébedbody weight

correlated with BRp. Detailed results and discussion can be foundppoe B

The implementation of a global BiPmeasure

Both region-based and voxel-based methods arékeland accepted methods.
Nevertheless, we are the first to implement a dlobgion based on volume
weighted BRp estimates of single regions. This method has thvarstage of

being based on time activity curves extracted flarger regions in native space
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with less noise, as opposed to voxel based analljaisare computed from
normalized and smoothed maps based on more naisy #ctivity curves
necessitating rigorous corrections for multiple eamsons which can
potentially discard true differences. However, sqrecaution should be taken
upon the implementation of a global @fn analysis. For one, the approach can
conceal unsuccessful kinetic modeling in singleiaeg Thus, to assure that
gross misspecifications of the R estimates were not included in the
computation, the data fitting of data points foesvsingle region was manually
inspected. An alternative and perhaps more comest to compute global
SERT could be to extract a single time activityveuaveraged across the whole
brain with subsequent kinetic modeling (observatioh C.Svarer). This
approach would circumvent the somewhat countetimeuextraction of a mean
computed from values that range-six fold, but #pgroach does not allow for
inspection of local fitting to the kinetic model cait hardly makes in major
difference, as long as regions with poor fittingamme are excluded, as is the

case for our routine handling of the PET data.

The limitations of the studies included in the thes

As SERT expression might be affected by menstriedse, estradiol and
progesterone levels were assessed for female iparits across seasons and no
difference was found. However, an inclusion aceuydo timing of menstrual
cycle would have been more ideal. Moreover, wectetl a special cohort of
resilient individuals to be included as healthy tcols; they were relatively
young and all of them were S-carries. Thus ourifigsl do not inform on
seasonal SERT changes in the general Danish pagulat

The Non-SAD group had received a lower injected BA®ass/kg body weight
in the summer (0.02+0.01 (0.005-0.08/kg), (mean+SD (range)) than in the
winter (0.04+0.03 (0.005-0.1433/kg)), paired t-test? =.001, 95% CI = -0.05 to
-0.01. However, there was no correlation betweeaba)l SERT and injected

dose per kg and the impact of injected dose DASB wmaestigated in an
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independent sample, where no correlation of DASH &, was found
(rapport B). Thus we find it unlikely that this reaaffected our results.

The SERT quantification from cerebellar referentesie models are not suited
for contrasted comparisons in the case of systend#ference in non-specific
binding across groups or conditions. To investigttées, we compared
AUC erebeium @S proxy for the non-specific binding, across dibons and
groups and found no difference (paper II).

Due to participant drop-outs the power in the SAEhaype analysis (6 -
homozygotes) was not optimal but yet it was acddptdue to the high test-
retest of 'C-DASB PET (Kim, Ichise et al. 2006) and the londihal study
design.

Other methodological factors such as temperatudehamidity were not taken
into account. However, they were found to be of gimal importance at
comparable latitudes (Praschak-Rieder, Willeit €2@08)

Furthermore, we cannot fully exclude that our inigadions have been
influenced by an unusual variation in global ligatiation (an hour where the
intensity of the sun exceeds 50.000 (Nielsen 20@%))ount of sunlight hours
have previously been shown to affect the 5-HT syst@a 5-HT;a binding in
healthy subjects (Spindelegger, Stein et al. 20Mably, the two seasons
where we conducted the experiments were charaetety winters that had
well above average amount of sunlight hours (20IL@&fd 2011/12: 18 and
39%, respectively) and summers with slightly fevinrurs of sunlight than

normal (http://www.dmi.dk/vejr/arkiver/maanedsaesam).

79



Seasonal changes in cerebral serotonin transpmn@ing in individuals with or resilient to seasbatective disorder

80



Seasonal changes in cerebral serotonin transgmn@ing in individuals with or resilient to seasbagective disorder

Conclusion

In summary, our main findings are that

)] Individuals with high predisposition to affective disorders (5-
HTTLPR Scarriers, females) but who nevertheless manage to stay
free of SAD during the winter are able to downregulate their
cerebral SERT.

) In the winter, patients with SAD fail to downregulate their cerebral
SERT to the same extent as mentally healthy people and the more

they upregulate their SERT, the more severe are their SAD
symptoms.

Figure 13. A™C-DASB PET image of a SAD patient in summer and irwinter. Cerebral
SERTbinding in a 22-year old female S-carrier scanngdmom-free in the summer (left) and
during winter where she presented with severe SAIZIGH-SAD score of 27 (right). The
quantified'C-DASB PET image is overlaid on a T1-weighted stital MR-image showing
the highest cerebral SERT in the winter (from Pdper
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In study I, we find that Danes who in spite of thgenetic and sex-defined
predisposition to SAD manage to remain mentallylthgaalso in the winter
show adown-regulation of global cerebral SERT levels in winter compated
summer-levels. At first glance, this may seem totiast to findings in previous
studies, notably (Kalbitzer, Erritzoe et al. 20Bdaschak-Rieder and Willeit
2012) who describe higher subcortical SERT in lhgafteople scanned in the
winter compared to the summer, or (Koskela, Kaugpiat al. 2008), (Murthy,
Selvaraj et al. 2010, Cheng, Chen et al. 2011 Matlieson, Schain et al. 2015)
who found no change in SERT. However, we arguetti@de previous studies
may have failed to attend to strict inclusion crgeensuring absence of
seasonality symptoms, they were not conducted ensdime individuals both
summer and winter, and some of them did not includmen. In study Il where
we oversampled for S-carriers, the seasonal cdntrascerebral SERT
regulation between SAD and Non-SAD was most pronedrnin women. The
SAD patients with most severe symptoms also hagpemere often to meet
these two criteria. Taken together, our researdgests that female SAD
patients — and possibly also S-carriers - are rhikety to respond to selective
serotonin reuptake inhibitor intervention. The wagpattern of inverse SERT
regulations that signifies the Non-SAD group suggethat maintaining
euthymic mood in the context of environmental ligpiis coupled to an active
adaptation in key components of the 5-HT systencointrast, the SAD group
was characterised by failure of such SERT adjustsném fact, the depressive
response to winter was robust and positively cateel to a global upregulation
of SERT levels. Given that blocking of SERT is die&ive treatment of SAD,
we find it plausible that the increase in SERT Is\@icit depressive symptoms
via accelerated removal of synaptic 5-HT levelsréboer, presence of known
risk factors for development of SAD, that is, femgender (Magnusson 2000)
and 5-HTTLPR S-carrier status (Johansson, Willeiale 2003) significantly
increased the likelihood of increased SERT levelthe winter, and by visual
inspection of data female S-carriers were alsaadlly more affected by their
SAD. In agreement with this observation, the m#ormf clinical SSRI

experiments have reported better response- andssemirates in females,
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summarised in (Damoiseaux, Proost et al. 20149oirinuation of the study by
Kalbitzer et al 2010, we found that the augmentsssnal SERT fluctuations
in S-carriers extended to individuals with SAD. ldugh this result should be
replicated, the identification of increased seab@ERT regulation across
predisposed individuals complementary imparts tha development of
affective symptoms is above all linked to flexityilin SERT expression. Our
sample size did not, however, allow us to explonaltorder interaction effects;
thus, the elucidation of gender by genotype by@eaffects on seasonal SERT
regulation awaits future research. Although we adt® that independent
replications are warranted, our work suggests seasonal and non-seasonal
depression share fundamental neurobiological cleaimgéhe form of elevated
levels of SERT (Savitz and Drevets 2013). In tlegard, change of season
could be applied as an experimental model, to stogplications of risk and
resilience to affective disorders across a broealgge of clinical conditions.
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Abstract

Objective At the Northern latitudes, the majority of thepptation perceives the
diminished daylight in winter as a substantial eowvmental stressor. Women in
particular display seasonality, with behavioral ridpes in serotonergic controlled
domains, i.e., low mood, reduced vigilance anddased appetite. We undertook a
longitudinal study of healthy individuals who in itgp of being genetically
predisposed did not have seasonality-associatedpteyms, i.e., they were
particularlyresilient to seasonality-associated symptoms and we inastigtheir
cerebral serotonin transporter (SERT) binding surmame in the winter.
Methods:The sample included 23 (13 women, age: 266 yea®fully selected
healthy short allele carriers of the SERT linkedypwrphic region (5-HTTLPR)
with low seasonality ratings. in In a randomizedurterbalanced fashion,
participants underwent’C-DASB PET scans both summer and winter to
investigate seasonal SERT fluctuations and sexebgen interaction effects.
Results:Global- and raphé nuclei SERT binding was lowewinter compared to
summer; this effect was particularly driven by themen. In an exploratory
analysis, we found that the seasonal SERT flucinativere most prominent across
the angular gyrus, the prefrontal cortices, thetgram temporal cortices and
adjacent occipital cortices.

Conclusion: Our study suggests that resilience to seasonattafé disorder is
associated with a global down-regulation of SERVelg in winter, possibly

causing an increased serotonergic tone.
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1. Introduction

Seasonal fluctuations in mood and physiology aréquéarly frequent at latitudes
with pronounced season-associated variation iniglatylFor example, in a large
community based survey, 90% of inhabitants in Cbpgen, Denmark (latitude
55.7) reported seasonal changes in mood, sleep andtorgebehavior (Dam,
Jakobsen, & Mellerup, 1998), a condition often mefé to as seasonality. The
importance of environmental adaptation is emphdsigethe fine-tuned circadian
system in the human brain. Upon light exposurecigfized non-visual forming
intrinsically photosensitive retinal ganglion ce(iRGC) (Sexton, Buhr, & Van
Gelder, 2012) propagate a signal through the rdtypmthalamic tract that
terminates within the suprachiasmatic nuclei (SCNyo preclinical studies
suggest that interruption of the iIRGC-dorsal rapbelei (DRN) pathway leads to
photoperiodic adjustments to DRN serotonin (5-Hayels: One study found that
disconnection of the iIRGC-DRN pathway reduced raphdT levels and caused
depressive like behavior in gerbils (Luan et aD1P), while another study in
chipmunks and nocturnal mice found that DRN lex#l&-HT were higher under
long-day conditions than under short-day conditi@@sda et al., 2015).

The 5-HT level in the brain is tightly regulated twe serotonin transporter (SERT)
and accordingly, several studies have addressedhaheSERT levels differ
between seasons. The first neuroimaging investigatbtf seasonal serotonin
transporter (SERT) fluctuations in healthy indivatki was conducted in Vienna
(latitude: 48°N) where healthy women were examiwétl the non-selective SERT
tracer *4-B-CIT and single-photon emission computed tomograg8PECT)
(Neumeister et al., 2000). Five women were scatiméde winter and another 7 in
the summer and the authors found a low&rl-p-CIT ratio in the
thalamus/hypothalamus in the group scanned in wiBtechert et al. investigated
29 Hamburg citizens (539Nwith *C-McN5652 positron emission tomography
(PET), mainly to address sex and age effects onTSRRding (Buchert et al.,
2006). They included a dichotomised season varafdefound significanthigher
mesencephalon SERT binding in the winter scans aosapto the summer scans,
but no difference in the thalamus. A sex-by-seasitect was detected on a trend
level (P = .09 and .08, respectively) with women displayiagger seasonal SERT
change. When 66 healthy individuals from Tainarf (2were examined witf3-

ADAM SPECT, no correlation between radioligand lngdin mesencephalon and
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sun exposure was seen (Cheng et al., 2011), suggésat daylight duration has a
stronger influence on SERT than does sunlight. Ting and so far only
longitudinal investigation of cerebral SERT acreemasons was carried out in 12
healthy men and women from Helsinki (60°N) who wer@nnually assessed with
12_ADAM SPECT (Koskela et al., 2008); no significadifference between
summer and winter was detected in this small stlithg. first large-scale study of
its kind with the superior positron emission tonaygry (PET) radioligand’C-
DASB was done in 88 healthy individuals recruitednf Toronto (44° N)
(Praschak-Rieder, Willeit, Wilson, Houle, & Meye2008) and in this cross-
sectional study, they found a significant inversarelation between daylight
minutes and SERT binding across different brainioregy of interest (ROIs),
consistent with the observations of (Buchert et 2006). Then followed another
large (N = 57) cross-sectionafC-DASB PET study of healthy Copenhagen
citizens (56°N)(Kalbitzer et al., 2010); not onlyddhey corroborate the inverse
relationship between daylight minutes- and SERibigy in striatum but they also
showed that short allele carriers (S-carriers) loé 6-HT transporter linked
polymorphic region (5-HTTLPR) genotype displayedngicantly larger seasonal
SERT amplitude compared to participants homozygitehe long allele (k-
homozygotes) (Kalbitzer et al., 2010). Shortly gfenother*’C-DASB PET study
in 63 British (51°N) men investigated the effect$rmllelic 5-HTTLPR on cerebral
SERT binding, but amount of daylight was not a gigant covariate (Murthy et
al., 2010). Finally, a Stockholm (59°N) basé@-MADAM PET study in 40 men
did not detect any significant correlation betweadioligand binding and daylight
minutes in sub-cortical regions, and the majorityhe scans were conducted in the
winter, since the average day length was 6.5 hdiasheson et al., 2015). Notably,
in the two negative large PET studies that alsoduseitable SERT
radioligands,(Matheson et al., 2015; Murthy et2010) only men were included.
Taken together, cross-sectional decently sizedestugsing highly selective SERT
PET radioligands and scanning throughout the yadbowing for a maximal range
of daylight hours to be encountered, suggest thethcal SERT is higher in the
winter than in the summer, at least in mixed-gernfuealthy populations free of
overt depression. Importantly, none of the latted®s was specifically designed to
address the within-subject seasonal SERT fluctnatand the volunteers were not
specifically assessed for their resilience towasdasonality. Stress can have a

negative influence on the human brain, and mucanatin has been directed
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towards identifying disease-specific changes indbpressed brain. Increasingly,
however, the ability to withstand severe streshasfocus of research (King, 2016).
In the present study, we made use of a longitudieaign where we in randomized
order PET-scanned the same individual both sumnmet winter, thereby
maximizing contrast to our analysis to capture aitidividual across seasons
variations in cerebral SERT binding. Given the knowigh inter-regional
correlation of SERT binding (Erritzoe et al., 20Hahn et al., 2014) and the
extensive neuronal communication between the rapicéei and the SCN (Morin,
2013), we considered it likely that the cerebrahsemal SERT regulation is
orchestrated by the raphé nuclei. Therefore, bayphé nuclei and a global measure
of cerebral SERT binding in raphé projection anease primary outcome regions
of interest.

In addition, in order to gain information aboutibreegions of relevance for staying
mentally healthy during seasonal transitions, iesilience to SAD, we assessed the
participants for their resilience towards seastyaind scaled the study to allow for
a voxel-wise analysis. All participants were callgfacreened to ascertain that they
exhibited absence or only minimal symptoms of sealsty. Moreover, to optimize
sample homogeneity and maximize power (Kalbitzerakt 2010; Kalbitzer,
Kalbitzer, Knudsen, Cumming, & Heinz, 2013) we ahaspriori to include only S-
carriers. We hypothesized that we would replicatidiex findings of higher SERT-
binding in the winter compared to summer (Kalbiteeal., 2010; Praschak-Rieder
et al., 2008). Due to female preponderance to sadisp (Magnusson & Boivin,
2003) and failure to identify seasonal SERT chamgesudies exclusively in males
(Matheson et al., 2015; Murthy et al., 2010), wacgmated to find larger effects in

females than in males.

2. Methods and Material

2.1 Participants

2.1.1. Recruitment

The screening criteria (< 45 years of age, bodysniradex (BMI) of 19-28 kg/fh
non-smokers, stable diurnal cycle, Danish-speakiupenhagen citizen) were
advertised on community websites, on bulletin beandeducational facilities and
printed in the local newspaper. Subjects that mesd¢ requirements were referred
to an online survey where detailed information rdgw past or present

5
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neurological/psychiatric disorders, family histooy psychiatric disorders, head
trauma, alcohol consumption, lifetime use of rettio@al drugs, timing of menstrual
cycle and oral contraceptives and prior particqpai in similar studies were
acquired. Eligible candidates underwent a phorgeosonal interview to assure that
they adhered to the screening criteria, to prowid# study-information, to assure
absence of overt seasonality, to make sure theynbadbeen or were planning to
travel to destinations at different latitudes andassure no female subjects were
pregnant or planning pregnancy. The volunteersriettall requirements received
written information of the study and an online Bdmwversion (as used in (H. O.
Madsen, Dam, & Hageman, 2016)) of the SeasonalefPatiAssessment
Questionnaire (SPAQ) (Rosenthal et al., 1984)h# SPAQ response indicated
absence of seasonality (Global Seasonality Sco&SJ& 10 and stating to have no
problems with seasonality) and the volunteer coteskto participation, a saliva
collection kit (Oragene DNA saliva kit OG-500 frddNAgenotek) for genotyping
of 5-HTTLPR genotype was sent by postal service@my S-carriers were finally
invited for participation. PET scans were conductathin a six-week interval
centered around winter or summer solstice; hathefstudy participants were first
scanned in winter (442119 daylight minutes, meangt8id the other half in the
summer (102532 daylight minutes). All participamizd unremarkable medical,
neurological and biochemical investigations andpathological findings on the
structural magnetic resonance image (MRI) braims@aventy-four subjects were
enrolled in the study; there were no drop-outs h@vene''C-DASB data set was
lost for analysis due to unexplained low radiotrabeain up-take (10% of the
expected). Thus, 23 subjects (13 females, age: 38#&6s) were included in the
final data analysis.

The study was approved by The Copenhagen RegiaosEflommittee (H-1-2010-
085 with amendments and KF-01-2006-20 with amendr@é@871/220225, H-1-
2010-91 and H-2-2010-108. All study participantsisEnted to participation, in
accordance with The Declaration of Helsinki II.

The cohort served as resilient control subjectscamparison to people with
seasonal affective disorder (Mc Mahon et al., 2C&) 9 of the individuals were
also included in a study of affective memory(Jenseal., 2015) and in a sucrose

taste sensitivity test (Andersen et al., 2014).
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2.1.3 Psychometric assessments

The Major Depression Inventory (MDI) (range: 0-59,21 indicates depressed
mood)(Bech, Rasmussen, Olsen, Noerholm, & Abildda2001), the Pittsburgh

Sleep Quality Index global scorg®SQI) (range: 0-21, > 5 indicates sleep
disturbances) (Buysse, Reynolds, Monk, Berman, &pfEy 1989), Cohens

Perceived Stress Scale (PSS) (range: 0-40, noficattapted to indicate stress) and
the Stress-full Life Event scale (SLE) recent egetem (Roohafza et al., 2011)

were administered summer and winter in proximityhi® PET scan.

2.1.3 Genotyping and amino acids

The allelic status of the 5-HTTLPR was analysedabfyagMan 5exonuclease
allelic discrimination assay as described previpisic Mahon et al., 2016). To
examine if there were seasonal difference in djeteyptophan intake, possibly
changing brain serotonin levels, plasma amino aogsurements was done in a
subset of the sample (N= 14). For this purposepusiblood samples were taken in
heparinized vials immediately prior to the PET scamd kept on ice until
precipitation with sulfosalicylic acid. The supetanat fluid was then stored at -80
°C, until analyzed. Norleucine was used as an iatestandard and high-pressure
liquid chromatography (HPLC) was used to measueettyptophan concentrations
in the samples. Tryptophan crosses the blood-livairier by facilitated transport,
in competition with other large neutral amino acidle take this into account, we
also measured the concentrations of these andlatduboth absolute plasma
tryptophan values as well as the tryptophan loddtive to its competitors
(Knudsen, Pettigrew, Patlak, Hertz, & Paulson, 3990

2.2 Neuroimaging protocols

2.2.1 PET data acquisition

For imaging the cerebral SERT, we used the higlklgcsive radioligand"'C-
DASB. After intravenous injection of 592 + 15 MBipe volunteers were scanned
90 minutes with a Siemens ECAT High-Resolution Rese Tomography (HRRT)
scanner operating in 3D list-mode. Data acquisiti@s performed as previously
described (Frokjaer et al., 2015).
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The kinetic modeling by the Multilinear Referendestie Model 2 MRTM2 (Ichise
et al., 2003) was performed using FreeSurfer (Gegva., 2014) with cerebellum
as reference region, and thalamus, caudate, putangpallidum as high-binding
regions for estimation ofk High resolution anatomical 3D T1-weighted MP-
RAGE scans were additionally acquired for all satgaising a Siemens Magnetom
Trio 3T MR scanner (1 mirisotropic voxels) (n = 14) or a Siemens 3T Veri& M
scanner (0.9 mirisotropic voxels) (n = 9). All MP-RAGE scans weerrected for
spatial distortions due to scanner specific gradrem-linearities (Jovicich et al.,
2006), before further analyses, in order to achmwenal PET-MR co-registration.

2.2.2 Image analysis

All MR scans were processed and analyzed usingSaréer (Fischl, 2012) version
5.3 and MATLAB R2013a (8.1.0.604) 64bit, as desmdlibn (Greve et al., 2014)
and (Ngrgaard, 2015). For each individual, all Rigle activity curves (TAC) were
summed and averaged over all time frames in oadestimate a weighted mean 3D
PET image for co-registration. The resulting me&T Pmage was aligned to the
individual structural MRI using a rigid intra-subje multimodal registration
utilizing a boundary-based cost function with 6 &g of freedom (Greve &
Fischl, 2009). The individual cortical PET surfacesre registered to a cortical
surface atlas, which is the surface-based equivateiMNI space (Greve et al.,
2014). The PET surfaces were sampled half way legtvilee white and pial surface
to minimize partial volume effects. The anatomiecalume was registered to the
MNI305 atlas, as previously described (Beliveaalgt2015) and the volume-based
group analysis of subcortical structures was paréar in this space. TACs on the
surface and in the volume space were smoothed regipectively a Gaussian 2D
and 3D filter using a full width half maximum (FWHNMbf 10 mm, prior to
estimating the SERT binding (RF) using MRTM2. The raphe nuclei was defined
as described in (Kalbitzer, Svarer, et al., 2009).

2.3 Statistical analysis

2.3.1 Psychometrics, biochemistry and radioligandariables
Summer versus winter measurements of psychome#iia (MDI, PSQI, PSS,

recent SLE), plasma tryptophan load, BMI, k2’ ambn-displaceable binding in



Paper |

terms of the area under the time activity curveaebellum (AUGerebelun) Were
compared by means of two-tailed paired studengstst Eventual season-related
differences in injected mass DASB/ kg body weiglisvexamined by means of a

Wilcoxons signed rank test.

2.3.2 Region based statistical analysis

Two ROIs were chosen for the region-bas&2tDASB BR,p analyses: The raphé
nuclei and its projection areas. The raphé ROI weafined, as described in
(Kalbitzer, Frokjaer, et al., 2009). The projectigtobal) ROl BRp was calculated

by averaging left and right, grey matter volumegiéed BRp including thalamus,

putamen, caudate, hippocampus, amygdala, antertbpasterior cingulate cortex,
entorhinal cortex, insula cortex, orbitofrontal tex; sensorimotor cortex, occipital
cortex, medial inferior temporal gyrus, medial mde frontal gyrus, parietal cortex,

and superior frontal gyrus projection areas.
Global BRp = (3.(BPnpx * volxume, ))/ Y volums,)

The effects of season, sex and sex-by-seasondtiteraon raphé and global RP
were investigated by means of a single-factor repgeaneasures ANOVA. By
design, the sample had a narrow age- and BMI splaasaline: mean = SD (range):
age 26 + 7 (19 -43) years and BMI: 23.2 + 1.9 (19%7.4) kg/m. Thus we did not

correct for these variables.

As a stable mood may also depend on the syndatom of SERT levels between
DRN and projection areas (Hahn et al., 2014) wanered if season changed the
correlation of raphé nuclei SERT and global SERle by comparing the slope

estimates from simple linear regression analysis.

2.3.3 Univariate vertex- and voxel-wise statisticanalyses

The FreeSurfer generated gHAnaps in surface and volume space were used in the
whole-brain surface vertex- and subcortical voxelenanalyses of seasonal season
effects using paired t-tests {Hwinter — summer = 0). Correction for multiple

comparisons was executed in a clustering framewaskng non-parametric
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permutation tests as described by Nichols and HelfNehols & Holmes, 2002) in
order to sufficiently control the false-positivetgaDue to the randomized study
design (summer and winter), we defined the exchaiiy within the summer and
winter scans, respectively. However, imaging data with less than 20 degrees of
freedom tend to have biased variance estimateghwdppears as high frequency
noise or sharpness in the variance image (variaonoess all scans). We therefore
smoothed the variance image using an 8 mm FWHMaceq variance estimates
at the single voxel-level with a weighted averag@ésoneighbors. A new statistical
parametric map (SPM) was thereby obtained, andhigrdontext we refer to this
map as a pseudo t-statistic map. In order to captursingle overall feature
providing evidence against gHat each resampling we utilized the maximum
thresholded cluster size. Under the null-hypothé#js statistically assuming no
underlying BRp difference between summer and winter, signifialatige clusters
would therefore indicate the presence of a seaswadhtion in BRp. We
resampled the data 1000 times (permutations), awbrded the maximum
thresholded clusters for each of the resampleguspredefined pseudo t-threshold
of 2.5 (p < 0.01) (Nichols & Holmes, 2002). Thetstizcally significant cluster
extent for our whole-brain search volume was 372°imnsurface-space and 1475

mm?® in volume-space.

For all other statistical analyses we adopted aifsignce level ofP = .05.
Statistical data analyses were carried out in GPaphPrism version 6, GraphPad
Instat version 3, R version 3.1 and MATLAB R20184L(0.604) 64bit.

3. Results

Results are reported as mearsb.

3.1 Psychometrics, biochemistry and radioligand vaables

When assessed on the day of the PET scan, both euamd winter, participants
were euthymic (sample maximum MDI = 15), free okdvsleeping disturbances
(sample maximum PSQI global score = 8) and feltase (sample maximum PSS =
22). No seasonal differences were found in sleemood ratingsPSQI global
score:summer (S): 3.7 = 2.1, winter (W): 3.6 £ 17 .79,MDI : S: 5.5 + 3.6, W:
5.0 + 3.5,P = .40). The level of stress was found to be margmhigher in

10
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summerPSS:S: 10.3+5.9, W: 7.9 + 4.8 = .05. No difference was found in the
number of recent stress-related events from sunoneinter:recent SLE: S: 2.2 +
2,W:2.7+2.4P = 40.

No differences were found across seasons in plasmpephan (N = 14, S: 0.13 £
0.02, W: 0.13 £ 0.02P = .86), BMI (N= 23, S: 23.1 £ 2.1 kgﬁ,nW: 229+ 2.1
kg/m?, P = 0.42), k2" (N = 23, S: 0.064 + 0.010 mjrw: 0.065 + 0.016 mih, P =
57) or AUGerepeium(N = 23, S: 18.6 + 2.7 (kBg/ml) W: 18.5 + 3.4 (kBu), P =
7).

Coincidently, the injected DASB mass/kg bodyweiglas significantly lower in
the summer (median = 0.Qdg/kg) than in the winter (median = 0.Q&y/kg),
Wilcoxon P =.000. However, the mass doses given were smabk @05ug/kg in
summer and 0.18g/kg in winter). To investigate if the injected md3ASB could
potentially bias our result we conducted an analysia separate cohort of 108
healthy individuals (78 females, injected mass/Ki84+0.035ug (range 0.0045 —
0.25ug) from the Cimbi database (Knudsen et al., 20%6hple linear regression
was used to test if injected mass DASB/kg predi¢t€dDASB BRyp in a pooled
subcortical high-binding region and in neocortextHis large sample, we found no
correlation between BB and injected mass/kg; slope estimates ranged batwe
0.34 to - 0.28 injectedg DASB/kg per BRp (.12 <P <.59).

3.2 Region based analysis

BPnp was significantly higher in the summer comparedhi® winter for both the
raphé nuclei: S: 4.5+ 0.7, W: 4.1 + 0.@ed50= 10.92P = .003 and global binding:
S: 0.7 £0.09, W: 0.66 £0.06, Keason= 11.47,P = .003) (figure 1A). A significant
sex-by-season interaction effect in global SERMinQ: Fsex-by-seaso= 5.54,P = .03
with females showing a larger decrease in globaRBbinding in the winter
compared to summer (figure 1B).
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Figure 1A. Global SERT binding across season® single-factor repeated measures ANOVA
showed a significant down-regulation of global SEBHyp in the winter for all participant®sason
=.003.

Figure 1B. Global SERT binding across seasons in males and fafes. The sex-by-season
interaction effectPsy by wason = .03, was driven by the female participants shovarigrger down-
regulation in BRp from summer to winter.. Individual summer to wintatjustments are indicated
by the colour bars (red = up-regulation, blue = deagulation).

No sex-by-season interaction was found in raphédeniEsex-by-seasor= 1.73,P =
.20). Within seasons, there were no sex differefegshé nuclei ROI: &= 0.56,P

= .46 and global ROI: &= 0.3740P = .55).

Both in the summer and winter, raphé nucleiyBRvas positively correlated to
global BRp (figure 2). S: R=0.33,P = .004, and W: R 0.24,P = .018. There
was no significant season-related difference betwie slope estimates (two-
tailed, 95%-confidence intervad®,= .65).
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Figure 2 . Correlation between raphé nuclei SERT- ad global SERT across seasons.
Irrespective of season, raphé nucleiyBRvas positively correlated to global g There was no

significant difference in slope estimates (twoedjl 95%-confidence intervaR = .65) Black:
summer, grey: winter.

3.3 Univariate vertex- and voxel-wise analysis

Several larger clusters showed a significant doagulation of SERT binding from
summer to winter, including bilateral clusters asrthe angular gyrus (GA, also
referred to as Brodmann area 39, temporopariatatipn, posterior middle
temporal gyrus or temporo-parieto-occipital cort€®P16 <Porrected < .00047),
bilateral clusters across the middle frontal gyrugrefrontal cortex (.0039 <
Peorrected < -.00087) and two large clusters located bilatgratiross occipital cortices
and the posterior inferior temporal cortices (.08@8.orrected < -0001) . In the right
hemisphere, the latter extended to the posteriaiahtemporal cortex as well
(figure 3, table I). A post-hoc analysis revealeal the detected clusters supported
the sex by season effect found in the region-basatysis. No significant

differences were detected in subcortical regions.
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Voxelwise paired t-test, corrected (n = 23)

LEFT

RIGHT

Figure 3. Univariate surface-based analysiS he univariate surface-based analysis depicted on
the inflated brain. The map displays the t-valueslwsters with significant changes’itC-DASB
binding across seasons (summer - winter), corrdoteahultiple comparisons. The top row: Cortical

presentation, the bottom row: Mesial view

Table I. Significant clusters reflecting a seasonalariation in BPyp

Region Cluster Size [mnf] MNI X [MNIY |[MNIZ
t-value

Left hemisphere

Inferior temporal gyrus 4.36 1552 -44 -64 -5

Angular gyrus 4.1 445 -40 -64 34
3.99 382 -49 -57 37

Precentral gyrus 3.97 385 -43 -6 44

Inferior frontal triangularis | 3.93 875 -42 17 21

Middle frontal gyrus 3.52 393 -39 33 -2

Cuneus 3.01 529 -21 -86 25

Right hemisphere

Middle temporal gyrus 4,59 1236 64 -44 -5

Superior temporal gyrus 3.95 613 63 -38 13

Middle frontal gyrus 3.85 452 36 28 37
3.55 901 26 20 42
3.23 434 31 48 5
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Angular gyrus 3.76 367 34 -51 37
3.7 544 46 -58 27
3.6 445 33 -62 46

Cuneus 3.7 968 15 -87 22

4. Discussion

For the first time we here present evidence thdividuals particularly resilient to
seasonal fluctuations in mood and behaviour, beTTLPR S-carrier woman
without seasonality symptoms exhibit a pronouncedrrdregulation of cerebral
SERT levels in winter compared to summer. The figdivas observed both in the
raphé nuclei and its global projection area. Ounpga was carefully selected and
screened for seasonality symptoms prior to inchysidhich is likely to explain why
we see opposite effects compared to previous Studaably Praschak-Rieder et al.
(Praschak-Rieder et al., 2008) and our own prevgiudy (Kalbitzer et al., 2010)
both describing higher subcortical SERT bindinchealthy people scanned in the
winter compared to the summer. However, in those tnoss-sectional studies,
volunteers were primarily enrolled as healthy colstfrom other ongoing studies.
The deliberate selection bias in the present staayes clearly across; our healthy
participants had an average GSS of 4.8+£2.0 as ammpa the general Danish
population of 6.2+4.5(Dam et al., 1998) and they k#able mood and sleeping
patterns across seasons.

From a neurobiological point of view, our obsergatimakes perfect sense:
Lowering cerebral SERT levels in the winter may stdote a mechanism to
increase or perhaps just maintain synaptic 5-HElteand thereby enable higher
serotonergic neurotransmission (Nagayasu, Kitai@hjrakawa, Nakagawa, &
Kaneko, 2010; Torres, Gainetdinov, & Caron, 2008)clv would serve to combat
lower mood during the environmental stressor ofviireer.

To our knowledge, the current study is the firatnoenaging study to couple SERT
dynamics to affective resilience in the context esfvironmental stress. Other
investigators have primarily indexed genetic lipilto model trait features
conferring risk or resilience to affective disorsleFor example, on€C-SB207145
PET study by our group showed a positive dose-respoorrelation with risk-load,
as indexed by the number of first degree relativeél major depressive disorder
(MDD), in (yet) unaffected participants and stridéeHT levels, as indexed by 5-
HT,4 receptor binding (K. Madsen et al., 2015). Thiggasts that maintaining
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mental health in spite of an increased risk loady rbe linked to elevated 5-HT
levels. In agreement with this observation, we alsown in an independent cohort
of healthy twin siblings to depressed co-twins tHatsolateral prefrontal SERT
binding, as imaged by*C-DASB PET is lower (Frokjaer et al., 2009). Thug
speculate that the ability to raise 5-HT levelsotlyh down-regulation of SERT
could constitute an important mechanism to combraergence of depressive
symptoms in the context of environmental stresdalor of this model, multiple
studies have reported gene by environment intenaetifects in the development of
depression, i.e., S-carriers that are characteripech lower SERT expression
(Willeit & Praschak-Rieder, 2010) and higher leveiss-HT (Fisher et al., 2012),
are more prone to develop MDD in the context ofiemmental stress (Caspi,
Hariri, Holmes, Uher, & Moffitt, 2010), suggestirthat when 5-HT levels are
permanently raised, the flexibility and compensatoapacity of the system is
compromised such that the ability to launch a frtincrease in endogenous 5-HT
levels during stress is reduced and in consequamoajor depressive episode may
develop.

A previous study that examined MDD patients witic-DASB PET found a
decreased correlation between DRN and ventratafi$ERT in depressed patients
compared to healthy controls (Hahn et al., 2014)adgreement with our sample
having stable mood across the year, we did notdmgddifference in global SERT-

raphé nuclei SERT regression slopes across seasons.

The global down-regulation in SERT levels obseraedoss all participants was
particularly driven by the women. Previous neuraiing studies investigated sex-
by-season effects in mesencephalon and thalamusnéiibher demonstrated
significant effects: Buchert et al'C-McN5652 PET, N=29) investigated second
order sex-by-season interaction effects and Kosketd., explored sex differences
in a longitudinal’®1-ADAM SPECT study of 5 females and 7 males. This,
finding of a sex-by-season interaction effect ialtiey individuals is novel and we
interpret this with caution; there are multiple taaisms by which this observation
may occur, i.e., sex-differences in early brainelepment or interactions of SERT
expression and sex hormones, as reviewed in (Bor€ovCameron, 2014).
Nonetheless, our observation strongly suggests fiatales require a larger
adjustment of SERT levels in order to withstandegheironmental stress of winter.
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In contrast to previous seasonality studies, whrainly focused on sub-cortical
regions, our explorative vertex- and voxel-basedle/brain analysis revealed
significant clusters of season-related differeneespss several cortical areas. The
angular gyrus (AG) is a cross-modal hub involvedhigher order processing of
multiple inputs including assessment of environraksélience, directing attention
between internal and the external milieu (Segtéd,3) and modifying vigilance
(Singh-Curry & Husain, 2009). Interestingly, thecly reoccurrence of mood
liability, hyperphagia, and hypersomnia in Kleinvirge patients has been found to
be associated with AG hypoperfusion (Geoffroy, Atn&tain, & Henry, 2013;
Kas, Lavault, Habert, & Arnulf, 2014). We also ohs&sl a winter-associated
decreasén SERT levels in several clusters across the @nédit cortex, in particular
in the middle frontal cortex. In line with this, wh we investigated prefrontal and
limbic responses to aversive faces in 30 healthigsnaefore and after three weeks
of bright light therapy, we found that the intertien successfully reduced
amygdala reactivity and increased amygdala-mediafrgntal cortex (mPFC)
connectivity in a light-dose dependent manner. Moeg, the increase in intra-
prefrontal coupling upon intervention was larger $icarriers, supporting a
neuromodulatory role of 5-HT in this particular i@y (Fisher et al., 2014). The
study was, however, designed to investigate speeifects in the amygdala-mPFC
circuits and the analysis was not extended to thedlen frontal cortex.
Nevertheless, these findings are complementarifgpsuing entailing prefrontal
engagement in directing mood and behavior accorttingnvironmental cues. We
also identified two large clusters across the pastenedial (lateralized to the right)
and inferior (lateralized to the left) temporal tooes. We are not aware of any
studies addressing these specific regions in tinéegb of seasonality, seasonal or
non-seasonal related depression. But with regafahictional aspects, these regions
are important to environmental awareness, i.egathjecognition and redirecting
attention towards relevant auditory and visual stimare orchestrated within the
these brain areas (Paulson, Gjerris, & Solberg4p00dnterestingly, the clusters
extended into the occipital cortices (cuneus). Tihisspossible, that the augmented
signal is caused by seasonal contrasts in illunvi@atimuli as the image forming
retinal ganglion cells are indirectly providing emsive input to these regions via
thalamic-cortico projections (Morin, 2013). Moreoythe expression of SERT may
be linked to the proportion of projecting fiberadahus in winter it is plausible that

the sustained reduction in daylight reduces prigedb visual cortices.
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In contrast to our data, the two previous studies included post hoc whole brain
voxel based analysis did not find any clusters witbss-seasonal differences
(Buchert et al., 2006; Kalbitzer et al., 2010). Hwar, a strength of our study is the
longitudinal study design that effectively elimiaatinter-individual differences, the
strict inclusion criteria to ensure absence of @ealty and inclusion of S-carriers
only. While arguably the sample is not represevtatif the population as a whole,
not the least because of the genotype selectiam fwiinclusion, it allowed us to

study disease resilience as opposed to diseaHe itse

In conclusion, we find evidence of a winter-asstedadown-regulation of global
SERT levels in individuals resilient to seasonasiyynptoms, especially in females.
As our cohort was selected to be resilient to sealgy, the SERT down-regulation
in winter may reflect a compensatory mechanismalarre or raise 5-HT levels to
accommodate the stress of lack of daylight. Addaity, we found augmented
effects in regions that deal with environmentalebgf seasonal adjustments in
SERT levels of these regions may be pivotal to ecessful long-term stress

response.
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Seasonal difference in brain serotonin
transporter binding predicts symptom severity
in patients with seasonal affective disorder

Brenda Mc Mahon,"2 Sofie B. Andersen,I Martin K. Madsen,I Liv V. Hjor'dt,"2
Ida Hageman,3 Henrik Dam,3 Claus Svar'er,I Sofi da Cunha-Bang,"2 William Baaré,4
Jacob Madsen,® Lis Hasholt,6 Klaus HoIst,2’7 Vibe G. Frokjaer'I and Gitte M. Knudsen'?

Cross-sectional neuroimaging studies in non-depressed individuals have demonstrated an inverse relationship between daylight
minutes and cerebral serotonin transporter; this relationship is modified by serotonin-transporter-linked polymorphic region short
allele carrier status. We here present data from the first longitudinal investigation of seasonal serotonin transporter fluctuations in
both patients with seasonal affective disorder and in healthy individuals. Eighty *'C-DASB positron emission tomography scans
were conducted to quantify cerebral serotonin transporter binding; 23 healthy controls with low seasonality scores and 17 patients
diagnosed with seasonal affective disorder were scanned in both summer and winter to investigate differences in cerebral serotonin
transporter binding across groups and across seasons. The two groups had similar cerebral serotonin transporter binding in the
summer but in their symptomatic phase during winter, patients with seasonal affective disorder had higher serotonin transporter
than the healthy control subjects (P =0.01). Compared to the healthy controls, patients with seasonal affective disorder changed
their serotonin transporter significantly less between summer and winter (P < 0.001). Further, the change in serotonin transporter
was sex- (P=0.02) and genotype- (P =0.04) dependent. In the patients with seasonal affective disorder, the seasonal change in
serotonin transporter binding was positively associated with change in depressive symptom severity, as indexed by Hamilton
Rating Scale for Depression — Seasonal Affective Disorder version scores (P=0.01). Our findings suggest that the development
of depressive symptoms in winter is associated with a failure to downregulate serotonin transporter levels appropriately during
exposure to the environmental stress of winter, especially in individuals with high predisposition to affective disorders.
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Abbreviations: 5S-HTTLPR = serotonin-transporter-linked polymorphic region; BMI = body mass index; BPnp = non-displaceable
binding potential; MDI = Major Depression Inventory; PSQI = Pittsburgh Sleep Quality Index; SIGH-SAD = Hamilton Rating Scale
for Depression — Seasonal Affective Disorder version; SPAQ = Seasonal Pattern Assessment Questionnaire

Introduction

In Scandinavia as well as other countries at Northern lati-
tudes, people are subjected to long and dark winters.
Although well tolerated by most inhabitants, ~5% of
the Copenhagen population experience symptoms consist-
ent with seasonal affective disorder and an additional
10% suffer from sub-syndromal seasonal affective dis-
order (Dam et al., 1998), a more moderate condition
where diagnostic criteria for depression are not met.
Seasonal affective disorder is characterized by season-
triggered depression and encompasses feelings of hopeless-
ness and blameworthiness, loss of energy, impaired
concentration, hyperphagia and hypersomnia (Rosenthal
et al., 1984). Risk factors for developing seasonal affective
disorder include being female, with females being afflicted
between 2-40 times more often than males (Partonen,
1995), young age (Magnusson and Partonen, 2005) and
being a serotonin-transporter-linked polymorphic region
(5-HTTLPR) short allele carrier (S-carrier) (Rosenthal et
al., 1998). There is additional evidence for seasonal affect-
ive disorder being related to serotonin dysfunction: the
disorder can be effectively treated with either bright
light therapy or with a serotonin transporter reuptake in-
hibitor (Thaler et al., 2011), the effects of bright light can
be reversed by lowering cerebral serotonin levels by tryp-
tophan depletion (Lam et al., 1996; Neumeister et al.,
1997a, b, 1998), and dietary (Miller, 2005) or pharmaco-
logical (O’Rourke et al., 1989; Dilsaver and Jaeckle,
1990; Partonen and Lonnqvist, 1996) enhancement of
serotonin transmission alleviates seasonal affective dis-
order symptoms. Further, serotonin transporter function
in platelets is enhanced in seasonal affective disorder
(Willeit ez al., 2008). Intriguingly, these risk factors are
also uniquely associated with differences in cerebral sero-
tonin transporter levels: healthy females have higher sero-
tonin transporter density in the midbrain than males
(Erritzoe et al., 2010), cerebral serotonin transporter dens-
ity declines with age (Buchert et al., 2006; Kalbitzer et al.,
2009; Erritzoe et al., 2010), and several studies suggest
that the S-HTTLPR genotype is related to cerebral sero-
tonin transporter density (Willeit and Praschak-Rieder,
2010).

The season-dependent fluctuation in cerebral serotonin
transporter has been examined in a number of neuroima-
ging studies conducted in healthy volunteers. Early single
photon emission computerized tomography (SPECT) stu-
dies using fewer serotonin transporter-specific radioligands,
were inconclusive (Neumeister et al., 2000; Koskela et al.,

2008; Cheng ef al., 2011). However, PET studies of healthy
males and females consistently found higher serotonin
transporter binding in certain brain regions in the winter
than in the summer. One study examined 29 Germans with
C-McN5652 PET (Buchert et al., 2006) and two studies
used the selective serotonin transporter radiotracer ''C-
DASB  ["'C-labelled 3-amino-4-(2-dimethylaminomethyl-
phenylsulfanyl)benzonitrile] and PET in 88 Canadians
(Praschak-Rieder et al., 2008) and in 57 Danes (Kalbitzer
et al., 2010). In the latter study, a significant gene x envir-
onment interaction effect was found, with S-carriers dis-
playing larger seasonal serotonin transporter fluctuations
in putamen as compared to long allele (La/L,) carriers,
with the peak in serotonin transporter levels around
winter solstice (Kalbitzer et al., 2010). By contrast, two
later PET studies reported no effect of season on cerebral
serotonin transporter binding, one using ''C-DASB in 63
male UK citizens (Murthy et al., 2010) and another using
"C-MADAM  ("'C-labelled-N,N-dimethyl-2-(2-amino-4-
methylphenylthio)benzylamine) in 40 male Swedes
(Matheson et al., 2015). In general, these cross-sectional
studies did not take relevant factors, such as S-carriers
status, sex, traveling habits, night shift work, seasonality
and mood, into account.

Surprisingly, in spite of seasonal affective disorder repre-
senting a unique model for investigating the relationship
between serotonin transporter availability in the brain
and season-related mood variations, no studies have so
far examined patients with seasonal affective disorder
both in their asymptomatic and in their symptomatic
phases. A single study investigated 11 patients with sea-
sonal affective disorder in their symptomatic phase and
11 non-depressed healthy volunteers with the non-selective
dopamine transporter and serotonin transporter radioli-
gand '2I-B-CIT and SPECT and reported lower thalamic-
hypothalamic serotonin transporter binding in patients with
seasonal affective disorder compared to healthy controls
(Willeit et al., 2000).

In the present study we aimed, for the first time in a
longitudinal study design, to characterize how patients
with seasonal affective disorder regulate the serotonin
transporter across seasons, if gender and S-carrier status
modifies this regulation, and to what extent serotonin
transporter changes can predict symptom severity. We
hypothesized that in the winter, patients with seasonal af-
fective disorder have higher cerebral serotonin transporter
levels than healthy controls, whereas the levels are compar-
able in the summer. Moreover, we expected a positive as-
sociation between change in serotonin transporter and in
seasonal affective disorder symptom severity.
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Methods and materials

Participants

Healthy volunteers and potential patients with seasonal af-
fective disorder were recruited through advertisements
posted on the internet and in newspapers. The exclusion
criteria were smoking, past or present neurological or psy-
chiatric (ICD-10) disorders, use of drugs with known ef-
fects on the serotonin system, use of recreational illegal
drugs including cannabis within the last week or more
than 10 times in total (cannabis was allowed up to 50
times in total), significant medical history, known retinal
pathology, use of photosensitizing medications, travelling
to destinations with a different climate 6 months prior to
any of the scans, or night shift work. Individuals with sea-
sonal affective disorder were required not to have received
bright light therapy or psychotropic drugs as treatment of
their seasonal affective disorder in the past year. All par-
ticipants were within a body mass index (BMI) of 19-
28 kg/m?. Subjects that met the initial screening criteria
were asked to fill in the Seasonal Pattern Assessment
Questionnaire (SPAQ) (Rosenthal ez al., 1984), a self-
assessment questionnaire that evaluates seasonal variations
in sleep, social activity, mood, body weight, appetite and
energy. The score on each item is summed to obtain a
global seasonality score, which indexes the degree of sea-
sonality symptoms [range: 0-24, global seasonality score
(GSS) >10 consistent with seasonal affective disorder]
(Kasper et al., 1989). Healthy volunteers were required to
have a maximum GSS of 10, reporting no problems with
seasonality, whereas those with seasonal affective disorder
were required to have a GSS > 11 and state that seasonal-
ity was a least a moderate problem. Seasonal affective dis-
order candidates were assessed by trained psychiatrists both
in summer and winter. The seasonal affective disorder diag-
nosis was established when subjects met the ICD-10 diag-
nostic criteria for major depression and the seasonal
affective disorder criteria described by Rosenthal et al.
(1984). All referred candidates underwent a Schedules for
Clinical Assessment in Neuropsychiatry (SCAN) interview
(Wing et al., 1990) to exclude any other axis I or axis II
disorders before final inclusion. The Hamilton Rating Scale
for Depression — Seasonal Affective Disorder version
(SIGH-SAD) (Williams et al., 1988) was used to quantify
symptom severity both in summer and winter.

In total 36 patients were referred for psychiatric assess-
ment. Of these, 12 were excluded due to co-morbidity or
failure to meet diagnostic seasonal affective disorder cri-
teria. All eligible subjects were screened with respect to
S-carrier/La/L carrier status prior to inclusion. As previous
data suggest a larger seasonal change in serotonin trans-
porter availability in healthy S-carriers compared to La/La
homozygotes, we chose to include only S-carriers in the
healthy control group. To investigate genotype effects in
seasonal affective disorder cohorts we included an La/L
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group of six individuals in the seasonal affective disorder
group.

The scan sequence was randomized so that half of the
individuals were scanned for the first time in the summer,
the other half for the first time in winter; defined as a
12-week interval centred around the winter or summer sol-
stice. All participants underwent a medical and neuro-
logical examination before each PET scan and were
found to be normal. They all had normal findings on rou-
tine blood tests and their cerebral MRI scans were without
any pathological findings. To measure seasonal fluctuations
in mood and sleep, participants filled out online versions of
the Major Depression Inventory (MDI) (range: 0-50, >21
indicates depressed mood) (Bech et al., 2001; Olsen et al.,
2003) and the Pittsburgh Sleep Quality Index (PSQI)
(global scores range: 0-21, >5 indicates sleep disturbances)
(Buysse et al., 1989). Information regarding menstrual cycle
length, timing of current cycle and use of hormonal contra-
ceptives were obtained from female participants on the day
of the PET scan. There were no drop-outs in the healthy
control group, but one subject was excluded due to tech-
nical problems with the PET image. Seven patients with
seasonal affective disorder were lost to follow-up: one in-
dividual failed to go into spontaneous summer remission
and six individuals decided to leave the study before
follow-up for various personal reasons; none of them left
the study because of the treatment restriction.

The final sample included 23 healthy S-carriers with low
seasonality scores (13 females, GSS: 4.8 + 2.1, age: 26 + 6
years) and 17 patients with seasonal affective disorder (nine
females, 11 S-carriers, GSS: 14.1 &+ 2.2, age: 27 £+ 9 years),
all values given as mean + standard deviation (SD). The
groups were comparable with respect to age {unpaired #-
test of mean age [(ag€winter + A8€summer) /2], P =0.55}, sex
(Fishers exact test, P> 0.99) and BMI (unpaired #-test
summer: P =0.15 and winter: P =0.32). Detailed sample
characteristics are included in Table 1.

The study was approved by The Copenhagen Region
Ethics Committee (H-1-2010-085 with amendments and
KF-01-2006-20 with amendment 21971/220225, H-1-
2010-91 and H-2-2010-108) and performed in accordance
with the Declaration of Helsinki II. All subjects gave in-
formed written consent prior to participation

Genotyping, plasma amino acids and
hormone data

Analysis of the serotonin transporter length polymorphism
carrier status was performed on DNA purified from saliva,
as described in the Supplementary material. Immediately
before all PET scans, blood was drawn for determination of
plasma tryptophan as well as the tryptophan load relative to
its amino acid carrier competitors (Knudsen ez al., 1990). In a
subsample of females, oestradiol and progesterone levels were
measured in serum collected on the day of the PET scan and
analysed as detailed previously (Frokjaer et al., 2015).
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MRI data acquisition

Participants were scanned on a 3 T Siemens Magnetom Trio
(n=31) or Verio MR scanner (n = 9). High-resolution 3D T;-
weighted magnetization prepared rapid gradient echo was
used for tissue classification and T,-weighted turbo spin
echostructural images were used for brain-masking. Images
were acquired as previously described (Madsen et al., 2011).

PET imaging

All PET scans were conducted using a Siemens ECAT
High-Resolution Research Tomography scanner operating
in 3D list-mode. Following a 6-min transmission scan, dy-
namic PET scans were acquired over 90 min after injection
of "C-DASB [593 + 13 (range 536-612) MBq] over 20s
into the antecubital vein. PET acquisition and quantifica-
tion were performed as previous described (Frokjaer et al.,
2009, 2015) and '"'C-DASB radiosynthesis as described
elsewhere (Lehel et al., 2009).

The quantification of '"'C-DASB was done using the
Multilinear Reference Tissue Model with a fixed k’
(MRTM2) (Ichise et al., 2003), to generate the BPyp
(non-displaceable binding potential) using cerebellum as a
reference region. We chose whole brain serotonin trans-
porter binding as our primary outcome measure because
(i) "C-DASB binding potentials are highly correlated
across brain regions suggesting that serotonin transporter
is regulated globally putatively through raphe nuclei sero-
tonergic firing (Erritzoe et al., 2010); and (ii) seasonal sero-
tonin transporter changes have been described in various
brain regions (Willeit et al., 2000, 2008; Reimold et al.,
2007; Praschak-Rieder et al., 2008; Kalbitzer et al.,
2010). A volume-weighted average of whole brain
"C-DASB binding potential (global BPxp) was calculated
based on 17 volume-weighted grey matter segmented brain
regions (amygdala, anterior cingulate gyrus, caudate,
entorhinal cortex, hippocampus, insula cortex, medial in-
ferior frontal gyrus, medial inferior temporal gyrus, occipi-
tal cortex, orbitofrontal cortex, parietal cortex, posterior
cingulated gyrus, putamen, sensorimotor cortex, superior
frontal gyrus, superior temporal gyrus, and thalamus):

Global BPnp = (Z (BPnpy * volumex))/ Zuolume‘x (1)

Statistical analysis

Based on previous test-retest studies ''C-DASB BPyp, has a
variability of 3.7% and a reliability of 0.89 (Kim et al.,
2006), thus eight subjects are needed to detect a 20% def-
erence in BPnp.

Group and seasonal differences in oestradiol and proges-
terone levels (females only), psychometric scores, BMI,
plasma tryptophan load, k,’, non-displaceable binding (as
proxy: AUC.ebellum) and injected DASB mass/kg were
tested with paired or unpaired Students t-tests, as
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appropriate, two-tailed P-values were adopted throughout
all analyses. The correlation between the psychometric
scores (PSQI global score versus MDI and SIGH-SAD
versus MDI) was tested by linear correlation regression.
Multicollinerity between continuous variables in multiple
regression analysis was tested by calculation of the variance
inflation factor (VIF) (1 /1 - R,) with a R? threshold of 0.75.
A significance level of P =0.05 was adopted throughout all
analyses. All results are expressed as means + SD.

Seasonal changes in global serotonin transporter BPnp
were analysed in multiple regression models of various
complexities to investigate:

(i) If global BPyp differs between groups in either summer or
winter, using absolute global BPyp as outcome variable and
parameters known to affect SERT binding BMI (Erritzoe et
al., 2010), age (Frokjaer et al., 2009; Erritzoe et al., 2010),
genotype (Willeit and Praschak-Rieder, 2010) and sex
(Kalbitzer et al., 2009) as covariates: Global BPND season ™~
group X BMlason X a8€season X gENOtype X sex.

(ii) If change in serotonin transporter across seasons (i.e.
ABPNp = BPyp winter — BPyp summer) differs between pa-
tients with seasonal affective disorder and healthy controls,
using ABPxp as an outcome variable and group as variable
of interest. As seasonal affective disorder is more common in
young individuals (Magnusson, 2000), females (Magnusson,
2000), and possibly in S-carriers (Rosenthal et al., 1998) we
included age, sex, genotype, and group x sex interaction
(but not BMI, as BMI changes is part of the seasonal affective
disorder symptomatology) as covariates: Global ABPyp ~
group x sex X sex by group x mean age x genotype. In
a post hoc analysis, we also examined three additional brain
regions of relevance for depression: the raphe nuclei, hippo-
campus and anterior cingulate cortex.

(iii) If the relative ABPnp (rel ABPnp = ABPyp / winter BPyp)
adjusted for sex and genotype predicts seasonal symptom de-
volvement in seasonal affective disorder, defining the outcome
variable as the relative difference in SIGH-SAD score |[rel
ASIGH-SAD = (winter score — summer score) / winter
score]: rel ABPyp ~ rel ASIGH-SAD x sex x genotype.

Statistical data analyses were carried out in GraphPad Prism
version 6, GraphPad Instat version 3 and R version 3.1.

Results

Sample characteristics

Objective ratings evaluated by the psychiatrists and subject-
ive mood ratings reported by the participants were highly
correlated. SIGH-SAD scores and MDI scores correlated
positively for both summer: 7 =17, estimate = 0.89 SIGH-
SAD scores per MDI score, r?=0.23, P = 0.05, and winter:
n =17, estimate = 0.52 SIGH-SAD scores per MDI score,
r*=0.34, P=0.01. As expected, individuals with seasonal
affective disorder had significantly higher MDI, PSQI and

9T0Z ‘22 Yore N uo 1enb Aq /Blo'seulnolploixo-urelq//:dny woly pspeojumod


http://brain.oxfordjournals.org/

Seasonal serotonin transporter changes in patients with SAD

Table | Sample characteristics and radioligand variables
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Summer Winter Paired t-test P-value
Healthy controls, n = 23
Clinical data
MDI score 54 + 3.6 50 £+ 35 0.49
PSQI GS 3.7 £ 2.1 36 + 1.8 0.79
BMI (kg/m?) 23.1 + 2.1 229 + 2.1 0.42
Biochemistry
Tryptophan load (n = 14) 0.13 £ 0.02 0.13 £+ 0.02 0.86
Qestradiol (nmol/l) (n = 10) 0.13 + 0.07 024 + 0.14 0.06
Progesterone (nmol/l) (n = I1) .56 + 1.00 4.1 £ 793 0.32
Radioligand variables
Non-displaceable binding (Bq/ml)* 18634 + 2650 18489 + 3351 0.77
ko' (per min) 0.07 + 0.0l 0.07 + 0.001 0.57
Injected mass (ug/kg) 0.02 + 0.0l 0.04 + 0.03 0.001
Seasonal affective disorder patients, n = 17
Clinical data
MDI score 64 £ 42 214 £ 79 <0.001
PSQI GS 45 £ 1.8 6.5 + 23 0.02
SIGH-SAD score 2.1 + 23 23.1 + 88 <0.001
BMI (kg/m?) 223 + 25 22.1 + 25 0.29
Biochemistry
Tryptophan load 0.14 + 0.03 0.13 + 0.02 0.07
QOestradiol (nmol/l) (n = 8) 0.19 + 0.20 0.18 + 0.18 0.8l
Progesterone (nmol/l) (n = 7) 6.6 £ 13.7 0.84 + 0.40 0.32
Radioligand
Non-displaceable binding (Bg/ml)? 18516 + 3747 17600 + 3684 0.07
ky' (per min) 0.07 + 0.0l 0.07 + 0.0l 0.48
Injected mass (ug/kg) 0.02 £+ 0.03 0.03 £+ 0.06 0.68

Data are shown as mean =+ SD.
As evaluated by AUC . ebelium.

SIGH-SAD scores in the winter compared to the summer
(Table 1), but similar MDI and PSQI scores as the healthy
controls in the summer (P =0.20 and 0.41, respectively).
The group difference in winter for PSQI and MDI scores
was large (P < 0.0001 for both scores). Across all partici-
pants, winter and summer MDI and PSQI global score
were highly correlated, 7 =40, summer: estimate = 1.2
PSQI global score per MDI score, r*=0.37, P < 0.0001
and winter: estimate = 3.0 PSQI global score per MDI
score, r*=0.55, P < 0.0001.

We did not observe seasonal differences in BMI, plasma
tryptophan, k,’ or non-displaceable binding in any of the
two groups (Table 1). In a subset of the female participants,
we showed that serum oestradiol and progesterone were
similar across seasons, suggesting no significant difference in
timing of menstrual cycle in summer and winter (Table 1).

Coincidently, the healthy control group received a lower
injected DASB mass/kg bodyweight in the summer (Table
1); the maximal dose given was 0.05 pg/kg whereas the
maximal dose given in the winter was 0.13 ug/kg.
However, when tested as a covariate in the statistical
models, injected DASB mass/kg did not change the outcome
of group differences and therefore this variable was not
included in any of the final models.

Serotonin transporter binding

Seasonal effects across groups

In the summer, subjects with seasonal affective disorder
and healthy controls had comparable global BPyp levels
[ = 40, estimate = —0.02 BPyp, 95% confidence interval
(CI) = —0.073 to 0.033, R?=0.20, df = 34, P = 0.45].

In the winter, patients with seasonal affective disorder
had higher global BPNp compared to the healthy controls
(n = 40, estimate = 0.06 BPxp, 95% CI=0.013 to 0.101,
R2=0.27, df = 34, P = 0.01) (Fig. 1).

Group effects across seasons (A BPyp)

An example of a seasonal affective disorder patient’s
"'C-DASB PET image in summer and winter is shown in
Fig. 2. We found a significant group effect when comparing
seasonal change, ABPxp (=BPnp winter — BPyp summer),
adjusted for genotype, sex, age and sex x group interaction
(1 = 40, estimate = 0.10 ABPxp, P < 0.001) (Fig. 3A). We
found a significant effect of genotype (S-carriers > LsL,,
P =0.04) and of sex (females > males: P = 0.02), whereas
we did not see any effect of age (P = 0.21). The group dif-
ference in ABPyp was driven by the female participants,
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Figure | Seasonal effects across groups. No difference in serotonin transporter BPyp was found across groups in summer (P = 0.45),
whereas patients with seasonal affective disorder had higher serotonin transporter compared to healthy controls in the winter (P = 0.01). Binding
potential values are adjusted for differences in age, BMI, sex and 5-HTTLPR genotype. SAD = seasonal affective disorder.

with a significant sex x group interaction effect (P = 0.03);
in the winter, females with seasonal affective disorder upre-
gulate whereas healthy females downregulate the serotonin
transporter (sex-contrasts: seasonal affective disorder fe-
males versus healthy control females, estimate =0.10
ABPnp, P < 0.001, adjusted for all pair-wise comparisons
by the Tukey post hoc test procedure) (Supplementary
Table 1).

In a post hoc analysis, we examined if the differences in
global ABPxp could be replicated in brain regions of rele-
vance for depression and this generated results similar to
the global ABPyp: raphe nuclei (P = 0.004), hippocampus
(P =0.03), anterior cingulate (P =0.0001).

Relation between change in relative symptom
severity and seasonal binding potential

In the seasonal affective disorder group, the relative change
in binding potential was positively correlated to relative
change in depressive symptom severity, as indexed by
SIGH-SAD scores: relative seasonal serotonin transporter
change predicted relative seasonal SIGH-SAD change
(n=17, estimate = 0.83 SIGH-SAD score per BPnp, 95%
Cl=0.28 to 138, R*=0.47, df=13, P=0.01) (adjusted
for genotype and sex) (Fig. 3B). In the correlation analysis,
genotype constituted a significant covariate (Ps.-
riers = 0.04), whereas sex did not (P = 0.94).

Discussion

This is the first study to compare seasonal fluctuations in
cerebral serotonin transporter binding in people with and
without seasonal affective disorder. First, we found that in
the winter, but not in the summer, individuals with sea-
sonal affective disorder have higher cerebral serotonin

transporter binding than people without seasonality symp-
toms. Second, seasonal affective disorder individuals regu-
late their cerebral serotonin transporter binding differently
than individuals without seasonality symptoms: there is a
significant group effect when comparing ABPyyp in seasonal
affective disorder individuals versus in healthy individuals;
having seasonality symptoms, S-carrier status and being
female makes you less likely to reduce your cerebral sero-
tonin transporter binding in the winter. Third, among the
seasonal affective disorder individuals, a relative larger
change in serotonin transporter binding from winter to
summer is associated with relatively more depressive symp-
toms. Overall, our findings suggest that seasonal affective
disorder-prone individuals are unable to appropriately
adjust their serotonin transporter binding levels to accom-
modate the environmental stressor of winter, thereby elicit-
ing the symptoms of seasonal affective disorder. We can of
course not rule out that the changes in serotonin trans-
porter are appropriate adjustments to a the depressive con-
dition, but this does not seem to be a sensible
interpretation, given that higher serotonin transporter dens-
ity generally is associated with lower serotonin levels
(Jennings et al., 2006) and given that blocking of the sero-
tonin transporter often is used to treat seasonal affective
disorder (Pjrek et al., 2009).

As mentioned above, the only small study in patients
with seasonal affective disorder that was carried out in
the winter only, reported that as measured with a non-
selective SPECT radioligand, patients had lower thalamic
serotonin transporter binding compared to non-depressed
individuals (Willeit ez al., 2000). In a subsequent post
hoc analysis, we investigated this and found significantly
higher thalamic binding potential in patients with seasonal
affective disorder in the winter compared to healthy
controls.
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Figure 2 The ''C-DASB PET image of a patient with seasonal affective disorder in summer and in winter. Cerebral serotonin
transporter binding in a 22-year-old female S-carrier scanned symptom-free in the summer (left) and during winter when she had severe
depressive symptoms and a SIGH-SAD score of 27 (right). The quantified '' C-DASB PET image is overlaid on a T|-weighted structural magnetic
resonance image. The patient had the highest cerebral serotonin transporter in the winter.
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Figure 3 Group effects across seasons and correlation to seasonal affective disorder symptoms. (A) Cerebral serotonin trans-
porter change across seasons between patients with seasonal affective disorder and healthy controls adjusted for sex, age, genotype and

sex x group interaction effects. The ABPyp (BPnp Winter — BPyp summer) was significantly different between groups (P < 0.0001). (B) Relative
change in symptom severity [SIGH-SAD scores winter-summer difference relative to winter (rel ASIGH-SAD)] was significantly associated with
relative difference in global cerebral serotonin transporter binding (rel ABPyp = ABPNp/BPnp winter) (n = 17, estimate = 0.83, R? = 0.47,

P=00l).

By DSM-IV definition, seasonal affective disorder is con-
sidered a sub-specifier of major depressive disorder and
therefore, it makes sense to relate our findings to the out-
come from studies in patients with major depressive dis-
order. In a recent review of cross-sectional molecular
neuroimaging studies of major depressive disorder patients
and healthy controls, it was established that in various
brain regions, serotonin transporter binding was higher in
patients with major depressive disorder (Savitz and Drevets,
2013). As an explanation, the authors suggest that a chron-
ically higher expression of serotonin transporter leads to
lower serotonin levels and decreased serotonergic neuro-
transmission. Another two PET studies investigated

symptom severity versus serotonin transporter binding:
Meyer et al. (2004) reported a positive association between
serotonin transporter binding in various brain regions and
scores of the Dysfunctional Attitudes Scale in depressed
subjects, but not in healthy controls, while Cannon and
co-workers (2007) found, in patients with bipolar disorder,
that serotonin transporter binding correlated positively
with anxiety ratings in insular cortex and dorsal cingulate
cortex. In the latter study, no correlations were found be-
tween serotonin transporter binding and ratings derived
from the Hamilton, the Montgomery—Asberg Depression
Rating  Scale or the [Inventory of Depressive
Symptomatology. Notably, these cross-sectional studies do
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not involve comparisons to serotonin transporter binding in
the patients’ symptom-free phase and accordingly, the find-
ings cannot be directly compared to our longitudinal design
study.

In accordance with observations from our population-
based study (Kalbitzer et al., 2010), we found a gene x en-
vironment interaction effect in this sample of patients with
seasonal affective disorder; the S-carriers had a significantly
larger seasonal serotonin transporter binding change com-
pared to the La/La-carriers. A limitation of the study is that
it was designed to include only S-carriers in the control
group, which means that we cannot conclude anything
about LpL, carriers in this group. In continuation of this,
the control group was carefully selected to include only
subjects without seasonality symptoms, which means that
the control group cannot be taken as representative for the
population as a whole.

Irrespective of group, our data show that seasonal sero-
tonin transporter fluctuations are particularly prominent in
the female participants, in accordance with their higher fre-
quency of affective disorders, compared to males
(Magnusson and Partonen, 2005). Differences in sex hor-
mone profiles are likely to shape differences in susceptibility
to affective disorders (Patton et al., 2014) and oestradiol
fluctuations are known to augment the risk of depression
(Munk-Olsen et al., 2006; Freeman et al., 2014; Frokjaer et
al., 2015). Further, oestradiol levels have, in a large
Norwegian study, been reported to show small, but signifi-
cant seasonal fluctuation with a peak in June and a nadir in
October (Bjornerem et al., 2006). Thus, seasonal fluctu-
ations in oestradiol levels may add to the vulnerability to
depression. Finally, in a randomized clinical trial where 60
healthy females underwent intervention with either placebo
or a gonadotrophin-releasing hormone agonist, it was
found that the combination of large oestradiol decreases
and higher serotonin transporter binding at follow-up rela-
tive to baseline interacted in predicting depressive responses
to gonadotrophin-releasing hormone agonist manipulation
(Frokjaer et al., 2015). This increase in serotonin trans-
porter binding may represent a mechanism by which sex
hormone manipulation triggers depressive symptoms.

Notably, for all participants low mood and poor sleep
quality were highly correlated both in summer and winter.
We suggest that this may be due to a common regulation of
mood and sleep mediated by serotonin (Murillo-Rodriguez
et al., 2012) or through interaction between mood and
sleep. Sleep disturbances often coincide with a diagnosis
of depression (Vandeputte and de Weerd, 2003;
BaHammam ef al., 2015) and disruptions of circadian
rhythms are common in depression, in particular seasonal
affective disorder, and vice versa, depressive mood causes
rumination and increased latency to sleep.

In conclusion, we find evidence that the development of
depressive symptoms in winter is due to a failure to down-
regulate serotonin transporter appropriately during expos-
ure to the environmental stress of winter, especially in
individuals with high risk profiles for affective disorders.

B. Mc Mahon et al.

We suggest that the increased serotonin transporter
causes low levels of endogenous serotonin and thus facili-
tates symptoms of seasonal affective disorder. However, to
confidently establish whether changes in serotonin trans-
porter binding represent a primary event or a secondary
compensatory regulation prompted by changes in serotonin
levels, it is necessary to conduct a biannual assessment of
serotonin levels in a seasonal affective disorder cohort, e.g.
by quantification of serotonin 4 receptors (Haahr er al.,
2014). Our data suggest that intervention with selective
serotonin re-uptake inhibitors may be particularly effective
in female or S-carrier patients with seasonal affective dis-
order and that stratification according to sex and genotype
may be warranted in a reanalysis of previously conducted
trials in seasonal affective disorder.

Acknowledgements

We wish to thank all the participants for kindly joining the
research project. We thank the John and Birthe Meyer
Foundation for the donation of the cyclotron and PET
scanner. The excellent technical assistance of Lone
Ibsgaard Freyr, Agnete Dyssegaard, Bente Dall, Sussi
Larsen, Gerda Thomsen and Svitlana Olsen is gratefully
acknowledged. Part of the data was presented on a poster
at the 27" European College of Neuropsychopharmacology
Congress in October 2014.

Funding

This project was funded by the Lundbeck Foundation, the
Danish Council for Independent Research (D.F.F.), a scho-
lar from Dr Ejlif Trier-Hansen and wife Ane Trier-Hansen
and a Brain Mind and Medicines scholar. G.M.K. serves as
consultant for H. Lundbeck A/S.

Supplementary material

Supplementary material is available at Brain online.

References

BaHammam AS, Kendzerska T, Gupta R, Ramasubramanian C,
Neubauer DN, Narasimhan M, et al. Comorbid depression in ob-
structive sleep apnea: an under-recognized association. Sleep Breath
2015.

Bech P, Rasmussen NA, Olsen LR, Noerholm V, Abildgaard W. The
sensitivity and specificity of the major depression inventory, using
the present state examination as the index of diagnostic validity.
J Affect Disord 2001; 66: 159—64.

Bjornerem A, Straume B, Oian P, Berntsen GK. Seasonal variation of
estradiol, follicle stimulating hormone, and dehydroepiandrosterone
sulfate in women and men. ] Clin Endocrinol Metab 2006; 91:
3798-802.

Buchert R, Schulze O, Wilke F, Berding G, Thomasius R, Petersen K,
et al. Is correction for age necessary in SPECT or PET of the central

9T0Z ‘22 Yore N uo 1enb Aq /Blo'seulnolploixo-urelq//:dny woly pspeojumod


http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aww043/-/DC1
http://brain.oxfordjournals.org/

Seasonal serotonin transporter changes in patients with SAD

serotonin transporter in young, healthy adults? ] Nucl Med 2006;
47: 38-42.

Buysse DJ, Reynolds CF, 3rd, Monk TH, Berman SR, Kupfer DJ. The
Pittsburgh Sleep Quality Index: a new instrument for psychiatric
practice and research. Psychiatry Res 1989; 28: 193-213.

Cannon DM, Ichise M, Rollis D, Klaver JM, Gandhi SK, Charney DS,
et al. Elevated serotonin transporter binding in major depressive
disorder assessed using positron emission tomography and
[11C]DASB; comparison with bipolar disorder. Biol Psychiatry
2007; 62: 870-7.

Cheng YS, Chen KC, Yang YK, Chen PS, Yeh TL, Lee IH, et al. No
seasonal variation in human midbrain serotonin transporter avail-
ability in Taiwan. Psychiatry Res 2011; 194: 396-9.

Dam H, Jakobsen K, Mellerup E. Prevalence of winter depression in
Denmark. Acta Psychiatr Scand 1998; 97: 1-4.

Dilsaver SC, Jaeckle RS. Winter depression responds to an open trial
of tranylcypromine. J Clin Psychiatry 1990; 51: 326-9.

Erritzoe D, Frokjaer VG, Haahr MT, Kalbitzer J, Svarer C, Holst KK,
et al. Cerebral serotonin transporter binding is inversely related to
body mass index. Neuroimage 2010; 52: 284-9.

Freeman EW, Sammel MD, Boorman DW, Zhang R. Longitudinal
pattern of depressive symptoms around natural menopause. JAMA
Psychiatry 2014; 71: 36-43.

Frokjaer VG, Pinborg A, Holst KK, Overgaard A, Henningsson S,
Heede M, et al. Role of serotonin transporter changes in depressive
responses to sex-steroid hormone manipulation: a positron emission
tomography study. Biol Psychiatry 2015; 78: 534-43.

Frokjaer VG, Vinberg M, Erritzoe D, Svarer C, Baare W, Budtz-
Joergensen E, et al. High familial risk for mood disorder is asso-
ciated with low dorsolateral prefrontal cortex serotonin transporter
binding. Neuroimage 2009; 46: 360-6.

Haahr ME, Fisher PM, Jensen CG, Frokjaer VG, Mahon BM, Madsen
K, et al. Central 5-HT4 receptor binding as biomarker of serotoner-
gic tonus in humans: a [11C]SB207145 PET study. 2014; 19:
427-32.

Ichise M, Liow JS, Lu JQ, Takano A, Model K, Toyama H, et al.
Linearized reference tissue parametric imaging methods: application
to [11C]DASB positron emission tomography studies of the sero-
tonin transporter in human brain. J Cereb Blood Flow Metab
2003; 23: 1096-112.

Jennings KA, Loder MK, Sheward W], Pei Q, Deacon RM, Benson
MA, et al. Increased expression of the S-HT transporter confers a
low-anxiety phenotype linked to decreased 5-HT transmission.
J Neurosci 2006; 26: 8955-64.

Kalbitzer ], Erritzoe D, Holst KK, Nielsen FA, Marner L, Lehel S,
et al. Seasonal changes in brain serotonin transporter binding in
short serotonin transporter linked polymorphic region-allele carriers
but not in long-allele homozygotes. Biol Psychiatry 2010; 67:
1033-9.

Kalbitzer J, Frokjaer VG, Erritzoe D, Svarer C, Cumming P, Nielsen
FA, et al. The personality trait openness is related to cerebral 5S-HTT
levels. Neuroimage 2009; 45: 280-5.

Kasper S, Wehr TA, Bartko JJ, Gaist PA, Rosenthal NE.
Epidemiological findings of seasonal changes in mood and behavior.
A telephone survey of Montgomery County, Maryland. Arch Gen
Psychiatry 1989; 46: 823-33.

Kim JS, Ichise M, Sangare ], Innis RB. PET imaging of serotonin
transporters with [11C]DASB: test-retest reproducibility using a
multilinear reference tissue parametric imaging method. Journal of
nuclear medicine: official publication. Soc Nucl Med 2006; 47:
208-14.

Knudsen GM, Pettigrew KD, Patlak CS, Hertz MM, Paulson OB.
Asymmetrical transport of amino acids across the blood-brain bar-
rier in humans. ] Cereb Blood Flow Metab 1990; 10: 698-706.

Koskela A, Kauppinen T, Keski-Rahkonen A, Sihvola E, Kaprio J,
Rissanen A, et al. Brain serotonin transporter binding of
[123IJADAM: within-subject variation between summer and
winter data. Chronobiol Int 2008; 25: 657-65.

BRAIN 2016: Page 9 of 10 | 9

Lam RW, Zis AP, Grewal A, Delgado PL, Charney DS, Krystal JH.
Effects of rapid tryptophan depletion in patients with seasonal af-
fective disorder in remission after light therapy. Arch Gen Psychiatry
19965 53: 41-4.

Lehel S, Madsen J, Gillings NC. HPLC methods for the purification of
[11C]-labelled radiopharmaceuticals: reversal of the retention order
of products and precursors. | Labelled Comp Radiopharm 2009; 52:
6

Madsen K, Haahr MT, Marner L, Keller SH, Baare WF, Svarer C,
et al. Age and sex effects on 5-HT(4) receptors in the human brain:
a [(11)C]SB207145 PET study. J Cereb Blood Flow Metabo 2011;
31: 1475-81.

Magnusson A. An overview of epidemiological studies on seasonal
affective disorder. Acta Psychiatr Scand 2000; 101: 176-84.

Magnusson A, Partonen T. The diagnosis, symptomatology, and epi-
demiology of seasonal affective disorder. CNS Spectrums 2005; 10:
625-34. quiz 1-14.

Matheson GJ, Schain M, Almeida R, Lundberg ], Cselenyi Z, Borg J,
et al. Diurnal and seasonal variation of the brain serotonin system in
healthy male subjects. Neuroimage 2015; 112: 225-31.

Meyer JH, Houle S, Sagrati S, Carella A, Hussey DF, Ginovart N,
et al. Brain serotonin transporter binding potential measured with
carbon 11-labeled DASB positron emission tomography: effects of
major depressive episodes and severity of dysfunctional attitudes.
Arch Gen Psychiatry 2004; 61: 1271-9.

Miller AL. Epidemiology, etiology, and natural treatment of seasonal
affective disorder. Altern Med Rev 2005; 10: 5-13.

Munk-Olsen T, Laursen TM, Pedersen CB, Mors O, Mortensen PB.
New parents and mental disorders: a population-based register
study. JAMA 2006; 296: 2582-9.

Murillo-Rodriguez E, Arias-Carrion O, Zavala-Garcia A, Sarro-
Ramirez A, Huitron-Resendiz S, Arankowsky-Sandoval G. Basic
sleep mechanisms: an integrative review. Cent Nerv Syst Agents
Med Chem 2012; 12: 38-54.

Murthy NV, Selvaraj S, Cowen PJ, Bhagwagar Z, Riedel W], Peers P,
et al. Serotonin transporter polymorphisms (SLC6A4 insertion/dele-
tion and rs25531) do not affect the availability of 5-HTT to [11C]
DASB binding in the living human brain. Neuroimage 2010; 52:
50-4.

Neumeister A, Pirker W, Willeit M, Praschak-Rieder N, Asenbaum S,
Brucke T, et al. Seasonal variation of availability of serotonin trans-
porter binding sites in healthy female subjects as measured by
[1231]-2  beta-carbomethoxy-3  beta-(4-iodophenyl)tropane and
single photon emission computed tomography. Biol Psychiatry
2000; 47: 158-60.

Neumeister A, Praschak-Rieder N, Besselmann B, Rao ML, Gluck ]J,
Kasper S. Effects of tryptophan depletion on drug-free patients with
seasonal affective disorder during a stable response to bright light
therapy. Arch Gen Psychiatry 1997a; 54: 133-8.

Neumeister A, Praschak-Rieder N, Hesselmann B, Vitouch O, Rauh
M, Barocka A, et al. Rapid tryptophan depletion in drug-free de-
pressed patients with seasonal affective disorder. Am ] Psychiatry
1997b; 154: 1153-5.

Neumeister A, Turner EH, Matthews JR, Postolache TT, Barnett
RL, Rauh M, et al. Effects of tryptophan depletion vs catechol-
amine depletion in patients with seasonal affective disorder in
remission with light therapy. Arch Gen Psychiatry 1998; 55:
524-30.

O’Rourke D, Wurtman JJ, Wurtman R]J, Chebli R, Gleason R.
Treatment of seasonal depression with d-fenfluramine. ] Clin
Psychiatry 1989; 50: 343-7.

Olsen LR, Jensen DV, Noerholm V, Martiny K, Bech P. The internal
and external validity of the Major Depression Inventory in measur-
ing severity of depressive states. Psychol Med 2003; 33: 351-6.

Partonen T. Estrogen could control photoperiodic adjustment in sea-
sonal affective disorder. Med Hypotheses 1995; 45: 35-6.

Partonen T, Lonngqvist J. Moclobemide and fluoxetine in treatment of
seasonal affective disorder. J Affect Disord 1996; 41: 93-9.

9T0Z ‘22 Yore N uo 1enb Aq /Blo'seulnolploixo-urelq//:dny woly pspeojumod


http://brain.oxfordjournals.org/

10 | BRAIN 2016: Page 10 of 10

Patton GC, Coffey C, Romaniuk H, Mackinnon A, Carlin ]B,
Degenhardt L, et al. The prognosis of common mental disorders
in adolescents: a 14-year prospective cohort study. Lancet 2014;
383: 1404-11.

Pjrek E, Konstantinidis A, Assem-Hilger E, Praschak-Rieder N, Willeit
M, Kasper S, et al. Therapeutic effects of escitalopram and rebox-
etine in seasonal affective disorder: a pooled analysis. J Psychiatr
Res 2009; 43: 792-7.

Praschak-Rieder N, Willeit M, Wilson AA, Houle S, Meyer JH.
Seasonal variation in human brain serotonin transporter binding.
Arch Gen Psychiatry 2008; 65: 1072-8.

Reimold M, Smolka MN, Schumann G, Zimmer A, Wrase J, Mann K,
et al. Midbrain serotonin transporter binding potential measured
with [11C]DASB is affected by serotonin transporter genotype.
J Neural Transm (Vienna) 2007; 114: 635-9.

Rosenthal NE, Mazzanti CM, Barnett RL, Hardin TA, Turner EH,
Lam GK, et al. Role of serotonin transporter promoter repeat length
polymorphism (5-HTTLPR) in seasonality and seasonal affective
disorder. Mol Psychiatry 1998; 3: 175-7.

Rosenthal NE, Sack DA, Gillin JC, Lewy AJ, Goodwin FK, Davenport
Y, et al. Seasonal affective disorder. A description of the syndrome
and preliminary findings with light therapy. Arch Gen Psychiatry
1984; 41: 72-80.

Savitz JB, Drevets WC. Neuroreceptor imaging in depression.
Neurobiol Dis 2013; 52: 49-65.

B. Mc Mahon et al.

Thaler K, Delivuk M, Chapman A, Gaynes BN, Kaminski A,
Gartlehner G. Second-generation antidepressants for seasonal affect-
ive disorder. Cochrane Database Syst Rev 2011; Cd008591

Vandeputte M, de Weerd A. Sleep disorders and depressive feelings: a
global survey with the Beck depression scale. Sleep Med 2003; 4:
343-5.

Willeit M, Praschak-Rieder N. Imaging the effects of genetic poly-
morphisms on radioligand binding in the living human brain: A
review on genetic neuroreceptor imaging of monoaminergic systems
in psychiatry. Neuroimage 2010; 53: 878-92.

Willeit M, Praschak-Rieder N, Neumeister A, Pirker W, Asenbaum S,
Vitouch O, et al. [123]]-beta-CIT SPECT imaging shows reduced brain
serotonin transporter availability in drug-free depressed patients with
seasonal affective disorder. Biol Psychiatry 20005 47: 482-9.

Willeit M, Sitte HH, Thierry N, Michalek K, Praschak-Rieder N, Zill
P, et al. Enhanced serotonin transporter function during depression
in seasonal affective disorder. Neuropsychopharmacology 2008; 33:
1503-13.

Williams JBLM, Rosenthal NE, Amira L, Terman M. Structured inter-
view guide for the Hamilton depression rating scale - seasonal af-
fective disorder version. In: Institute NYSP, editor, New York, New
York State Psychiatric Institute, 1988.

Wing JK, Babor T, Brugha T, Burke ], Cooper JE, Giel R, et al.
SCAN. Schedules for Clinical Assessment in Neuropsychiatry.
Arch Gen Psychiatry 1990; 47: 589-93.

9T0Z ‘22 Yore N uo 1enb Aq /Blo'seulnolploixo-urelq//:dny woly pspeojumod


http://brain.oxfordjournals.org/

Appendix A

Motion Correction of 'C-DASB PET images

Brenda Mc Mahon, Vibe Frokjaer and Gitte Moos Krerds

Neurobiology Research Unit, Rigshospitalet and &erfor Integrated Molecular Brain
Imaging, Section 6931, Blegdamsvej 9, 2100 Copesmagenmark

Corresponding author:
Brenda Mc Mahon
Neurobiology Research Unit
Build. 6931, Rigshospitalet
9 Blegdamsvej

DK-2100 Copenhagen
+45 3545 6708
Brenda@nru.dk

June 2013



Appendix A

Aim

This report aim to investigate how pre-processirgiom correction (MC) using AIR
5.2.5 [Woods et al., 1992] to PETC-DASB images (kinetic modelled with MRTM2
(Ichise et al., 2003)) introduces bias or noiséht® outcome parameter BFand to

what extent the noise is determined by median mewtm

Background

Previously, MC was applied routinely when the eated median voxel movement
exceeded 3 mm (investigators (Haahr, Madsen, Svdesision spring 2009) as the
align frames program, AIR 5.2.5, has a precisioragbroximately 2.3 mm and thus
applying MC to images with a lesser movement wasight to induce unwarranted
noise. Later on it was discovered that some datdsst a large change in gPdue to
MC (as high as 30%) while others barely changeallaThe BRp change induced by
MC could not be explained solely by a high mediarel movement and the arbitrary
cut-off limit of 3 mm was challenged. Furthermoie,contrast to i.e!’C-SB207145
PET images’C DASB PET images show brain distribution patterossistent with a
bias in the alignment between frames (Svarers vasen).

One of the main concerns with the fixed (somewhditrary) threshold for MC
regarded longitudinal observations as applying M@éd. the baseline while not doing
so at rescan could lead to gross misinterpretatbrtiata. Nevertheless, some images
have a legitimate need for MC to make data fithle kinetic model and we cannot
discard MC altogether. As follows, this issue coaidy be circumvented by applying
MC to all images. However this approach will inawity introduce noise and perhaps
bias the outcomes. The following report was in#thto thoroughly investigate the

impact of MC on the outcome Rp across 3 different levels of movement.

Materials

All scans conducted on a Siemens HHRT PET scanner
Data sets were drawn from the Cimbi database (Ketudsal., 2015).
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Inclusion criteria
* Healthy individuals
* Non-smokers
e <45 years of age
* Normal BMI

Exclusion criteria
Data sets with considerable movement (median morem@ mm) were required to
undergo reconstruction to correct the attenuatiap thus only datasets with a median

movement below 3 mm was included in the analysis.

This yielded a total of 11%* C-DASB PET datasets.

Detection of outliers

Prior to the analysis all the data sets were inggefor outliers (any dataset that had a
large change in B when MC was applied) using a ROUT (Q=1%) tesh\&®\p

Six datasets were identified as outliers. Priordata analysis, each dataset was
evaluated for inclusion by BM. The evaluation wasdd on three parameters: Median
movement, fitting of data points to MRTM2 and conmmtsein investigators data
process files (i.e. regarding data acquisition)

In a subset of datasets (n=3) the processing vpesated to assure that differences were
not caused by i.e. use of incorrect files (chegkimat the correct kinpar files has been
used to extract the RB and that all the correct files (extracted datd sif files) are

used to generate time activity curves (TACs)). Nstakes were detected.

Included data sets, N = 4

DASB211
. Median voxel movement 1.9 mm
. One larger movement, but fitting to MRTM2 accepgabl
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. No comments in investigators files

DASB236:
 Median voxel movement 1.5 mm,
* Good fitting of MRTM2

* No comments in data process files

DASB338
« Median voxel movement 1.8 mm
* Good fitting of MRTM2

 Comment made about pituitary hotspot in data ptiks.

DASB348:
 Median voxel movement 1.9mm
» Acceptable fitting of MRTM2

* No comments in investigators files

Excluded datasets, N = 2

DASB 369:

* Median voxel movement 2 mm, but one large movenreframe 31-34 and the

TAC curve revealed a sharp decline in data ponois f2000-4000 sec.

» Considerable improvement of fitting in highbindirggions to MRTM 2 when

MC is applied, but no considerable variation il (R.050 and 0.059)

« Comments of subjects movement in investigators file

Conclusion: The dataset acquires a new reconsiructi

DASB 349:

+ Median voxel movement 2 mm
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» Large variation in K (0.0878 before MC and 0.055 after MC, cross cleelchy
redoing the kinetic modelling)

» Large changes in sub-cortical regions, but onl§@acBange in neocortex.

* Nice TACs

» Fitting to MRTM2 acceptable, slightly better withQvi(aside from one data
point in highbinding regions, however toggling tpeint did not change the

outcome).

Conclusion: Dataset is excluded from the analysisesit is unclear why X vary so

much

Stratification of datasets

The 115 datasets that entered the cross-sectiovadyss (sample A and B) were

stratified according to maximum median movemergt Tj.

Low movement : Max median voxel movement 1 mmdagsets
Intermediate movement: Max median voxel movenieAtmm: 80 datasets

High movement: Max median voxel moeat 2-3 mm: 16 datasets

Movements due to realignment (from AIR files)
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Figure 1. Example of the realignment from AIR files, framesligned to frame 17, the max median

movement is 2.3 mm.
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Cross-sectional samples

Sample A:

N =113

Sample A was used to investigate if there was aifgignt change in B in when
applying MC

To cover specific effect in subcortical highbindiagd cortical low binding regions,

pallido-striatum and global neocortex were choseregions of interest (ROIs) .

Low movement: 19 datasets
Intermediate movement: 78 datasets

High movement: 16 datasets

Sample B

N =63

Sample B was used to investigate the change inriedieen (COV = STDEV/median)
before and after MC.

Low movement: 11 datasets

Intermediate movement: 41 datasets

High movement: 11 datasets

L ongitudinal sample

Sample C

N = 28 pairs/56 datasets

Sample C was used to investigate a) the covariahttee relative percentage change in
BPup before and after MC was investigated using the shfmeegions as stated above
and b) the effects on change in COV differer@EQV = COV test-retest) in 17 ROIs
(including the pooled regions i.e. highbinding]lidastriatum and neocortex) were

investigated

Low movement: 5 datasets

Intermediate movement: 42 datasets
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High movement: 9 datasets

The majority (21 pairs) had both a test and a tetesxdian voxel movement of 1-2-

mm.

M ethods and statistics

Cross sectional data analysis:

Comparison of BPyp

Sample A

BPnp difference before and after MC in pallidostriatundaneocortex was investigated

with a parametric students paired t-test.

Comparison of COV

Sample B

The COV was calculated for 17 brain regions (norlagping regions, not: Raphe,
med.post.tegm., hypothalamus, enth.cortex, cewgbedind no functional regions). The
COV (N= 17) before and after MC was compared veitimon parametric students

paired t-test.

MC in atest-retest setting
(Longitudinal data analysis)
Sample C, N = 26 pairs

The BRp test-retest information was incorporated into agleinmeasure of relative

percentage change in BRP(BPwp %) for each region that was used as output to

compared data before and after MC.

BPup %region= ([test-retest|/ ((test + retest)/2))*100%)

Analysis 1. Regional BRp % (17 pair of regions) before and after MC was parad

with a students paired t-test.



Appendix A

Analysis 2: The difference in BRb% COV before and after MC for the 17 regions was

subsequently compared with a students paired.t-test

All statistics were performed in Graphpad prisnlb.comparisons between groups are

done using a parametric two tailed paired t-tessighificance level of 0.05 is adopted

through out.

Results

Motion Correction of low movement datasets

Sample A, comparison of BPyp low movement, n = 19 data sets

Pallidostriatum med. vox mov <1 mm

MC+

NoMC+

BPND

Neocortex med.vox. mov. <1 mm

MC+

noMC A

0.0

N > °
® Ol
°
Q
°
°
° 4 b
o
0.2 0.4 0.6 0.8
BPND

Figure 1 and 2. No significant difference was found in BfPvalues in 17 region®(= .21 andP = .22,

respectively).

Sample B, comparison of COV low movement, n = 11 datasets
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0.4-
o— —
0.3+
3 —
c
o
s 0.2-
>
O
(&)
0.1-
0.0 T T
no MC MC

Figure 3. MC did not cause a significant difference in coaade (median covariance no MC= 0.205 and
median covariance MC= 0.21B5 .068).

M otion Correction of scanswith inter mediate movement:

Sample A, comparison of BPy\p inter mediate movement, n = 78 data sets

Pallidostriatum mean vox.mov 1-2 mm neocortex mean vox.mov.1-2 mm
MC A MCH
i | | i | |
No MC I I No MC I I
(] 1 2 3 4 0.0 0.2 0.4 0.6 0.8
BPND BPND

Figure 4 and 5. No significant difference was found in pallidostumn (P = .96); a trend was detected
in neocortex (median B no MC=0.417 and median BPMC=0.420,P = .06).
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Sample B, comparison of COV inter mediate movement, n = 41 datasets

mean vox mov. 1-2 mm
0.3-

0.2+ —®

0.1+

Covariance

0.0

no MC MC

Figure 6. MC causes a significant decrease in theygBPOV (median COVno MC=0.17 and median

COV MC=0.16, P=0.0016).

Motion Correction of scanswith high movement:

Sample A, comparison of BPyp high movement, n = 16 data sets

Pallidostriatum mean vox.mov. 2-3 mm

]

24
g
o
[11]

No MC MC

BPyp

Neocortex mean vox.mov.2-3 mm

0.6

0.5

0.3

Q

No MC MC

Fig. 7 and 8: In both regions MC increased BPsignificantly (pali.stri.;: mean B No MC = 2.01,

mean BRp MC =2.1,P = .04 and neocorte® = .02).

10
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Sample B, comparison of COV high movement, n = 11 datasets.

mean mov.2-3 mm
0.3-

0.2+

0.1+

Covariance

0.0

no MC MC

Figure 9. MC causes a highly significant decrease in COV diare COV noMC=0.17 and median COV
MC=0.14, P=0.0006).

Result Summary:
MC at BPyp Level
» There were no significant change of BR/alues in pallidostiatum or neocortex
of datasets with low movement (<1 mm), however
» There was a trend level change in neocortex far dats with an intermediate
movement (1-2 mm)R = .07).
* MC caused a significant increase inNgRn pallidostriatum and neocortex in
datasets with high movement (2-3 mm)H.04 andP = .02, respectively).
M C effects on BPyp COV

 The BRp COV in low movement datasets (< 1mm) do not ckasignificantly
by applying MC, however a trend was detected (07).
e MC decreased BR COV in intermediate (1-2 mm) and high (2-3 mm)

movement datasets significantR €.002 and® =.001, respectively).
I mpact of Motion Correction in a test-retest setting

To investigate the effect of MC on test-retest sktis the percentage change innBP

from test to retest was calculated before and afpptying MC in 17 individual ROls

11
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on 28 dataset pairs as described above. The cocarlaefore and after MC from the

above stated percentage change from 17 ROIs wasguéntly analysed.

Table 1. The individual computed difference between testseBRp, BPwp % was
tested pair-wise between the MC and the no MC @&gmificant probability values(

< .05) were Bonferroni corrected (17 test)fected)-

Region BPnp %0 Per cent difference P-value
NoMC MC of medians (Pcorrected)

HighBinding 8% 5% 2% .06
Ant.cin.gy. 9% 9% 0% .46
Thalamus 7% 5% 2% .07
Caudatus 9% 6% 3% .05 (.85)
Putamen 8% 6% 2% .02 (.34)
Sup.temp.gy. 9% 9% 0% .34

Par .cor. 12% 11% 1% .34
Med.inf.temp.gy 7% 8% 0% .58
Supr.temp.gy 13% 11% 3% .05 (.85)
Occipital cor. 7% 7% 0% .90
Sen.mot.cor 11% 8% 3% .01 (.17)
Post.cin.gy 9% 8% 1% .03 (.51)
Amygdala 10% 9% 1% .85
Pallidostriatum 8% 6% 2% .03 (.51)
Neocortex 8% 7% 1% .10
Frontal Cortex 10% 8% 2% .04 (.68)
Midbrain 6% 7% -1% .54

12



Appendix A

Highbinding (P=0.06) Putamen (P=0.02) Pallidostriatum(P=0.03)
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©
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Abs.% change test-retest
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Abs.% change test-retest
o

Abs.%change test-retest

N
>

Figure 10-15. In six out of the 17 investigated regions applyd@ had a significant impact on the test-
retest change (uncorrected for multiple comparigansall cases the difference form test to reteas

lower in the MC dataset.

The covariance of Bip % was compared before and after MC

MC -

No MC+ Ii —|

0.6 0.7 0.8 0.9 1.0 11 1.2
Covariance

Figure 16. MC did not cause a significant differenceBiPnp % COV (P = .34)
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Result summary, test-retest data:

 The test-retest difference decreased when MC wandiedp this decrease
(demonstrated as a

A lower relative percentage test-retest change) sigsificant in 6 out of 17

investigated regions (uncorrected for multiple cangons).

* The covariance of the test-retest difference ditl ai@nge significantly after
MC (P = .34)

Conclusion;

The use of MC does not bias BPvalues when the median voxel movement is less
than 2 mm. However, MC decreased\BRalues in pallidostriatum and neocortex in
images with a median voxel movement of 2-3 mm. BRRp covariance in datasets
with a median voxel movement less than 1 mm dachahge significantly by applying
MC, but in datasets with a median voxel movemegehithan 1 mm MC causes a
significant decrease in the covariance. Howeveahduld be noted that even though the
change in covariance was significant the mediaracarce did not differ dramatically
in either group (1-2 mm: from 0.17 to 0.16 and @43: from 0.17 to 0.14).

In accordance with this, we also saw a reductiaestrretest differences upon MC in 6
out of 17 investigated regions. We did not obseavesignificant change in the
covariance of the test-retest data. In concludib@, generally moves data into a more
narrow distribution, biased towards a lower medibliotably, a low median voxel
movement (less than 1 mm) was not associated wighsanificant change after MC
neither on a Bib level nor in the covariance of data points. Thesssalts suggests that
MC can be generally applied in the pre-processihglata, as it does not induced
unacceptable noise to the datasets that does edtine

14
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Background and aim

The positron emission topography (PET) radiotrddetarbon-labeled 3-amino-4-(2-
dimethylamino-methyl-phenyl-sulfanyl)benzonitriffG-DASB) is a highly selective
radiotracer that can visualise the serotonin trariep (SERT) in vivo with high
accuracy (Wilson, Ginovart, Hussey, Meyer, & Ho@02). However, the ratio of
hot compound (radiolabelled) and cold compound aloelled) will vary across
radiotracer productions. As labelling does presuynabt affect either affinity or the
ability to pass the blood brain barrier, the hod @old compound will compete for
target sites upon entering the brain. As follow$igh mass injected cold mass can
potentially violate tracer assumptions by affectihg systems under investigation
leading to a bias towards an underestimation of BBERn-displaceable binding
potential (BRp). Such mass-dose effects has been described forrathietracers i.e.
11C-SB207145, where B corrections are recommend if injected mass is high
(Madsen, Marner, Haahr, Gillings, & Knudsen, 20Ilhe aim of this report is to
investigate if the injected mass DASB or the irgectnass DASB adjusted to body
weight (injected mass/kg) affects the binding ptédn

M aterial and M ethods

A total of 108''C-DASB PET HRRT scans conducted on healthy subJesisw the
age of 35 years and with a BMI less that 30 (h=T1@3females) entered the analysis.
The correlation of injected mass DASB andyBRalues from 3 regions of interest (a
pooled subcortical highbinding region (highbindingjnygdala and a pooled cortical
region (neocortex)) where investigated with sinpleer regression to test if injected
DASB predicted BRp. In addition, a sub-analysis was performed in Haskets
where the amount of injected DASB exceeded) %10 females).

Results

Neither total injmass DASB nor injmass DASB/kgrretated with BRp values
irrespective of region.

Results can be appreciated in table 1 and 2 (Fiture
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Table 1. Effects of injected mass DASB on SERT BPyp

Sample Total sample Sub-sample > 5 pg,

n =108 n=19
meartSD 1.94+2.35u9 7.72+2.28ug
(range) (0.39 — 13.8449) (5.10 — 13.8449)
parameter | T estimate | P - estimate | P-

value value

highbinding| 0.01 - 0.009 48 0.02 -0.004 .55
amygdala 0.01 -0.010 41 0.03 -0.09 48
neocortex 0.02 -0.004 A1 0.02 -0.004 .55

Table 2. Effects of injected mass DASB per kg bodyweightSERT BRp

Sample Total sample Sub-sample > 5 pg,

n =108 n=19
meanzSD 0.028+0.035ug/kg 0.0032+0.044.9/kg
(range) (0.005—- 0.25u9/kQ) (0.0045 — 0.23u9/kg)

r estimate P- value f estimate P-

value

highbinding | <0.01 -0.34 .59 0.01 -0.48 .64
amygdala 0.01 -0.71 .39 0.03 -1.15 A6
neocortex 0.02 -0.28 A2 0.01 -0.12 .64




Appendix B

1A.Total sample 1B.>5 mikgr.
41 3.0
[ )
o
34 .~. L
Se o 2.5 o
[=) a (] [
o 24 @ . . ] & N ! ]
om [ ] om [ ] °
2.0
14 °
o
0 T T 1 1.5 T T d
0 5 10 15 0 5 10 15
DASB injected mass DASB injected mass
1C.Total sample 1D. >5 mikgr
3.0+ 2.4+
2.2 hd
o 2.0 S
2 ° 2 Y °
o o 1.8 _l'.—.\’_._\
[} . ® [} had b
? ¢ 1.6 *
[} [ )
1.4 *
1.0 T T 1 1.2 T T d
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3

DASB injected mass per kg

DASB injected mass per kg

Figure 1: Correlations of injected mass DASRBg) and SERT B}, in a pooled highbinding region.
1A and 1B: Total amount injected DASHE,C and 1D: injected DASB per kg.

Conclusion

Neither in the total sample nor in the subsampleigii-mass datasets did the injected
mass DASB bias the outcome parameter SERJpBBased on this, a limit of 10g
DASB could safely be administered. Moreover, stsidith in these ranges of
injected DASB do not need to control for injecteded in statistical models.
However, we can not exclude that mass-dose effeittsoccur at higher doses, to

address this dose-response experiments are watrante
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