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Summary (English)

Across pregnancy and the postpartum period (i.e., the perinatal period), women often experience
mental distress symptoms and about 10-15% of pregnant and postpartum women develop a
depression. The dramatic sex-hormone reductions from late in pregnancy (antepartum) to the
early postpartum period have been proposed as a possible risk mechanism. Currently there is little
consensus on their role, but estrogen sensitivity, at a genomic level, may be a risk marker for
depression. Some studies show that serotonergic signaling may be involved depressive responses
during sex-hormone transitions. Further, recent data show that sex-hormone transitions, including
the peripartum are associated with changes in hippocampal plasticity.

The aim of this thesis was to determine the associations between mental distress, the estrogen
estradiol, markers of serotonergic signaling and hippocampal volume in relation to
pharmacological and natural models of sex-hormone transitions in healthy women.

In Study 1, we evaluated if pharmacologically induced estradiol changes were associated with
hippocampal volume changes. In a randomized, placebo-controlled study design (N = 60), we
previously showed that a gonadotrophin-releasing hormone agonist (GnRHa) induced subclinical
depressive symptoms, compared to placebo, in a manner that depended on the magnitude of the
GnRHa-induced estradiol decrease and brain serotonin transporter (SERT) binding. Here, we show
that hippocampal volume changes were similar in response to GnRHa and to placebo, but that
GnRHa-induced estradiol decreases were associated with hippocampal volume reductions,
adjusted for SERT contributions. This did not map on to GnRHa-induced depressive symptoms.
Thus, our data support that estradiol may be associated with hippocampal volume changes, but
not in a depressogenic way.

In Study 2, we followed 100 healthy pregnant women from late in pregnancy to week five
postpartum (82 completed follow-up). We only included women planned to deliver by caesarean
section (C-section), as this allowed us to collect cerebrospinal fluid (CSF) during spinal anesthesia.
We found that high antepartum CSF levels of the main serotonin metabolite, 5-HIAA, was
associated with more mental distress symptoms at week five. However, a large decrease in
estradiol, from late in pregnancy to week five postpartum, was associated with /ess mental
distress symptoms. Under the assumption that 5-HIAA is a marker for pregnancy induced SERT

expression, we speculate that increased brain SERT levels may carry over the postpartum period



and convey susceptibility to mental distress. Further, that healthy women may benefit from large
estradiol changes, but that such protective mechanisms may disrupted in women who develop a
depression, perhaps linked to estrogen sensitivity.

In Study 3, a subgroup of the healthy pregnant women was recruited for a neuroimaging program
(N =31). This included quantification of cerebral of 5-HT4R with positron emission tomography
(PET, n = 23) and quantification of hippocampal volume with magnetic resonance imaging (MR, n
= 31), five weeks postpartum. Data from 24 female controls, available through the Center for
Integrated Molecular Brain Imaging (CIMBI) database, were also included.

Postpartum women and healthy controls had similar 5-HT4R binding and hippocampal volume.
Within the postpartum group, subclinical depressive symptoms were associated with a higher
hippocampal volume, but not with 5-HT4R. Further, high cerebral 5-HT4R in interaction with a
large decrease in estradiol was associated with a smaller hippocampal volume. We speculate that
high hippocampal volume reflects a maladaptive hippocampal plasticity. Further, 5-HT4R in
interaction with peripartum estradiol changes seems to play a key role in postpartum hippocampal
plasticity. This may have relevance in relation to depressive responses during sex-hormone
transitions.

Taken together, our results indicate that in healthy women, the brain adapts well to sex-hormone
transitions. Further, that both estradiol and serotonergic signaling may be important for
hippocampal plasticity in relation to sex-hormone transitions, but that the length and magnitude
of an estradiol fluctuation, may affect how it maps on to hippocampal volume and subclinical
depressive symptoms. Our data points towards potential risk mechanisms for depressive
responses during sex-hormone transitions, however further evaluation in clinical and high risk

samples is required.



Resume (dansk)

Mange kvinder oplever humgr, sgvn og angstproblemer i graviditeten og efter fgdslen
(postpartum), og omkring 10-15 % udvikler en perinatal depression, dvs. depression i graviditeten
eller postpartum. Dette kan haenge sammen de store kenshormonelle sendringer fra sent i
graviditeten til den tidlige postpartum-periode, men der er ikke konsensus pa omradet. Nyere
studier peger i stedet pa at gstrogenfglsomhed pa genomisk niveau som en mulig risikomarkgr.
Nogle studier tyder pa at hjernens serotonerge system spiller on rolle for udvikling af depressive
symptomer i relation til kenshormonelle eendringer. Ydermere viser nyere studier at plasticiteten i
hippocampus er aendret i forbindelse med kgnshormonelle overgangsfaser, inklusiv den perinatale
periode. Formalet med denne afhandling var at bestemme sammenhangen mellem mentalt
velbefidende, kenshormonet gstradiol, serotonerge markgrer, og volumen af hippocampus i
relation til kénshormonelle manipulationer i raske kvinder og de naturlig kénshormonelle
2&ndringer, der sker i forbindelse med graviditet og fgdsel.

| Studie 1 undersggte vi, om farmakologisk inducerede gstradioleendringer var associeret med
2&ndringer i hippocampus volumen. | et randomiseret, placebokontrolleret studie (N = 60) har vi
tidligere vist, at en syntetisk analog til "gonadotropin releasing hormone" (GnRHa) kan
fremprovokere subkliniske depressive symptomer, sammenlignet med placebo. Fremkomsten af
depressive symptomer afhang af stgrrelsen pa det GnRHa-inducerede fald i kenshormonet
gstradiol, samt serotonintransporter (SERT) bindingen i hjernen. | Studie 1 fandt vi ingen forskel i
hippocampus-volumenandringer mellem kvinder, der fik GnRHa, og kvinder, der fik placebo. |
GnRHa-gruppen var mindsket hippocampusvolumen imidlertid associeret ned stgrrelsen pa
gstradiolfaldet, justeret for SERT binding ved baseline. Der var ingen association mellem aendring i
hippocampusvolumen og depressive symptomer. Vores data derfor peger pa at de GnRHa-
inducerede gstradiolaendringer var koblet til @ndringer i hippocampus, men ikke bade en made
der fgrte til depressive symptomer.

| studie 2 fulgte vi 100 raske gravide kvinder fra sidst i graviditeten til uge fem postpartum. Vi
inkluderede kun kvinder, der skulle fgde ved planlagt kejsersnit, for at kunne indsamle

cerebrospinalvaeske (CSV) i forbindelse med deres rygmarvsbedgvelse (82 kvinder gennemfgrte



studiet). Hgje niveauer af serotoninmetabolitten, 5-HIAA, i CSV var forbundet med subkliniske
depressive symptomer fem uger efter fgdslen. Desuden var et stort gstradiolfald, fra sidst i
graviditeten til uge fem efter fgdslen, forbundet med gget mentalt velbefindende i uge 5
postpartum. Under antagelse af at 5-HIAA er en markgr for hjernen SERT niveauer i graviditeten,
kan dette pege pa at hgje SERT niveauer i graviditeten bringes med over i postpartum perioden og
subkliniske depressive symptomer. Desuden ser et stort gstrogenfald ud til at veer gavnlig for raske
kvinder. Disse gavnlige mekanismer er formentlig sat ud af funktion i kvinder med depression,
maske pa baggrund af genomisk gstrogenfglsomhed.

| studie 3 blev en undergruppe af de raske gravide kvinder rekrutteret til et
hjerneskanningsprogram (N = 31). Dette inkluderede in vivo molekylzer billeddannelse af 5-HT4R
med positron-emissions-tomografi (PET, n = 23) og strukturelle magnetisk resonans skanninger
(MR, n =31), fem uger efter fgdslen. Data fra 24 kvindelige raske kontroller blev inkluderet fra
Center for Integrated Molecular Brain Imaging (CIMBI) databasen. Postpartum kvinder og raske
kontroller havde ikke signifikante forskelle i 5-HT4R binding i hjernen eller hippocampus volumen.
| postpartum-gruppen var subkliniske depressive symptomer associeret med et hgjere
hippocampusvolumen, men der var ingen association med 5-HT4R. Imidlertid var der en
interaktion imellem 5-HT4R i hjernen og @stradiolfaldet pa hippocampus volumen, sdledes at et
stgrre gstradiolfald og en hgjere 5-HT4R binding var associeret med et mindre
hippocampusvolumen. Vi mistaenker at et hgjt hippocampus volumen kan afspejle perinatal
maladaptation i hippocampus plasticiteten. Desuden peger vores data pa at 5-HT4R og
gstradioleendringer tilsammen kan have betydning for hippocampusplasticiteten. Dette er muligvis
relevant i forbindelse med udvikling af depression i forbindelse med kgnshormonelle
overgangsfaser.

Tilsammen peger vores resultater i retning af at hjernen tilpasser sig kénshormonelle andringer
godt i raske kvinder. Bade det serotonerge system og @stradioleendringer har betydning for
hippocampusplasitciteten, dog afhaenger gstradiols virkninger af leengden og stgrrelsen pa

gstradiolfluktuationerne.



List of manuscripts

The thesis is based on the following manuscripts:

Manuscript 1:
Camilla Borgsted, Emma Hoegsted, Susanne Henningson, Anja Pinborg, Melanie Ganz and Vibe G.
Frokjaer. Hippocampal volume brain changes in a pharmacological sex-hormone manipulation

model for depression in women. Hormones and Behavior (in revision). Revised edition.

Manuscript 2:

Camilla Borgsted, Stinne Hggh, Emma Sofie Hggsted, Laura Fonnesbech-Sandberg, Kim Ekelund,
Charlotte Krebs Albrechtsen, Julie Therese Wiis, Hanne Hegaard, Eleonora Cvetanovska, Anders
Juul, Hanne Frederiksen, Anja Pinborg, Pia Weikop, and Vibe Frokjaer. The role of central
serotonergic markers and estradiol changes in perinatal mental health. In final prep.

At subset of the data from this paper has formed the basis of Laura Fonnesbech-Sandberg’s

Master’s thesis.

Manuscript 3:

Camilla Borgsted, Emma Sofie Hggsted, Stinne Hggh, Eleonora Cvetanovska, Kim Ekelund,
Charlotte Albrechtsen, Julie Wiis, Anja Pinborg, Hanne Hegaard, Hanne Frederiksen, Anders Juul,
Pia Weikop, Gitte Moos Knudsen, Claus Svarer, Melanie Ganz and Vibe G. Frokjaer. Serotonin 4

receptor and hippocampal signatures of healthy peripartum brain adaptations. In prep

10



Acknowledgements

First, | would like to thank my three supervisors for excellent feedback and support during my PhD.
Gitte for helping me in to neuroscience, when | was still a confused medical student, and those
sharp remarks that makes my work so much better. Anja for her assistance in setting up my main
project and for superb feedback on everything from study protocols to abstracts and manuscripts.
My deepest gratitude goes to my main supervisor Vibe. You have been a tremendous support and
inspiration these past few years, thorugh the few ups and the many downs. Without your
interference, my life might have taken a very different turn and | am glad that it did not. Thank you
for taking me in, for believing in me and for the opportunity to work on these amazing projects.
Second, | would like to thank all the women who participated in these studies. Without their
extraordinary effort this would not have been possible. Especially to all the new mothers who
came in for long days of neuroimaging and had to leave their newborn babies in the care of
others. | would also like to the amazing team that helped collect the data for this study. To Emma,
Stinne, Svitlana, Laura, Gerda, Lone and Emilie for all the very early mornings and late evenings
you spent collection and processing samples and data. Thank you for your constant enthusiasm
and extreme flexibility. Thank you for having my back when it was needed. Also, a huge thank you
to the midwives, anesthesiologist and obstetricians who helped out with my project. Especially
Julie, Kim, Charlotte, Eleonora and Hanne. | would also like to thank Charlotte Findinge for been a
great help during recruitment. To Pia, Hanne and Anders for high quality lab work. To the people
at the PET and Cyclotron Unit, for assistance with scans. To all the MR assistants. Thank you to
Melanie for helping me out with data analysis and for answering all my many and stupid
guestions. And to Ella for all the hard work she did. To Claus for assistance with data analysis and
great advice. To the people who make everything work: Peter, Dorthe and Birgit. Thank you for all
your help, for fixing the coffee machine, for handling all the formal stuff, for keeping track of our
budgets, for making sure | take my holidays and all the other things you do. Thank to Arafat for
helping out with genotyping and biobanking. To Patrick for a great introduction to neuroscience
and patient supervision in my student years. To Giske, Annette, Sara, Nakul, Sgren og Martin K for
being amazing office buddies and for listening to all my (house) complaints. To Emily and Ida-
Marie for having my back when things got really tough and for a lot of fun times. To Vibeke for

going with me to the hospital (repeatedly), for all the events, culinary adventures of variable

11



quality and all the fun and good atmosphere that you bring. To Lene, Kristin and Sophia for being
awesome people and great colleagues. To Cheng your interesting sense of humor. A special thanks
to those above who came and painted my house. To Brice for excellent statistical advice and other
fun things.

To all the many other colleagues that make NRU such and amazing place to be. | would like to
thank each an every one of you for being such excellent colleagues.

I would also like to thank the people who has suffered these past few years from my constant
absence. A special thought goes to my father, who unfortunately passed away before | managed
to finish my PhD. | thank you for all the times you listened to my frustrations and gave me advice.
Thank you to my mother, Johnny, Michell and all my other relations for making my house liveable
while | was busy doing other things. A very warm thank you to Cecilie, Christine and Cathrine for
all the patience, advice, help and good times. To my friends who have been supportive throughout
the years through good and bad times, especially Morten, Malle, Bettina and Camilla.

And finally, | thank Claudio, who came along somewhere in the middle of this stressful period and

decided to stay anyway. Thank for your love and support through some very hard times.

12



Abbreviations

GnRHa
5-HIAA
5-HT
5-HT4R
5-HTTLPR
AIC

BMI
BPND
cAMP

Cl

CIMBI
COVID-19
CSF

DNA
DSM-IV
DSM-V
EPDS
HAMD-17
HVA
ICD-10
LC-MS/MS
MAO
MAO-A
MBq

MDI
MOPEG
MPRAGE
MR

Gonadotrophine-releasing hormone agonist
5-hydroxyindolacetic acid

Serotonin

Serotonin 4 receptor

Serotonin Transporter-linked Promotor Region
Akaike information criterion

Body Mass Index

Non-displaceable binding potential

Cyclic adenosine monophosphate

Confidence Interval

Center for Integrated Molecular Brain Imaging
Coronavrus Disease 2019

Cerebrospinal fluid

Deoxyribonucleic Acid

Diagnostic Statistics Manual, version 4

Diagnostic Statistics Manual, version 5

Edinburgh Postnatal Depression Scale

Hamilton depression rating scale, 17-item
Homovanillic acid

International Statistical Classification of Diseases 10 revision
liquid chromatography tandem mass spectrometry
Monoamine oxidase

Monoamine oxidase A

Mega becquerel (number of radioactive decays per second)
Major Depression Inventory
3-methoxy-4-hydroxyphenylglycol

Magnetization prepared rapid gradient echo

Magnetic Resonance Imaging

13



MRI
NE
PCR
PET
PND
psal
RF
SD
SERT
SRTM
SSRI
STAI
TAC
TE

Tl

TR
VOI

Magnetic Resonance Imaging
Norepinephrine

Polymerase chain reaction
Positron Emission Tomography
Perinatal depression

Pittsburgh Sleep Quality Inventory
Radiofrequency

Standard Deviation

Serotonin transporter

Simplified reference tissue model
Selective serotonin reuptake inhibitors
Stata-Trait Anxiety Inventory
Time-Activity Curve

Echo time

Inversion time

Repetition time

volume of interest

14



Background

Perinatal mental distress and depression

The perinatal period covers pregnancy and the postpartum period and is often associated with
increased levels mental distress. Both anxiety symptoms and sleep disturbances are common (30-
40% and ~40%, respectively), and at least 50% of women experience “postpartum blues”, i.e.,
transiently low mood and susceptibility to crying, that lasts a few days or weeks (Beck, 2001;
Blackmore et al., 2016; Emamian et al., 2019; Grant et al., 2008; Harris et al., 1994; O’Hara et al.,
1991; Richter et al., 2019; Robertson et al., 2004; Salari et al., 2021). The reported proportion in
these studies vary, but about 30-40% of pregnant and postpartum women have anxiety
symptoms, at least 40% have perinatal sleep disturbances and around 50% develop blues
symptoms. Importantly, these common and subclinical levels of distress increase the risk of
developing manifest depressive episodes (Emamian et al., 2019; Reck et al., 2009; Robertson et al.,
2004). DSM-V defines perinatal depression (PND) as a depressive episode with onset during
pregnancy or up to four weeks postpartum (American Psychiatric Association. DSM-5 Task Force.,
2013). Depressive symptoms in relation to pregnancy and birth are common, as around 10-15% of
new mothers develop a depressive episode (Gavin et al., 2005; Howard et al., 2014; Meltzer-Brody
et al., 2013). PND is characterized by a high degree of anxiety and anhedonia symptoms, but there
are also reports of cognitive problems (Hampson et al., 2015; Putnam et al., 2017). PND may have
grave consequences for both mother and child; in particular, suicide constitutes a prominent
cause for maternal death in developed countries (Bgdker et al., 2021b, 2021a). Furthermore,
maternal depression has been shown to affect the cognitive development and future mental
health of the infant (Evans et al., 2012; Glover, 2014; Goodman et al., 2011; Stein et al., 2014).
Previous studies have identified a number of risk factors for the development of PND such as
adverse life events, a history of depression, previous PND, high or low maternal age and
primiparity, but the underlying mechanisms remain unclear (Aasheim et al., 2012; Garcia-Blanco et
al., 2017; Gavin et al., 2005; Guintivano et al., 2018; Meltzer-Brody et al., 2017, 2013; Munk-Olsen
et al., 2014; Robertson et al., 2004; Van Niel and Payne, 2020; Wisner et al., 2004). The risk for a

severe depressive episode is highest around 4-8 weeks postpartum (Putnam et al., 2017). In line
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with this, the risk for hospital admission for any psychiatric disorder, indicating severe mental
illness, is also increased in new mothers in this early postpartum period with a peak as early as 10-
19 days postpartum (Munk-Olsen et al., 2006). Notably, the same study found that risk for hospital
admission was lower in new fathers, and there was no early postpartum peak. This indicates the
psychological stress in relation to childbirth and parenthood not alone can explain the early
postpartum peak in severe mental illness that women experience. Thus, it is likely that biological
factors play a role. Combined, these studies points towards a window of vulnerability in the first

months postpartum, which may map on to biological factors rather than psychological stress.

Sex-hormone transitions and mental distress

The lifetime risk for depression is almost twice as high in women compared to men. The reason for
this remains unknown, but fluctuations in sex-hormones likely play a role as the risk for a
depression is particularly high for women during hormone transitions phases such as puberty,
pregnancy and birth, and perimenopause, and in relation to use of hormonal contraceptives
(Kuehner, 2017; Skovlund et al., 2016; Soares and Zitek, 2008). It has been suggested that the
emergence of depressive symptoms in relation to sex-hormone transitions may be associated with
the magnitude of the sex-hormone changes (Bloch et al., 2000; Frokjaer et al., 2015; Soares and
Zitek, 2008). Three major estrogens are important during different life phases: Estrone (E1) plays
a key role after menopause and to some extent also postpartum; estradiol (E2) is by far the most
important during reproductive years; and estriol (E3) is particularly abundant during pregnancy.
The early postpartum window is characterized by dramatic hormone fluctuations, especially for
estradiol and estriol. They both increase steadily to very high levels during pregnancy (more than
x300 compared to naturally cycling women) and are abruptly reduced to hypogonadal levels after
delivery and expulsion of the steroid producing placenta, see Figure 1 for a schematic illustration
(de Rezende et al., 2019; Kuijper et al., 2013; Qiu et al., 2020; wilson et al., 1980). In breastfeeding
women, they may remain low for months (McNeilly et al., 1982). Thus, the period that is
associated with the highest risk of a severe perinatal depression is also characterized by the most

dramatic estrogen changes.
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Delivery

E2

Concentration

Months of pregnancy

Figure 1. Schematic illustration of estradiol (E2) concentrations across pregnancy.

However, so far most studies do not find a link between perinatal depression and absolute levels
of estrogens or perinatal changes in estrogens (Chatzicharalampous et al., 2011; Mehta et al.,
2014; Okun et al., 2011; T. Abou-Saleh et al., 1998). Some studies have reported a negative
association between estradiol levels and depressive symptoms in pregnancy and postpartum (Fan
et al., 2009; O’Hara et al., 1991). A few studies have found that higher estrogen postpartum was
associated with early postpartum mental distress or depressive symptoms (Heidrich et al., 1994;
Klier et al., 2007). However, firm conclusions are difficult to draw as the studies differ in sample
size, degree of clinically relevant symptoms, absolute estradiol levels versus changes, sensitivity of
the quantification method and when in the perinatal period the blood samples used to determine
hormone levels were drawn. Relatively few studies have evaluated changes in estradiol, although
research done in relation to other sex-hormone transitions suggest that this may be important in
the emergence of depressive symptoms (Bloch et al., 2000; Freeman et al., 2006; Frokjaer et al.,
2015). However, recent studies also point towards an altered sensitivity to sex-hormones in the
women who develop PND. One study showed that women with previous PND developed
depressive symptoms in response to a sex-hormone manipulation that simulated perinatal

estradiol and progesterone fluctuations, although over a shorter timeframe (Bloch et al., 2000).
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Similarly, recent studies implicate genomic estrogen sensitivity markers, i.e., DNA methylation and
gene-transcription profiles, in risk for depression (Bloch et al., 2000; Guintivano et al., 2014;
Mehta et al., 2019, 2014; Osborne et al., 2016). Intriguingly, in a pharmacological sex-hormone
manipulation risk model, conceptualized by our group, these genomic risk markers mapped on to
depressive symptoms, estradiol changes, and changes in the cerebral serotonin system, see Figure
2 for study design (Frokjaer, 2020; Frokjaer et al., 2015; Mehta et al., 2019). In this model, healthy
women with regular menstrual cycles received either a placebo or gonadotrophin releasing
hormone (GnRHa), which first stimulates and then completely downregulates endogenous sex-
hormones. Compared to placebo, GnRHa intervention induced a higher level of subclinical
depressive symptoms in a manner dependent on the magnitude of the decrease in estradiol from
before intervention to the completely downregulated state after intervention. This was associated
with heightened serotonin transporter brain binding, which promoted depressive symptoms in
interaction with changes in estradiol, but also altered hippocampal resting-state functional
connectivity, increased reactivity to emotional stimuli in insula, and reduced amygdala response
to reward (Fisher et al., 2017; Frokjaer et al., 2015; Henningsson et al., 2015; Macoveanu et al.,
2016). Although the window of vulnerability seems to overlap with dramatic changes in
endogenous estrogens, there is conflicting evidence of their direct role in perinatal mental

distress. However, factors like estrogen sensitivity may play a role.

Baseline Intervention Bleeding Follow-up (1) Follow-up (2) Exit
Stimulation phase  Supression phase -

CD6.6+22 CD 22 9+ 3 days p.i. 4 + 2 days p.i. 16.2 £ 2.6 days p.i. 30 days p.i

Hamilton score GnRHa (n=30) GnRHa: 10 + 3 days p.i Subgroup of n =38 Hamilton score SE

Brain imaging Placebo (n=30) Placebo: 7 + 3 days p.i Gene expression Imaging

Neuropsychology Neuropsychology

Gene expression Gene expression

Abbreviations: CD, cycle day; p.i, post intervention.
SE: Side effects score day 7, 12 and 30 p.i.

Figure 2. Overview of the study design for a pharmacological sex-hormone manipulation risk
model for depression. The figure is reproduced from (Frokjaer, 2020), with permission from the

author and the publishers.
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The serotonin system and sex-hormone transitions

Sex-hormones shape the adult female brain through hormone transitions phases, including major
neurotransmitter systems, such as the serotonin (5-HT) signaling system (Barth et al., 2015).
Especially estrogens, such as estradiol, potently affect key features of the 5-HT system (Bethea et
al., 2002; Borrow and Cameron, 2014; Deecher et al., 2008; Lu et al., 2003; Suda et al., 2008;
Sumner et al., 2007). Although relatively scarce, animal studies show that the 5-HT system may
function substantially different in relation to pregnancy and birth and may be key in healthy
maternal behaviors (Lonstein, 2019; Pawluski et al., 2019). Furthermore, human genetic and in
vivo molecular imaging studies indicate the serotonergic signaling may play a key role in mental
well-being during the perinatal period. One study found that brain levels of the inhibitory
autoreceptor 5-HT 1 receptor (5-HT1R) in women with postpartum depression was reduced
compared to non-depressed postpartum controls (Moses-Kolko et al., 2008). Animal data indicate
that 5-HT1R is reduced in response to exogenous estrogens and may play a role in maternal
behaviors, mainly maternal aggression, and response to stress in the perinatal period (Bethea et
al., 2002; Lokuge et al., 2011; Pawluski et al., 2019). Estrogens also regulate monoamine oxidase A
(MAO-A) metabolism of monoaminergic neurotransmitters, including 5-HT; increased levels of
estrogens are associated with decreased MAO-A activity (Bethea et al., 2002; Deecher et al.,
2008). Intriguingly, the MAO-A level is elevated for the first few days postpartum, a period
characterized by transient mental distress known as postpartum blues (Sacher et al., 2010).
Further, MAO-A levels remain elevated in women who develop postpartum depression and
subclinical levels of mental distress (Sacher et al., 2015). In addition, although the results are not
entirely consistent, current evidence suggests that long-term estradiol exposure may induce
expression of the main synaptic regulator of 5-HT: The serotonin transporter (SERT; Deecher et al.,
2008; Lu et al., 2003; Sumner et al., 2007). SERT gene expression is regulated by a polymorphism
in the promotor region of the SERT gene (5-HTTLPR; Heils et al., 1996; Praschak-Rieder et al.,
2007). Women who carry the high-expressing variant (long allele) have an increased risk for PND in
a “gene-dose” dependent manner, meaning that women who carry two copies are at higher risk
(Sanjuan et al., 2008; Tavares Pinheiro et al., 2013). In line with this, data from our
pharmacological sex-hormone manipulation risk model for depression, showed that within the

healthy women who received GnRHa, there was an interaction between change in brain SERT and
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the magnitude of the decrease in estradiol on the emergence of subclinical depressive symptoms,
such that the association between depressive symptoms and change in estradiol was more
pronounced in women with an increase SERT binding, compared to women with a decrease in
SERT binding. Compared to women with a small change in brain SERT, the association between
change in estradiol and the emergence of depressive symptoms was more pronounced in women
with heightened SERT (Frokjaer et al., 2015). Further, genomic data (DNA methylation and gene-
transcription profiles) supported that the changes in brain SERT availability and markers for
estrogen sensitivity were associated (Mehta et al., 2019).

Intriguingly, animal data and human genetic and pharmacological studies suggests that long-term
increased brain SERT levels may be associated with increased cerebrospinal fluid (CSF) levels of the
main serotonin metabolite, 5-hydroxyindolacetic acid (5-HIAA; Bartolomucci et al., 2010;
Carpenter et al., 2003; De Bellis et al., 1993; Cecilie Loe Licht et al., 2010; Martensson et al., 1991;
Nikisch et al., 2004; Potter et al., 1985; Williams et al., 2003; Y et al., 1997). 5-HIAA is the result of
MAO-A degradation of 5-HT and is considered a marker of serotonergic turnover (Bethea et al.,
2002). Both MAO-A and SERT are targets for common antidepressants (Pereira and Hiroaki-Sato,
2018) and studies suggests that a reduction in 5-HIAA is associated with antidepressant drug
treatment (De Bellis et al., 1993; Martensson et al., 1991; Nikisch et al., 2004; Potter et al., 1985;
Sheline et al., 1997). Thus, by measuring 5-HIAA, it may provide insight into some of the risk
mechanisms that may be at work in pregnancy, without a need for molecular imaging methods
which are contraindicated in pregnancy due to radiation exposure. Yet, it is not clear how
pregnancy and high levels of s E2 affect 5-HIAA levels; previous studies in pregnant women and
animal data show conflicting findings. Animal research in rodents and non-human primates report
conflicting evidence. Exogenous estrogens may increase 5-HT and 5-HIAA in the central nervous
system (Bethea et al., 2002). However, one study also found that the early postpartum period was
associated with an increased 5-HIAA in the dorsal raphe nuclei, which projects serotonergic
neurons to most of the brain (Holschbach and Lonstein, 2017). Meanwhile, one human study
found that 5-HIAA CSF levels did not differ between pregnant women and non-pregnant controls
(Altemus et al., 2004) and another small study found that 5-HIAA was higher in pregnant women
compared to non-pregnant women, and that 5-HIAA levels increased in response to natural onset

of labor (Spielman et al., 1985). Hormone changes during menstrual cycle does not seem to map
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on to 5-HIAA(Eriksson et al., 1994). Relatively little is known about the role of 5-HIAA in perinatal
mental health, but non-human primate studies show that low CSF 5-HIAA levels in animals with
maternal experience increases healthy maternal behavior, while this relationship is reversed in
first-time mothers (Pawluski et al., 2019). Thus, CSF measurements of 5-HIAA may provide insights
to some of the potential serotonergic risk mechanisms for perinatal depression in pregnancy,

including SERT expression.

The serotonin 4 receptor

The serotonin 4 receptor (5-HT4R) is a postsynaptic excitatory Gs-coupled receptor, which uses
adenylate cyclase activation and increased cAMP formation for intracellular signaling (Sharp and
Barnes, 2020). Intriguingly, animal data suggest that brain SERT is closely linked to the 5-HT4R
function in the brain, including complimentary effects on 5-HIAA concentrations (Jennings et al.,
2012; Cecilie L. Licht et al., 2010). In the human central nervous system, 5-HT4R density is
particularly high in striatum and to a lesser extent cortical regions and subcortical regions such as
hippocampus (Beliveau et al., 2017). Prefrontal 5-HT4R has been implicated in the regulation of
neuronal firing in the dorsal raphe nuclei which in turn modulates overall serotonergic tonus in the
brain (Murphy et al., 2021). Rodent data indicate that administration of selective serotonin
reuptake inhibitors (SSRIs), a class of antidepressant drugs that block SERT, lead to a reduction of
brain 5-HT4R levels. Further, 5-HT4R agonists may augment SSRI actions in the brain (Cecilie L.
Licht et al., 2010) . Similarly, pharmacological human studies using in vivo molecular neuroimaging
indicate that long-term blocking of SERT with SSRIs leads to a reduction in 5-HT4R brain binding
(Haahr et al., 2014). Further, the low-expression variant of 5-HTTLPR is associated with lower 5-
HT4R brain levels in healthy individuals (Fisher et al., 2012).

Rodent studies point towards anxiolytic, pro-cognitive and antidepressant properties of 5-HT4R,
including anhedonia (Murphy et al., 2021). In individuals with a familial risk for depression, 5-HT4R
binding is reduced in striatum, a key region in reward processing (Madsen et al., 2015). Thus, 5-
HT4R may be involved in anhedonia. In the context of PND, this is particularly relevant as
anhedonia is a key characteristic in depression with early postpartum onset (Putnam et al., 2017).
Similarly, data from our lab point towards a reduced 5-HT4R brain binding in patients with major

depression (Koehler-Forsberg et al., 2019). Also the anxiolytic properties of 5-HT4R agonists are
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interesting given the high prevalence of perinatal anxiety symptoms and their association with
postpartum risk for depression (Blackmore et al., 2016; Putnam et al., 2017; Robertson et al.,
2004). Preclinical data shows that 5-HT4R may play a role in estradiol regulation of prolactin
release in the rat pituitary and may thus play a role in sex-hormone functions (Papageorgiou and
Denef, 2007). While there is currently limited knowledge about the role of 5-HT4R in hormone
transitions we know that women exhibit lower 5-HT4R brain binding in limbic areas compared to
men, suggesting that 5-HT4R availability in the brain may be regulated by sex-hormones (Madsen
et al., 2011). In healthy men, 5-HT4R brain binding is inversely correlated with testosterone
(Perfalk et al., 2017). Further, the use of oral contraceptives has been associated with lower 5-
HT4R levels in healthy women, suggesting that the downregulation of endogenous sex-steroids
may affect the 5-HT4R levels (Larsen et al., 2020). Cognitive symptomes, i.e., disturbances in
thinking and emotion processing, also appear to be a key feature of PND. One study found that
working memory capacity (i.e., the ability to briefly hold and manipulate information in the mind)
improves in relation to the perinatal transition in healthy antepartum women, but worsens in the
women who developed a perinatal depression (Hampson et al., 2015). Data from animal models
indicate that 5-HT4R may be involved in regulation of hippocampal plasticity, which may mediate
some of the proposed pro-cognitive effects (Hagena and Manahan-Vaughan, 2017). Notably,
human molecular imaging studies in healthy populations support a link between 5-HT4R levels and
memory function (Haahr et al., 2013; Stenbak et al., 2017) and recent intervention studies using
prucalopride, a partial 5-HT4R agonist, show that direct stimulation of the 5-HT4R system
improves performance on memory tasks in humans (de Cates et al., 2021; Murphy et al., 2019). A
partial 5-HT4R agonist is also currently under consideration as a potential drug for treatment of
Alzheimer’s disease (Roux et al., 2021). Thus, 5-HT4R is interesting in the context of perinatal
mood regulation, especially as it is intimately linked to SERT availability as well as cognitive
functioning. Further, it may have antidepressant properties particularly relevant for the perinatal

transition, that seems to be mediated through hippocampal plasticity.

Hippocampal plasticity and sex-hormone transitions
Hippocampus is a subcortical brain region located deep in the temporal lobe that retains

neuroplastic properties in adult life (Denoth-Lippuner and Jessberger, 2021; Roux et al., 2021). It
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plays a key role in memory function, but has also been implicated in affective disorders (Willner et
al., 2013). Sex-steroid receptors are highly expressed in the hippocampus and especially estrogens
appear to affect synaptic remodeling and neurogenesis in hippocampus (Been et al., 2021; Galea
et al., 2006; Gould et al., 2000; Pawluski et al., 2010, 2009; Pawluski and Galea, 2006; Sheppard et
al., 2019; Yankova et al., 2001). Both human and animal data indicate that hippocampal volume
changes and sex-hormone fluctuations may be intimately linked, as dynamic estradiol changes
over the menstrual cycle are associated with rapid synchronous changes in hippocampal volume
(Barth et al., 2016; Lisofsky et al., 2015; Pletzer et al., 2018; Protopopescu et al., 2008; Woolley
and McEwen, 1992). Overall, these studies find that hippocampal volume peaks just before
ovulation when estradiol concentrations are highest. Similarly, estrogens, in form of hormone
replacement therapy, appear to increase hippocampal volume and improve cognitive functioning
in perimenopause in a dose-dependent manner (Albert et al., 2017; Lord et al., 2008; Sohrabiji,
2005). However, for hormone changes in the perinatal period, the pattern is different. From
preconception to the postpartum period the human brain undergoes functional and structural
reorganization in areas important for infant care, including a decrease in hippocampal volume
(Hoekzema et al., 2017; Kim et al., 2010; Lisofsky et al., 2019; Martinez-Garcia et al., 2021;
Oatridge et al., 2002). Unlike other pregnancy-related grey matter volume changes, hippocampal
volume is normalized within two years (Hoekzema et al., 2017; Martinez-Garcia et al., 2021).
Although it is unclear from human studies if the volume reduction occurs during pregnancy or in
the postpartum period, rodent studies indicate that the perinatal period is characterized by high
hippocampal plasticity and suggests that a decrease in hippocampal volume may start in
pregnancy and serve to fine-tune the brain for motherhood (Pawluski et al., 2021). The plastic
changes in the perinatal period may have consequences beyond the current pregnancy and
postpartum. Maternal experience seems to affect hippocampal plasticity long-term, with effects
on hippocampal plasticity in subsequent pregnancies and later in life, where it appears to affect
cognitive performance and predict the hippocampal plasticity in response to estrogen stimulation
(Barha et al., 2015; Barha and Galea, 2011; Eid et al., 2019; Galea et al., 2014; Macbeth et al.,
2008; Medina and Workman, 2020; Pawluski and Galea, 2006). Further, perinatal hippocampal
plasticity may be involved in depressive behavior in animals (Baka et al., 2017; Galea et al., 2014;

Pawluski et al., 2015; Zhang et al., 2016). One human study found that DNA methylation markers
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of postpartum depression not only correlate with estradiol-induced changes in DNA methylation,
but also that these methylation patterns related to hippocampal plasticity (Guintivano et al.,
2014). Thus, hippocampal plasticity may be important in perinatal mental health. Intriguingly,
human neuroimaging studies show that hippocampal function and communication with other
brain areas also seems to be affected, as hippocampal resting-state functional connectivity is
attenuated in PND (Deligiannidis et al., 2013). A similar pattern has been observed in our sex-
hormone manipulation model, indicating that sex-hormone effects on hippocampal function and
perhaps structure, may be relevant in risk for PND (Fisher et al., 2017). Data from depressed
patients outside the perinatal period, indicate that depression is associated with a reduced
hippocampal volume (McKinnon et al., 2009; Schmaal et al., 2016; Videbech and Ravnkilde, 2004).
Hence, the emergence of depressive symptoms in response to sex-steroid transitions may be
associated with hippocampal volume changes as well.

As described previously, serotonergic signaling plays a role in hippocampal plasticity (Alenina and
Klempin, 2015). There are some indications that estrogen affects hippocampal plasticity in
interaction with serotonergic signaling; for instance evidence points to estrogens exerting
neuroprotective properties in interaction with serotonergic signaling during perimenopause (Amin
et al., 2006; Bethea et al., 2002; Frokjaer et al., 2010). Similarly, perinatal hippocampal plasticity
seems to be affected by SSRIs specifically (Pawluski et al., 2019).

Thus, changes in hippocampal plasticity during hormone transitions may play a key role in the

emergence of depressive symptoms, possibly dependent on serotonergic signaling.

Neuroimaging methods

Positron emission tomography
Positron emission tomography (PET) is an imaging technique that allows for in vivo quantification

and mapping of molecular targets, for instance neuroreceptors in the brain (Heurling et al., 2017;
Lammertsma, 2019). PET radio ligands are molecules that bind a target of interest and are labelled
with a radioactive isotope that decays by positron emission, e.g. *!C. Importantly, the PET tracer
cannot exert any pharmaceutical effect on the target of interest, which is accomplished through
extremely low concentrations (tracer dose). The radioactive isotope decays at a fixed rate (half-
life) and the emitted positron is quickly annihilated by an electron in the surrounding tissue. The

annihilation reaction emits two gamma rays of 511keV at an angle of 180 degrees, which can be
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recorded by crystal detectors in a PET scanner. From the recorded radioactive decay,
reconstruction algorithms can estimate the location of the decay. After correction for random

events, scatter and absorption in bone and tissue, a PET image is available.

Kinetic modelling
Dynamic PET-scans (scanning over time), allow for estimation of time-activity curves (TACs), i.e.,

the radioactivity (in MBq per volume tissue) over time for a brain volume of interest (VOI).
Through compartmental modelling of the tracer kinetics, TACs can be used to quantify the ligand
binding for a region of interest. Specific binding potentials (bound to the target of interest) in a
target tissue can be quantified relative to free or total plasma concentration derived from arterial
blood sampling (Heurling et al., 2017). However, for radioligands with a suitable reference region
(a region devoid of specific binding to the target receptor) it is possible to use a reference-tissue
model instead, such as the simplified reference tissue model (SRTM), and avoid arterial
cannulation (Lammertsma and Hume, 1996). This allows for the estimation of the non-
displaceable binding potential (BPND) i.e., specifically bound ligand relative to the non-
displaceable uptake (free ligand and non-specific binding to various proteins), which is the product
of receptor density and affinity for the ligand (Heurling et al., 2017). In addition to a reference
region devoid of specific binding to the target receptor, the SRTM assumes that target and
reference tissues have same volume of distribution of non-specifically bound ligand, the kinetics in
target and reference tissue can be modelled by a one tissue compartment model, and the blood
contributes negligible to the signal. SRTM modelling of the PET tracer 11C-SB207145 with
cerebellum as refence region has been validated for quantification of 5-HT4R availability (Marner

et al., 2010, 2009).

Structural MRI
Structural magnetic resonance imaging (MRI) is a non-invasive non-radioactive imaging technique

that produces high-resolution three-dimensional (3D) anatomical images (McRobbie et al., 2017).
The technique is based on electromagnetic properties of atomic nuclei, mainly hydrogen protons
in water molecules. When a tissue is placed in a strong magnetic field within the scanner (B0O) the
protons attempt to align with the magnetic field and precess around the direction of the field. The

rotating net magnetization of these protons is aligned with the main field BO. When a
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radiofrequency (RF) pulse is transmitted, energy is transferred to the protons and the rotating net
magnetization of the protons is pushed away from the BO field at a desired angle. The RF pulse
creates a transversal magnetic field (B1) which is perpendicular to BO. After the RF pulse is
transmitted (echo time), it is possible to measure oscillating currents induced by the rotating
transversal B1 field with a receive coil. After the RF pulse is terminated, protons dephase resulting
in an exponential decay of the magnetization in the transverse B1 field, the relaxation time for this
phenomenon is T2. Due to tissue dependent field-inhomogeneities in the BO field, what is really
observed after a RF pulse is the effective transversal magnetization time constant: T2*. Further,
energy transferred to the protons by the RF is transferred to the surroundings, allowing the
protons to return to their equilibrium position and thus restoring the longitudinal magnetization,
the relaxation time for this phenomenon is T1. Both T1 and T2 vary between tissues. The time
between successive excitation pulses is the repetition time, TR. By applying gradients, i.e., spatially
linear variation in the static field strength along BO, it is possible to affect the frequency of the MR
signal, which can be used to distinguish between MR signals at different positions in space. The
signal can then be translated in to 3D images. By variating the basic parameters and taking the
T1’s and T2’s for different tissues in to account, it is possible to optimize MR sequences to image
all kinds of tissues. Finally, the signal to noise ratio can be improved increasing the strength of the
magnetic field, measured in Tesla. Most modern MR scanners for neuroimaging use a 3 Tesla field,
but higher field strengths are possible, although currently these are mainly used for specialized
research purposes.

In this thesis we focus on data from the widely used T1-weighted anatomical images, which has a
good spatial resolution and a good contrast between different brain tissues (grey matter, white
matter, CSF). The resulting images can be parcellated in to discrete neuroanatomical structures by
automatic segmentation procedures, which allows for an estimation of the size (volume) of the
structure. There are multiple options for automatic segmentation procedures, and their details are
beyond the scope of this thesis. Version 7.1 of the commonly used software Freesurfer
(http://surfer.nmr.mgh.harvard.edu/), uses a mesh-based atlas and a Bayesian modeling
framework to obtain volumetric segmentations without the need for skull-stripping, which
provides reliable subcortical segmentations, including of the hippocampus (Fischl, 2012; Fischl et

al., 2002; Puonti et al., 2016; Sederevicius et al., 2021).
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Motivation, aims and hypotheses

Study 1

Women have an increased risk for depressive episode and subclinical levels of mental distress in
relation to sex-hormone transitions. Some studies indicate that hippocampal volume and plasticity
may play an important role in this, in a manner that may depend on estradiol and serotonergic
signaling. In a pharmacological risk model for depression, we have previously shown that sex-
hormone manipulations with a GnRHa can trigger subclinical depressive symptoms in healthy
women. Further, the emergence of these symptoms was associated with the magnitude of the
GnRHa-induced decline in estradiol, which seemed to be modified by an increase in SERT brain
binding. However, data on hippocampal volume changes in this risk model had not yet been
evaluated. Thus, in Study 1, we evaluated if GnRHa intervention was associated with hippocampal
volume changes and if these changes mapped on to the GnRHa-induced estradiol decrease and
the emergence of depressive symptoms.

We hypothesized that:

e Hippocampal volume would decrease in response to GnRHa relative to placebo.

e The GnRHa-induced net estradiol decrease would be associated with reduced hippocampal
volume in interaction with change in brain SERT binding, such that increasing SERT and a
greater estradiol decrease was associated with a greater hippocampal volume decrease

e The GnRHa-induced decrease in hippocampal volume would be positively associated with

the emergence of depressive symptoms.

Study 2

The hormone changes from late pregnancy to early postpartum provides a natural model for
studying potential contributions of estrogens and related neurobiological changes to risk
mechanisms for perinatal depression and mental distress. Some studies indicate that there is a
window of vulnerability within the first 4-8 weeks postpartum, which may depend on
neurobiological changes. Previous studies have not found any association between depressive
symptoms and absolute levels of estrogens. However, serotonergic signaling, especially SERT

putatively plays a role in the emergence of depressive symptoms. In vivo imaging of brain SERT is
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not possible in pregnant women for ethical reasons, but CSF levels of 5-HIAA can be a used as an
indirect marker of SERT induction/availability. Thus, in Study 2, we evaluated how estradiol
changes from late in pregnancy to five weeks postpartum and antepartum CSF levels of 5-HIAA
were associated with the emergence of mental distress symptoms postpartum and whether SERT
expression capacity played a role in this.
We hypothesized that:
e High 5-HIAA antepartum and a large ante- to postpartum decrease in estradiol would be
associated with more subclinical mental distress symptoms in postpartum women
e High 5-HIAA in interaction with a large decrease in estradiol would increase postpartum
mental distress
e The peripartum change in estradiol would increase mental distress in interaction with the

high-expressing 5-HTTLPR variant relative to the low expressing 5-HTTLPR variant

Study 3
The perinatal period is characterized by high hippocampal plasticity, which may be associated with
mental distress. However, the role of sex-hormone fluctuations and serotonergic signaling in
perinatal hippocampal plasticity remains largely unknown. The 5-HT4R system has been proposed
as a promising antidepressant target that may in particular be relevant for hippocampal-related
cognitive impairments. However, little is known about its association with sex-hormones and its
role in PND. In Study 3, we evaluated how 5-HT4R binding and hippocampal volume mapped on to
mental distress postpartum, and if hippocampal volume was associated with estradiol changes
and 5-HT4R binding.
We hypothesized that:
e Healthy postpartum women would have a higher 5-HT4R brain binding than healthy female
controls
e Healthy postpartum women would have a smaller hippocampal volume than healthy
female controls
e Postpartum mental distress would be associated with brain 5-HT4R availability in
interaction with change in estradiol, such that a large decrease in estradiol would be

associated with more mental distress symptomes.
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e 5-HT4R brain binding postpartum was positively associated with antepartum 5-HIAA levels

e Hippocampal volume postpartum would be inversely related to postpartum mental distress

e Hippocampal volume would be associated with brain 5-HT4R availability in interaction with
change in estradiol, such that a large decrease in estradiol would be associated with a

smaller hippocampal volume.

Methods

Study 1

Participants and design

The study population was recruited for a previously published study (Frokjaer et al., 2015).

63 healthy premenopausal women were included in a double-blind, placebo-controlled
intervention study, approved by the local ethics committee (protocol-ID: H-2-2010-108). All
participants gave written informed consent.

Inclusion criteria: regular menstrual cycle with a length of 23-35 days, no use of hormonal
contraceptives, no history of neurological or psychiatric disorders, including premenstrual
dysphoric disorder, no alcohol or substance abuse and a normal physical, neurological and
gynecological examination.

Participants were block randomized to receive either placebo (saline injection) or a gonadotrophin
releasing-hormone agonist (GnRHa). Block randomization was done with respect to the serotonin
transporter-linked polymorphic region (5-HTTLPR) genotype, to minimize any bias from 5-HTTLPR
(Frokjaer et al., 2015). Before intervention, participants completed baseline assessment which
included structural MR scans, PET scan, blood samples and a HAMD-17 depression interview.
Baseline assessments were on average completed on menstrual cycle day 5.2+2.1 (midfollicular
phase). See Figure 3. for an overview of the study design. 60 women (placebo n=29, GnRHa n=31)
completed follow-up, including MR scans, but three women did not: (1) One was excluded due to
anovulation prior to intervention, (2) one woman conceived a child, and (3) one participant was

unable to attend the MR scan at follow-up.
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Baseline Intervention Bleeding Follow-up

S
7
CD 542 CD23+3 9+ 4 days p.i. 16+3 days p.i.
. ; Hamilton score
; GnRHa: 103 p.i.
Hamllton.score GnRHa =31 Placebo: 743 p.i. MR imaging
MR imaging Placebo = 29 PET imaging
PET imaging

R Estradiol conc.
Estradiol conc.

Abbreviations: CD,cycle day, mean+SD; p.i., post intervention, mean+SD; MR: Magnetic resonance; PET, positron emission tomorgraphy;
conc., concentration in serum.

Figure 3. Overview of the study design, including neuroimaging. Note that there are small
deviations in cycle days and intervention days from Figure 2, as the participants who completed

MR-scans were slightly different from those previously published.

Intervention

A gynecologist, who was not otherwise involved in project, administered either placebo (saline)
or a ZOLADEX, a biodegradable copolymer impregnated with 3.6 mg of goserelin (AstraZeneca,
London, United Kingdom) to the participants on menstrual cycle day 22.75 + 2.77. The post

ovulation state was verified by the gynecologist with ultrasound.

Hormone analyses

Serum samples for estradiol analyses were collected at baseline and follow-up. Follow-up blood
samples were on average collected 16.3+2.7 days after intervention. The serum samples were
analyzed for estradiol concentrations within 24 hours of collection with an
electrochemiluminescence immunoassay on Modular Analytics Serum Work Area equipment
(Roche, Mannheim, Germany). The detection range was detection range 0.04 and 78.9 nmol/L. For
statistical analyses, estradiol concentrations below the detection level were imputed to 0.04

nmol/L.
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Structural MRI acquisition and hippocampal volume estimation

At baseline and follow-up, we acquired whole-brain T1-weighted structural images with a sagittal
magnetization prepared rapid gradient echo (MPRAGE) sequence on a 3 Tesla Verio scanner with a
32-channel head array coil (Siemens, Erlangen, Germany). We used the following imaging
parameters: TE = 2.32; TR = 1900; inversion time (Tl) =900 ms; flip angle= 9°; in-plane matrix:
256x256; in-plane resolution: 0.9x0.9mm; slice thickness = 0.9 mm; 224 slices, no gap.

An automatic subcortical segmentation of the resulting T1-weighted images was performed in the

cross-sectional standard pipeline in Freesurfer version 7.1 (http://surfer.nmr.mgh.harvard.edu/;

Fischl, 2012; Fischl et al., 2002; Puonti et al., 2016). Images were inspected for segmentation
errors. If relevant, errors were manually edited before re-running the pipeline. Hippocampal

volumes from the left and right hemisphere were extracted for statistical analysis.

[*1C]DASB-PET

[*C]DASB binding potentials from neocortex, included in previous work by Frokjaer et al. (2015),
were available through the CIMBI database (Knudsen et al., 2016). In brief, a bolus injection of
[*1C]DASB was followed by a 90-minute dynamic PET scan on a high-resolution research
tomography PET scanner (CTIl/Siemens, Knoxville, TN, USA). The resulting images were movement
corrected in AIR (Woods et al., 1992) and co-registered to the baseline T1-weighted MR image in
SPMS8 (http://www.fil.ion. ucl.ac.uk/spm/) for the purpose of automatic delineation of regions of
interest (Svarer et al., 2005). Kinetic modeling was done with a modified reference tissue model
(multilinear reference tissue model/multilinear reference tissue model 2) implemented in PMOD
(version 2.9; PMOD Technologies, Zurich, Switzerland), with cerebellum (excluding the vermis) as

reference region.

17-item Hamilton Depression Rating Scale interviews

17-item Hamilton Depression Rating Scale is a semi-structured interview for rating of depressive
symptoms (HAMILTON, 1967) The resulting score range from 0-52, with higher scores reflecting
more symptoms. HAMD-17 is not a diagnostic tool and there is not complete consensus on cut-
offs. Some have suggested a score of eight as the lower cut-off for mild depression, while a

moderate depression requires a score of at least 17 and a severe depression at least 24
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(Zimmerman et al., 2013). In the current study, participants were interviewed by a trained clinician
before and after intervention. Follow-up interviews were on average conducted 16.3+2.7 days

after intervention.

Statistical analysis

Here, statistical analyses for main findings are detailed. For a full description of all analyses, please
see Manuscript 1.

Prior to analyses, we evaluated covariates for non-normality and found that estradiol
concentrations were not normally distributed. Hence, normally distributed log-transformed (base
= 2) estradiol concentrations were used for statistical analyses. Change in estradiol was modelled
as follow-up minus baseline.

To determine if there were any baseline effects irrespective of GnRHa sex-hormone manipulation,
and thus specify our model, we evaluated if baseline hippocampal volume was associated with
three potential variables: follicular phase estradiol concentrations, SERT binding potentials, and
age. Inclusion of age as a covariate was motivated by the known age-related hippocampal atrophy
(Fraser et al., 2015; Nobis et al., 2019; Sederevicius et al., 2021). All three variables were
associated with hippocampal volume and thus considered relevant covariates in the main
analyses. For further details please see Manuscript 1.

In line with the general analysis structure for the study (Frokjaer et al., 2015) changes from
baseline to rescan in hippocampal volume, in estradiol concentration (within GnRHa group only)
and in HAMD-17 were used in all main analyses. First, we evaluated if there was an effect of
GnRHa compared to placebo in hippocampal volume change with a Welch two-sample t-test
(Welch, 1947). Second, within the GnRHa group only, we used multiple linear regression models to
determine associations between changes in hippocampal volume, change in estradiol, and the
emergence of depressive symptoms. In the first model, we determined if GnRHa-induced changes
in estradiol concentrations were associated with change in hippocampal volume, in interaction
with or controlled for either SERT binding at baseline or change in SERT binding. Then, we
evaluated if there was a main effect of change in hippocampal volume on the emergence of
depressive symptoms within the GnRHa group, in interaction with or adjusted for the known effect

of change in estradiol. All of these models were reviewed for potential contributions from age.
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It was not possible to perfectly time MR scans with other study elements. Time delays of more
than five days between MR scans and either blood samples, HAMD-17 or PET scans were
considered potentially problematic for association analyses, since larger changes in hormone
milieu might have occurred. Thus, we ignored data from individuals where these measures were
more than five days apart in both groups at baseline (n = 3, all in GnRHa group) and at follow-up in
the placebo group (n = 1). This cut-off was chosen as a conservative approach to the closeness of
observations. They were not ignored for the GnRHa group at follow-up, as participants were
considered fully downregulated in their estradiol concentrations for the entire period (Thomas et
al., 1986). A total of four participants were ignored in change analyses (GnRHa: n = 3, placebo: n =
1). In between group analyses, all available data points were included.

Potential lateralization of the association between estradiol and hippocampal volume and
between hippocampal volume and depressive symptoms was reviewed with a linear mixed effects
model. A similar approach was used for group comparisons. We found no indication of a
lateralization. Further, log-likelihood ratio tests supported that the inclusion of left and right
hippocampus separately did not improve model fit compared to mean hippocampal volume
pooled from both brain hemispheres. Thus, we used a mean hippocampal volume in all analyses.
The reported p-values were not adjusted for multiple comparisons as the study was driven by few
a priori hypotheses and all other models were used for robustness analyses. p-values < 0.05 were

considered statistically significant.

Study 2

Participants and design

An overview of the study design can be found in Figure 4.

For the purpose of CSF collection in relation to caesarean section (C-section), only women who
were planned to deliver by C-section with spinal anesthesia were eligible for the study. Thus,
recruited 100 healthy women, pregnant in week 38-42 and planned to deliver by C-section from
obstetric departments at Rigshospitalet and Herlev Hospital, both Copenhagen University Hospital,
Denmark. The study was approved by the local ethics comity in the Capital Region of Denmark
(protocol H-18029563) and all participants gave written informed consent.

Inclusion criteria:
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e 18-40 yearsold
e Planned C-section due to breech position of the child, previous C-section, previous
myomectomy, obstructing fibroid tumor, previous rupture of the anal sphincter, or
uncomplicated placenta previa.
Exclusion criteria:

e Previous or current severe somatic or psychiatric illness

Pregestational BMI below 18 or above 35

e Severe postpartum bleeding

e Infant with severe illness

e Use of medications that affect the central nervous system

e Substance abuse

e Non-fluent in Danish

e Severe learning disabilities

e Impaired vision or hearing.
Screening included questionnaires on mental well-being, medical history and blood tests. Out of
the included participants, eight had a psychiatric history of mild anxiety or depressive symptoms,
including three cases of postpartum depression. Further two suffered either intrauterine fetal
death or neonatal dead in relation a previous pregnancy. Two women had a possible
thromboembolic episode in pregnancy and injected heparin, two women had a history of
migraine, two had congenital urogenital anomalies, and one had a remitted thyroid disease. About
one third of the participants were enrolled during the Severe Acute Respiratory Syndrome

Coronavirus-2 (COVID-19) pandemic of 2020.

Pregnant
Gestational week > 37 Day of C-section 5 weeks postpartum >
MDI Blood samples for estradiol Blood samples for estradiol
psal CSF for 5-HIAA EPDS
STAI MDI
psQl
STAI

Abbreviations: MDI, Major Depressive Inventory,; PSQI, Pittsburg Sleep Quality Index; STAl, State-Trait Anxiety Inventory, state version; CSF, cerebrospinal fluid; 5-HIAA, 5-
hydroxyindolacetic acid; EPDS, Edinburgh Postnatal Depression Scale.

Figure 4. Overview of the study design.
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Missing data

Out of the 100 women, four gave birth vaginally and were immediately excluded. Another 14 did
not complete follow-up: three gave birth to infants with severe illness, two left the study for
personal reasons, and we lost contact with nine before their week five appointment. Of the
remaining 82, 19 had missing data at follow-up. One was enrolled under an older protocol version
that did not include blood samples at week five. Five were not able to come in for blood samples
due to COVID-19 related restrictions. Thirteen had non-compliance on questionnaires. Further,
technical issues meant that quantification of CSF markers failed for two participants and
genotyping for one participant. Only one woman developed significant depressive symptoms, but
we were not able to describe a trajectory for clinically depressed cases and thus excluded her data
from postpartum-, but not antepartum, analyses. Thus, complete data across all time points were

available for 59.

Questionnaires and interviews

Levels of mental distress and depressive symptoms were quantified with questionnaires across the
perinatal period. The main outcome was Edinburgh Postnatal Depression Scale (EPDS) score at
week five. Antepartum, questionnaires were used for screening purposes, including the Major
Depressive Inventory (MDI), State Trait Anxiety Inventory (STAI) and Pittsburgh Sleep Quality Index
(PSQl). These questionnaires were repeated at week five postpartum. We used the Mini-
International Neuropsychiatric Interview (M.I.N.l.) to make sure that no participant had an

undiagnosed severe psychiatric disorder.

Edinburgh Postnatal Depression Scale (EPDS)

Edinburgh Postnatal Depression Scale (EPDS; Cox et al., 1987) is a 10-item questionnaire that
targets self-reported depression symptoms in the postpartum period, each item is rated from 0-3,
resulting in a score range of 0-30, with higher scores reflecting more symptoms. We used a Danish
validated version of the Edinburgh Postnatal Depression Scale (EPDS; Smith-Nielsen et al., 2018),

which suggests that a postpartum score of 11 or more can be used for screening purposes. The
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Danish version has not yet been validated for antenatal use; thus we did not administer it in

pregnancy.

Major depressive inventory (MDI)

Major Depressive Inventory (MDI, Bech et al., 2001), is a scale for self-reported depressive
symptoms and can be used for both diagnosis in accordance with ICD-10 (World Health
Organisation, 1992) and DSM-IV (Del Barrio, 2016) criteria and for quantification of symptoms
severity. It consists of 10-items and has a possible score range from 0-50, higher scores indicate
more depressive symptoms. Cut-off for mild depression is a score of at least 21, for moderate to

severe it is 26 (Bech et al., 2015).

State Trait Anxiety Inventory (STAl)

State Trait Anxiety Inventory (STAI; Spielberger et al., 1983) is a 40-item questionnaire for
guantification of self-reported anxiety symptoms, each item is rated on a 4 point Likert scale. STAI
is divided in a 20-item scale for trait anxiety symptoms and a 20-item scale for state anxiety
symptoms. For each subscale, possible scores range from 20-80, with higher scores corresponding
to more symptoms. We only used the state subscale in the current study, which rates symptoms at
the exact moment it is completed. It can be used for diagnostic purposes, for pregnancy and

postpartum cut-offs of 40 and 34, respectively, have been suggested (Tendais et al., 2014).

Pittsburg Sleep Quality Index (PSQl)

Pittsburg Sleep Quality Index (PSQI; Buysse et al., 1989) consists of 19 self-rated questions
grouped into seven component scores, each weighted equally on a 0-3 scale. The component
scores are summed to a global PSQI score, with a range of 0-21. Higher scores indicate worse sleep
quality and scores above 5 indicate disturbed sleep. In the current study a version that concerned

the past two weeks sleep was used.
Mini-International Neuropsychiatric Interview (M.I.N.I.)
For the purpose of screening for undiagnosed severe previous psychiatric disorders, we used the

Mini-International Neuropsychiatric Interview (M.I.N.I.; Sheehan et al., 1998), which is a
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structured diagnostic psychiatric interview for both DSM-IV and ICD-10. The interview was

completed at week five postpartum.

Estrogen analyses

Blood samples for estradiol (E2) analyses were collected before C-section (median: 0 days, range:
[0; 2]) and repeated five weeks postpartum (median: 35 days, range: [15; 66]). Serum samples
were centrifuged 30 minutes after collection and transferred to -20 °C within 3 hours from
collection. Concentrations of estradiol were measured simultaneously with the estrogens estrone
and estriol in serum samples as described in Frederiksen et al., 2020. Briefly, estrogens including
E2 were purified from 200 plL thawed serum sample by liquid—liquid extraction using
heptane/ethyl acetate. This was followed by analysis on a Dionex UltiMate 3000 UHPLC system
with integrated Transcend TLX TurboFlow sample preparation system, coupled with triple
guadrupole mass spectrometer (TSQ Quantiva) from Thermo Scientific controlled by Aria MX 2.2
and Xcalibur 4.0 software. The TurboFlow liquid chromatography tandem mass spectrometry
system was equipped with a loading Cyclone-P TurboFlow column, for further sample extraction,
followed by an analytical Kinetex® Phenyl-Hexyl column, for chromatographic separation of
estrogens. The tandem mass spectrometry system was equipped with a heated electrospray

ionization source running in negative mode. The Total duration time 5.50 minutes

Cerebrospinal fluid samples and neurotransmitter analyses

Cerebrospinal fluid (CSF) was collected as a part of the anesthetic procedures for the C-section.
Briefly, anesthesiologists collected 0.5-1 ml of CSF during spinal anesthesia, which was
immediately transferred to dry ice and subsequently stored at -80 °C.

CSF concentrations of 5-hydroxyindoleacetic (5-HIAA) , serotonin (5-HT), norepineprine (NE), 3-
methoxy-4-hydroxyphenylglycol (MOPEG), and homovanillic acid (HVA) were assayed by high-
performance liquid chromatography with electrochemical detection, as detailed in (Weikop et al.,
2007). Briefly, 10 uL of the samples was injected onto a Prodigy C18 column (100 x 2 mm I.D., 3-
um particle size, YMC Europe, Schermbeck, Germany) at flow rate of 0.15 mL/min. The mobile
phase consisted of 55 mM sodium acetate, 1 mM octanesulfonic acid, 0.1 mM Na2EDTA and 7%

Acetonitrile, adjusted to pH 3.7 with 0.1 M acetic acid. It was degassed using an on-line degasser.
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The electrochemical detection was conducted with an amperometric detector (Antec Decade from
Antec, Leiden, The Netherlands) with a glassy carbon electrode set at 0.7 V, with an Ag/AgCl as
reference electrode. The output was recorded on a computer program system CSW (Data Apex,

Prague, The Czech Republic). This was used to calculate the peak areas.

5-HTTLPR genotyping

Analysis was performed on full blood samples drawn prior to C-section and stored at =20 °C. We
used a modified version of a previously published method (Kalbitzer et al., 2010). The full
description can be found in Manuscript 2. Briefly, DNA was extracted from blood with a Chemagic
360-D (PerkinElmer, Waltham, Massachusetts) according to the manufacturer's guidelines. We
performed 5-HTTLPR (SLC6A4; rs774676466) genotyping by PCR amplification with the forward
primer 5’-TAATGTCCCTACTGCAGCCC-3’ and reverse primer 5'-GGGACTGAGCTGGACAACC-3’ and
separation of the fragments by gel electrophoresis. For statistical analyses, participants were

dichotomized into long allele homozygotes (LL) or carriers of the short allele (S-carrier).

Statistical analysis

Here, statistical analyses for main findings are detailed. For a full description of all analyses, please
see Manuscript 2.

As EPDS only is validated for postpartum use in Danish, we were not able to adjust for antepartum
levels of mental distress. We kept this structure for STAI, PSQl and MDI as well, since antepartum
scores might be biased from stress prior to C-section and thus have introduced noise. However,
we used linear mixed-effects models with an unstructured covariance matrix to describe mental
distress changes across the whole perinatal period.

Estradiol was log-transformed (log2) to ensure normally distributed data. The ante- to postpartum
change in estradiol was modelled as postpartum minus antepartum (AE2). Thus, a large ante- to
postpartum decrease corresponded to a large negative value.

We used multiple linear regression models to test if either 5-HIAA or AE2, controlled for age, parity
and 5-HTTLPR genotype, was associated with EPDS at week five. 5-HIAA and AE2 were not
mutually adjusted, to ensure that each model included all available date. Potential age, parity and

5-HTTLPR genotype interaction effects with either 5-HIAA or AE2, were evaluated in similar
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models. However, we used a model with both 5-HIAA and AE2 to evaluate if they interacted in
promoting mental distress and if not, to ensure that the effects were independent. Age, parity and
5-HTTLPR genotype were chosen because they are known risk factors for perinatal depression
(Aasheim et al., 2012; Garcia-Blanco et al., 2017; Gavin et al., 2005; Munk-Olsen et al., 2014;
Muraca and Joseph, 2014; Sanjuan et al., 2008; Tavares Pinheiro et al., 2013). Number of days
from C-section to follow up was also considered as a potential covariate. Log-likelihood-ratio test
indicated that only parity and 5-HTTLPR were relevant covariates, but we included age as well
since primiparous women were younger than multiparous women. In addition to the main
analyses, we evaluated if 5-HIAA was associated with mental distress antepartum, to rule out that
postpartum associations were carried over from late in pregnancy. Supplementary analyses, to
roughly evaluate if a 5-HIAA antepartum 5-HIAA might be a result of estradiol effects on MAO
activity in pregnancy, included antepartum associations between E2 and monoaminergic
neurotransmitters or their metabolites, including 5-HIAA, 5-HT, 3-methoxy-4-hydroxyphenylethyl-
glycol (MOPEG), homovanillic acid (HVA) and norepinephrine (NE). For 5-HIAA and 5-HT we also
included 5-HTTLPR in the model. Similarly, we evaluated if 5-HT, MOPEG, HVA and NE equally well
explained mental distress postpartum, as an indication of MAO activity being the underlying
mechanism. P-values were not adjusted for multiple comparisons. p < 0.05 was considered

significant.

Study 3

Participants and design

Participants included in Study 2 were invited to a neuroimaging program, approved under the
same ethics protocol. An outline for this program can be found in Figure 5. It included 'C-
SB207145 PET scan for cerebral 5-HT4R quantification and structural MRI for hippocampal volume
guantification. Out of the 100 women included in Study 2, 31 consented to participate in the
neuroimaging program. Out of these 31 women, all completed a structural MRI scan and 23 also
completed a *1C-SB207145 PET scan, between week 3-5 postpartum. Study 3 reports from this
imaging subgroup.

Inclusion criteria and exclusion criteria were as in the main study, with the addition of two

exclusion criteria: contraindications for MRI scans and exposure to radioactivity of > 10 mSv within
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the last year. Participants included in the imaging program continued to follow the study program
for Study 2. To provide a reference for the data, healthy female controls from other projects
conducted at approximately the same time as Study 3, were chosen from the CIMBI database
(Knudsen et al., 2016) based on the following criteria: Female sex, age 18-40 years, no use of oral
contraceptives, 11C-SB207145 images and/or structural MRI scans acquired on the scanners used
for the postpartum women. 24 women fitted the criteria and had undergone C-SB207145, of
these, 22 were scanned on the same MR scanner as the postpartum women. All were screened for

mental and physical illness as a part of their participants in other projects.

Day of C-section 3-5 weeks postpartum
—
Blood samples for estradiol Blood samples for estradiol
CSF for 5-HIAA EPDS
HAMD-17

Neuroimaging with MR and PET

CSF, cerebrospinal fluid; 5-HIAA, 5-hydroxyindolacetic acid; EPDS, Edinburgh Postnatal Depression Scale; HAMD-17,
17-item Hamilton depression scale; MR, magnetic resonance imaging; PET, positron emission tomography.

Figure 5. Neuroimaging program overview of design. 100 women were included in a cohort study
across late pregnancy and early postpartum (see Figure 4). A subgroup of 31 women was invited to
participate in a neuroimaging program that included MR and PET scan in the early postpartum

period.

Mental distress quantification

We used the HAMD-17 interview (described under Study 1) to rate perinatal mental distress in the
imaging subgroup. Participants were interviewed by a trained clinician or a student under
supervision. The women, who underwent both PET and MR scans, were interviewed in relation to

their PET scan, while the rest were interviewed on the day of the MR.
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To ensure that any uniquely postpartum symptoms also were captured, we included data from the
EPDS (described in Study 2), which the participants completed five weeks postpartum as a part of

their participation in Study 2.

Blood samples and serotonergic markers in cerebrospinal fluid

Participants included in Study 3 continued to be a part of Study 2. Thus, samples for estimation of
antepartum and postpartum serum estradiol concentrations and antepartum CSF 5-HIAA levels
were collected and analyzed exactly as described under Study 2. Postpartum blood samples were
collected on the PET scan day or, for those who only underwent MR, on the MR scan day. In line
with Study 2, estradiol concentrations were log-transformed (base = 2) and change in log-
transformed estradiol concentrations (AE2), was modelled as follow-up minus baseline, i.e., a large

negative value reflects a large decrease.

Structural MRI acquisition and hippocampal volume estimation

T1 -weighted whole-brain structural MRI scans (MPRAGE sequence) were acquired on a 3 Tesla
Prisma scanner (Siemens, Erlangen, Germany) with a 64-channel head coil with the following
image acquisition parameters: T1 scans: inversion time =900 ms, TE = 2.58 ms, TR = 1900ms, flip
angle = 9°, in-plane matrix = 256 x 256, in-plane resolution = 0.9 x 0.9 mm, 224 slices and a slice
thickness of 0.9 mm, no gap. All MR images were evaluated by a specialist in neuroradiology in
order to rule out any pathological conditions. Two participants had anatomical variants within the
normal spectrum (arachnoid cyst and persistent cavum septum pellucidum). For the purpose of
hippocampal volume extraction, T1 weighted images underwent automatic subcortical
segmentation in the standard cross-sectional pipeline in FreeSurfer 7.1

(https://surfer.nmr.mgh.harvard.edu/, Fischl et al., 2002b; Puonti et al., 2016). Quality control

steps followed the ENIGMA (http://enigma.usc.edu/) protocol. Additionally, all images were

manually inspected for segmentation errors. We extracted the estimated volume of left and right
hippocampus for statistical analysis. T1-weighted images were also segmented into white matter,
grey matter and CSF in SPM8 (http://www.fil.ion. ucl.ac.uk/spm/) for delineation of PET regions of

interest.
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Acquisition of PET data in breastfeeding women

For 5-HT4R imaging we used the radioligand *'C-SB207145. Radioactive labelling with *1C is
particularly suitable for PET imaging in breastfeeding women, as it has a short half-life of about 20
min. Prior to injection of the tracer, but after the radioactive calibration source had been
removed, mothers were allowed to have the infant with them in the scanner room, if they wanted
to. Mothers who decided to bring their child with them to the scanner room were encouraged to
breastfeed about 30-45 minutes before initiation of the PET scan. No later than 15 minutes before
initiation of the PET scan, mothers left the infant in the care of a close relative or a member of the
research team. To ensure that the infants not were exposed to radioactivity, this person cared for

the child at a different location until 10 half-lives had passed.

PET data acquisition and kinetic modelling

We administered a bolus injection of 11C-SB207145 over 20 seconds and conducted a 120-minute
dynamic PET scan on a high-resolution research tomography PET scanner (CTI/Siemens, Knoxville,
TN, USA). To reduce radiation exposure, we aimed at an injected radioactive dose of 500 MBq
(mean: 503.3 MBq, SD: 10.7).

Reconstructed and attenuation corrected PET images were motion corrected in AIR 5.2.5 (Woods
et al., 1992) and co-registered to the corresponding MR image in SPM8
(http://www.fil.ion.ucl.ac.uk/spm), before automated regional delineation in Pvelab (Svarer et al.,
2005). Regional TACs were extracted for kinetic modelling in PMOD (PMOD version 3.0, Zurich,
Switzerland). BPNDs for neostriatum, neocortex (a volume-weighted average of all cortical
regions) and hippocampus, quantified with the SRTM (Lammertsma and Hume, 1996), were

extracted for statistical analysis.

Statistical analysis

Here, statistical analyses for main findings are detailed. For a full description of all analyses, please
see Manuscript 1.

Group differences in age and MDI was evaluated with Wald type t-tests, while group differences in
the distribution of 5-HTTLPR genotype was evaluated with Fisher’s exact test. A t-test revealed

that non-postpartum women were significantly younger than postpartum women. Previous
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studies of the 5-HT4R with 1'C-SB207145 have reported minor age effects (Madsen et al., 2011)
and there is a well-established decrease in hippocampal volume with age (Nobis et al., 2019).
Thus, we used linear regression models controlled for age to evaluate if the postpartum women
were significantly different from non-postpartum women in terms of 5-HT4R brain binding and
hippocampal volume.

For analyses within the postpartum group, we used multiple linear regression models to evaluate
our hypotheses. We first determined if hippocampal volume or 5-HT4R brain binding was
associated with mental distress at week five postpartum, evaluated with HAMD-17 and EPDS. Data
from Study 2, which these participants were recruited from, suggested that perinatal AE2,
antepartum 5-HIAA, age, parity and 5-HTTLPR genotype might be potentially relevant covariates.
Further, 5-HTTLPR has known effects on 5-HT4R brain binding (Fisher et al., 2012). Additionally,
some women did not complete the MR scans for hippocampal volume on the same day as HAMD-
17 and EPDS. The number of days between distress rating and MR scan was considered a potential
covariate for the hippocampal volume analyses. We used the Akaike information criterion (AIC) for
model selection to avoid overfitting of the model. Parity and AE2 were relevant covariates in
models that associated 5-HT4R or hippocampal volume models with EPDS. Only parity was
relevant in models associating 5-HT4R or hippocampal volume with HAMD-17, but we included
AE2 to maintain the same analysis structure. Number of days between distress scoring and MR
was a relevant covariate for associations between hippocampal volume and mental distress.

Thus, we evaluated the association between mental distress and hippocampal volume in a model
adjusted for parity, AE2 and days between scan and rating, and the association between mental
distress and 5-HT4R brain binding in a model adjusted for parity and AE2.

Further, we used simple linear regression to evaluate if postpartum 5-HT4R brain binding was
associated with antepartum 5-HIAA.

5-HT4R brain binding and AE2 in interaction effects on hippocampal volume postpartum, was
evaluated in multiple linear regression models adjusted for age and parity, Age and parity status
were considered relevant covariates, due to their potential effects on hippocampal volume
(Hoekzema et al., 2017; Nobis et al., 2019), this was confirmed with AIC. MR scans were also of
often conducted on a different day than PET and blood samples. Thus, we considered including the

time difference between MR and PET/blood samples in this model, but AIC indicated that it did
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not improve model fit. Follow-up analyses confirmed that it did not substantially change the

results.

Reported p-values are not adjusted for multiple comparisons. p < 0.05 was considered significant.

Results

Here the main results for the thesis are presented. Please see Manuscript 1-3 for full details and

results.

Study 1

Descriptive statics
Data on demographics, hormone levels and mean hippocampal volume for the two groups can be

found in Table 1. The median age at inclusion was 22.4 years old (range: [18.4; 37.2]).

Table 1. Demographics, hippocampal volume and estradiol concentrations in the GnRHa and

placebo group at baseline and follow-up. From Manuscript 1, Table 1.

Baseline Follow-up

GnRHa Placebo p-value Effect size GnRHa Placebo p-value Effect size

Age
+ + a ¢ - -
Mean+SD 23.3+3.3 25.445 0.11 0.43 _ _

5-HTTLPR

genotype b 1.1 ) )
LALA /S- 10/21 10/19 1 [0.33;3.70]¢ - -

carrier

Mean
hippocampal
volume in 42824364 | 41641374 0.22¢ 0.32¢ 42561319 | 41774390 0.39¢ 0.22¢
mm3
Mean+SD

Estradiol

concentration |, 15.0.09 | 0.19+0.11 | 0.96° 0.01¢ 0.0740.03 | 0.36+0.23 | <0.001° 1.62¢
in nmol/L

Mean+SD

Hamilton
score
Mean+SD

1.16+£1.55 | 1.59+2.23 0.4¢ 0.22¢ 3.23+3.23 1.76+1.79 0.03¢ 0.56°

9: two-sample t-test

b: Fisher’s exact test

¢: Cohen’s d

4 0dds ratio with 95% Cl
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Effect of intervention on hippocampal volume
Hippocampal volume decreased more in the GnRHa group, than in the placebo group, but this did

not reach statistical significance (mean difference in change = 37.9 mm3, 95% Cl: [-13.155;

88.956], p = 0.14, Figure 6).
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Figure 6. Differences in hippocampal volume change between the GnRHa and placebo group
In the GnRHa group, hippocampal volume decreased from baseline to follow-up (mean change = -

27 mm?3), but the change was not significantly different from mean change in hippocampal volume
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in the placebo group (mean change = 11 mm?>; (p = 0.14). Black dots represent mean change in

hippocampal volume, error bars represent SD. Reproduced from manuscript 1.

Association between change in hippocampal volume and change in estradiol in the GnRHa group
and interaction with serotonin brain binding

There were no interaction effects on hippocampal volume between change in estradiol and change
in neocortical SERT binding (Basert = 1420.30, 95% Cl: [-1333.41; 4174.01], p = 0.3) or neocortical
SERT binding at baseline (-234.6, 95% Cl: [-1859.65; 1390.43], p = 0.77). However, change in
estradiol was significantly associated with hippocampal volume, when controlled for SERT binding
at baseline (Baestradiol = 56.93, 95% Cl: [1.98; 111.89], p = 0.04; BserT baseline = 698.60, 95% Cl: [22.97;
1374.24], p = 0.04, Figure 7). No such associations were found when change in SERT was included
(Bestradiol = 48.5, 95% Cl: [-10.48; 107.48], p = 0.1; Baserr = 148.53, 95% Cl: [-692.2; 989.27], p = 0.72).

Adjusting for age made no difference in any of the models.

|_

@ °

w °

2

= »

§ °

o 100+

S

ge]

o

1]

=

ie]

@©

p=

£ 0+

=

[(}]

£

>

o

>

8

£

g -1001 o *

8. .. Y d

o1

T

<] T T T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5

Alog(estradiol)

46



Figure 7. Association between estradiol and hippocampal volume in the GnRHa group. GnRHa-
induced change in estradiol concentration was positively associated with change in hippocampal
volume (Bestradiol = 56.93, p = 0.04), in a model adjusted for SERT binding at baseline (residuals are
used to visualize hippocampal volume controlled for baseline SERT binding). Grey zone represents

the 95% Cl for the regression line. Reproduced from manuscript 1.

Association between changes in hippocampal volume and the emergence of subclinical depressive

symptoms in the GnRHa group
We previously published an increase in depressive symptoms, measured as Hamilton score, in

response to GnRHa compared to placebo (Frokjaer et al., 2015). However, we observed no
significant association between change in hippocampal volume and the emergence of depressive
symptoms within the GnRHa group, adjusted for estradiol change (Batippocampus = 0.01, 95% ClI: [-
0.006; 0.025], p = 0.21, Figure 8). Nor was change in estradiol (dichotomized with a median split) in
interaction with hippocampal volume associated with depressive symptoms in the GnRHa group
(Bestradiol large decrease-by-ahippocampal volume = 0.009, 95% Cl: [-0.02; 0.04], p = 0.53). Inclusion of change in

SERT or SERT at baseline did not substantially change these results (all p-values > 0.2).
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Figure 8. Association between change in hippocampus volume and the emergence of depressive

symptoms. We observed no significant association between change in hippocampal volume and

the emergence of depressive symptoms, measured as change in Hamilton depression score

(B aHippocampus = 0.01, p = 0.21). Black line represents regression line with 95% Cl. Reproduced from

manuscript 1.

Study 2

Descriptive statistics

Sample characteristics are described in Table 2. At follow-up the number of participants with

available data varied. Forty-four women underwent C-section due to fetal breech position; 39 due

to previous C-section; 2 due to placenta previa; 7 due to previous rupture of anal sphincter; and 4

due to uterine fibroid or previous myomectomy. Scores of postpartum depressive symptoms were

within the normal spectrum, although the average anxiety and sleep disturbances scores were

close to or above suggested cut-offs.

MDI score decreased significantly across the antepartum to postpartum transition, (estimate: -

2.09, 95% Cl: [-3.33; -0.84], p = 0.001). A similar pattern was seen for STAIl scores (estimate: -5.6,

95% Cl:[ -7.36; -3.85], p <0.001). PSQl score did not change significantly across the peripartum

period (estimate: 0.17, 95% Cl:[ -0.55; 0.88], p = 0.65).

Table 2. Antepartum characteristics, neurotransmitter concentrations, peripartum mental
distress and peripartum estradiol concentrations. From Manuscript 2, Table 1.

Antepartum Week five postpartum
(n=96) (n=82)
Demographics
Parity at inclusion 38/57¢ -
(0 /21 child)
Age 34 (3) /34 (23; 41) -
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Mean (SD) / Median

(range)

5-HTTLPR genotype LL | 28 /67° -
vs. S-carrier

Sex of child (Boy/Girl) | 52/44 -

E2 and 5-HIAA

Estradiol (E2) in pmol/L
Mean (SD)

79387 (26630)

81 (152)¢

Change in E2 (pmol/L)
Mean (SD)

-78585 (27949)

5-HIAA in CSF in
fmol/10uL
Mean (SD)

1164.86 (366.71)°

Mental distress

EPDS
Mean (SD)

4.06 (4.22)

MDI
Mean (SD)

8.12 (5.25)

6.45 (6.07)"

STAIl €
Mean (SD)

32.51(9.02)

27.17 (8.85)"

psql f
Mean (SD)

6.74 (3.2)

7.07 (3)"

9n =95, parity not logged for one dropout; ? n = 95, analysis failed for one woman; ¢ n =94,

analysis failed for two women; €n=92;/n=86;9n=76; "n=69

Mental distress and associations with 5-HIAA, E2, 5-HTTLPR, age and parity

AE2 was significantly associated with EPDS at week five postpartum, unadjusted for 5-HIAA
contributions ( Bae2=0.73, 95% Cl: [0.21; 1.25], p = 0.007; Figure 9, A). There was a parity-by- AE2

interaction effect, such that in multiparous women, a /arge decrease in E2 was associated with less
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mental distress, measured with EPDS, while there was no association in the primiparous group
(BaE2-by-parity = 1.46, 95% CI:[ -2.58; -0.33], p = 0.01). We found no significant interactions between
AE2 and 5-HTTLR (Bac2-by-s-ntTier = -0.81, 95% Cl: [-2.12; 0.51], p =0.22) or between AE2 and age
(BaE2-by-age = -0.02, 95% Cl: [-0.17; 0.14], p = 0.84).

5-HIAA was positively associated with depressive symptoms with borderline significance, when not
adjusted for AE2 contributions (Bs-niaa= 0.002, 95% Cl: [-7x10-5; 0.004], p = 0.06, see Figure 9, B).
In this model, 5-HIAA did not interact with age (Bs-tiaa-by-age = 0.0003, 95% CI: [-0.0003; 0.0008], p =
0.36) or parity (Bs-Hiaa-by-parity = -0.002, 95% Cl: [-0.006; 0.002], p = 0.32). Mutually adjusted
(complete cases only, n = 59), 5-HIAA and AE2 associations with EPDS were similar, but less
significant (Bae2 =0.63, 95% Cl: [0.09; 1.16], p = 0.02; Bs-1iaa= 0.002, 95% Cl: [-0.0004; 0.004], p =
0.12). 5-HIAA and AE2 did not interact with each other in promoting mental distress (Bs-Hiaa-by- a2 =
-0.0002, 95% Cl: [-0.001; 0.001], p =0.79). Adjusted for both 5-HIAA and AE2, first time mothers
had significantly more symptoms on EPDS (Bparity = 1.66, 95% ClI: [0.03; 3.29], p = 0.05), but neither
age (Bage = 0.03, 95%cl: [-0.18; 0.25], p = 0.76) nor 5-HTTLPR were associated with EPDS (Bs-1rripr =
1.44, 95% Cl: [-0.41; 3.29], p = 0.12). Mental distress evaluated with MDI, STAl and PSQl is detailed
in Table 3. Supplementary analyses indicated that 5-HIAA may have been associated with anxiety
in pregnancy (Bs-niaa: 0.006, 95% Cl: [0.001; 0.01], p = 0.02), but not mood (0.001, 95% CI: [-0.002;
0.01], p = 0.36) or sleep (0.0004, 95% Cl: [-0.002; 0.002], p = 0.69).

Table 3. 5-HIAA and AE2 associations with postpartum anxiety, sleep disturbances and mood,

controlled for 5-HTTLPR, parity and age. From Table 2 Manuscript 2.

MDI STAI Psal
8 (95% Cl) p 6 (95% Cl) p 6 (95% Cl) p
5-HIAA | 0.003 (0.0006; 0.02 | 0.004 (8x105; 0.05 | 0.002 (-0.002; 0.81
0.006) 0.008) 0.002)
AE2 0.77 (0.07; 1.46) | 0.03 | 0.21(0.08;2.34) |0.04 |0.71(0.27;1.14) |0.002

Figure 9. A) Association between 5-HIAA concentrations in CSF and EPDS residuals after adjusting

for age, parity and 5-HTTLPR (Bs.niaa = 0.002, p = 0.06). Linear regression line has 95% Cl. B)
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Association between Alog(estradiol) and EPDS residuals after adjusting for age, parity and 5-

HTTLPR (Bae2=0.73, p = 0.007). Linear regression line has 95% Cl. From manuscript 2, Figure 2.
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Supplementary analyses to illuminate potential contributions from MAO

Supplementary analyses for Study 2 of antepartum associations between estradiol and MAO

degraded monoaminergic neurotransmitters or their metabolites are shown in Table 4. Data were

available for 5-HIAA, serotonin (5-HT), norepinephrine (NE), 3-methoxy-4-hydroxyphenylglycol

(MOPEG) and homovanilic acid (HVA). Supplementary analyses to evaluate the contributions from

other MAO degraded neurotransmitters/metabolites to mental distress are detailed in Table 5.

supplementary Table 2, manuscript 2.

Table 4. Associations between antepartum estradiol and CSF markers. Modified from

CSF marker Be2 p

5-HIAA 16.81 ¢ 0.84
5-HT 1.62° 0.74
NE -16.55° 0.11
MOPEG 66.69° 0.16
HVA -108.34°5 0.33
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9 Adjusted for age and 5-HTTLPR contributions (neither had significant associations)

b Adjusted for age (no significant associations)

Table 5: 5-HT, MOPEG, HVA and NE associations with postpartum EPDS score, adjusted for AE2,
age, parity and 5-HTTLPR. Modified from Supplementary table 3 and 4, manuscript 2.

6 p
5-HT -0.01 0.47
MOPEG ® 0.19 0.74
HVA @ 0.77 0.07
NE @ 0.81 0.13

9 Log-transformed due to non-normality

Study 3

Descriptive statistics
Healthy controls were significantly younger than postpartum women (mean difference: 9.45 years,

95% Cl: [7.25; 11.65], p < 0.001), but did not differ in terms of 5-HTTLPR genotypes (postpartum
women: 8 LL and 23 S-carriers; and healthy controls: 8 LL and 16 S-carriers; p = 0.57) or MDI (mean
difference: 0.23, 95% Cl: [-1.82; 2.29], p = 0.82). Sample characteristics for the postpartum women
can be found in Table 6. Postpartum women were on average MR scanned 30 days (range: [20;
43]) postpartum and PET scanned 29 days postpartum (range: [15; 42]). On average, there were 5
days between MR scans and blood samples or HAMD-17 (range: [-13; 16]) and 6 days between MR
and EPDS (range: [-21; 16]). On average, there were 7 days between MR and PET scans (range:[-
13;16]).

Table 6. Characteristics for postpartum women. All 31 completed structural MR scans, 23

women also completed 1C-SB207145 PET. From Manuscript 3, Table 1.

MR scanned (N = 31) PET scanned (N = 23)
Antepartum Week five Antepartum Week five
Age (years) 34 (4)° - 34 (4)° -
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Parity (multiparous /

- 16/15 11/12
primiparous)
Sex of child (male
16/15 12/11
/female)
5-HTTLPR LL/S-carrier 8/23 - 5/18 -
MDI 7.16 (4.38)@ 5.59(3.24)9 | 7.70?(4.52)° | 5.67(3.23)°
HAMD-17 - 0.81(1.8)¢ - 1.04 (2.03)@
EPDS - 3.93 (2.73)@ - 3.71(2.8)°
E2 in pmol/L 83399 (30356)¢ 106 (231)¢ 85063 (30548)“ 59 (57)¢
-83293 -85004
AE2 in pmol/L - -
(30293)¢ (30550)¢

5-HIAA in fmol/10puL

1071.37 (420.47)

a

1058.22 (449.49)

a

9 Mean (SD)

Postpartum women compared to healthy controls: 5-HT4R binding, hippocampal volume and age
We found no significant differences between postpartum women and healthy controls in age-

adjusted 5-HT4R brain binding in neostriatum (Bgroup = 0.13, 95% Cl: [-0.35; 0.6], p = 0.6; Bage = -

0.01, 95% CI: [-0.05; 0.03], p = 0.63, Figure 10, A), neocortex (Bgroup = 0.003, 95% Cl: [-0.08; 0.09], p

= 0.95; Bage = -0.003, 95% Cl: [-0.01; 0.004], p = 0.42) or hippocampus (Bgroup = 0.1, 95% CI: [-0.09;

0.29], p = 0.31; Bage= 0.002, 95% ClI: [-0.01; 0.02], p = 0.77). Group differences in 5-HT4R brain

binding were similar without age-adjustment (neostriatum, mean difference: 0.22, 95% Cl: [-0.52;

0.09], p = 0.17; neocortex, mean difference: 0.03, 95% Cl: [-0.09; 0.03], p = 0.29; hippocampus,

mean difference: 0.08, 95% Cl: [-0.2; 0.05], p = 0.23).

We found no significant difference between postpartum women and healthy controls for mean

hippocampal volume, adjusted for age (Bgroup = 154.86, 95% Cl: [-122.07; 431.79], p = 0.27; Bage =

5.86, 95% Cl: [-16.82; 28.54], p = 0.61; Figure 10, B) and not adjusted for age (mean difference:
100.42, 95% Cl: [-77.96; 278.8], p = 0.26).
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Age-adjusted neocortical 5-HT4R binding (residuals)

0.0

A) 5-HT4R binding

Postpartum

Group

Naturally cycling

Age-adjusted mean hippocampal volume (residuals)

400

-400

B) Hippocampal volume

Postpartum
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Maturally cycling

Figure 10. Group differences in A) age adjusted 5-HT4R binding in neostriatum (residuals) and B)
age adjusted hippocampal volume (residuals). We observed no significant difference between non-
postpartum and postpartum women in terms of 5-HT4R brain binding (all p > 0.6) or hippocampal

volume (p = 0.61).

Mental distress, hippocampal volume, 5-HT4R binding and 5-HIAA in postpartum women
EPDS and HAMD-17 were not associated with 5-HT4R binding, adjusted for AE2 and parity, in

neostriatum (HAMD-17: Bs.yrar= 0.52, 95% Cl: [-1.32; 2.35], p = 0.56; EPDS: Bs-ntar = 0.94, 95% [-
3.25; 1.36], p = 0.40) or neocortex (HAMD-17: Bs.x7ar = 6.36, 95% Cl: [-3.95; 16.67], p = 0.21; EPDS:
Bs-Hrar = -3.03, 95% Cl: [-9.82; 15.89], p = 0.63). There was a positive association between EPDS or
HAMD-17 and binding in hippocampus (HAMD-17: Bs.utar = 4.65, p = 0.02; EPDS: Bs-ntar = 4.86, p =
0.03), but this was primarily driven by one single observation with relatively high score on HAMD-
17 and EPDS. The association was not significant without this datapoint (HAMD-17: Bs.utar = 1.87,
95% Cl: [-2.49; 6.23], p = 0.38; EPDS: Bs.n1ar = 2.95, 95% Cl: [-2.85; 8.75], p = 0.27 ). 5-HT4R brain
5-HT4R brain binding and AE2 did not have any interaction effect on EPDS or HAMD-17, across all
5-HT4R regions (p > 0.12).
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Hippocampal volume was associated with EPDS and HAMD-17 on a borderline significant level,
controlled for the number of days between rating and MR scan, parity, and AE2 (HAMD-17:
Bhippocampal volume = 0.002, 95% Cl: [0.0001; 0.004], p = 0.04; EPDS: Bhippocampal volume =0.003, 95% Cl: [-
0.0001; 0.005], p = 0.06, Figure 11 and 12).

5-HT4R binding and antepartum 5-HIAA were not associated in neostriatum (Bs-iaa =-0.00006,
95% Cl: [-0.0006; 0.0004], p = 0.81), neocortex (Bs-niaa =0.00001,95% Cl: [-0.0001; 0.0001], p =
0.75) or hippocampus (hippo: Bs-wiaa = 0.0001, 95% Cl: -0.0001; 0.0003], p = 0.28).

i
1

Harmilton score residuals after parity and
time difference adjustrment

4000 4500
Mean hippocampal volume

Figure 11. There was a significant association between postpartum hippocampal volume and

HAMD-17 (Bhippocampal volume = 0.002, p = 0.04) adjusted for parity and AE2 (residuals).
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Figure 12. There was a borderline significant association between postpartum hippocampal

volume and EPDS (Bhippocampal volume = 0.003, p = 0.06) adjusted for parity and AE2 (residuals).

Association between hippocampal volume, 5-HT4R binding and estradiol in postpartum women
Within the postpartum group 5-HT4R binding in neostriatum (Bs-ntar = -11.74, 95% Cl: [-322; 299],

p = 0.94), neocortex (Bs-tar = -343, 95% Cl: [-2140; 1453], p = 0.69) and hippocampus (Bs-HTar
=123, 95% Cl: [-640; 886], p = 0.74) were not associated with hippocampal volume. Nor was
estradiol, regardless of the 5-HT4R region in the model (all p > 0.41). However, 5-HT4R binding in
neostriatum and hippocampus interacted with change in estradiol on hippocampal volume
(neostriatum: Bs-yrar-by-ae2 = 258, 95% Cl: [50; 466], p = 0.02; hippocampus: Bs-ntar-by-ae2 = 905.54,
95% Cl: [358; 1453], p = 0.003, Figure 13). A similar, but less strong, effect was found for neocortex
(Bs-HTar-by-aE2 = 985.97, 95% Cl: [-85; 2057], p = 0.07). The direction of the effect was such that low
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5-HT4R and a large decrease in estradiol or a high 5-HT4R and a small decrease in estradiol

resulted in a higher hippocampal volume.
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Figure 13. Interaction effect between 5-HT4R binding in neostriatum and change in estradiol on

hippocampal volume (8s.1i1ap-by-ae2 = 258, 95% Cl: [50; 466], p = 0.02). For the purpose of two-

dimensional visualization, 5-HT4R binding in neostriatum was dichotomized with a median split,

resulting in two arbitrary groups (high and low binding).
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Discussion

Study 1

GnRHa, estradiol and hippocampal volume

Contrary to our expectations, sex-hormone manipulation with GnRHa did not significantly reduce
hippocampal volume, compared to placebo. Since the placebo group underwent MR at
approximately the same timepoint in their menstrual cycle, the observed changes in this group
does not represent fluctuations of hormonal levels. This suggests that hippocampal volume
changes of the magnitude GnRHa can induce are of a size similar to non-estrogen related
fluctuations in hippocampal volume. It should be noted that, while the difference between groups
was non-significant, it was in the expected direction and magnitude as seen in depressed
populations (Schmaal et al., 2016). However, the present sample may not allow sufficient power
to detect effects of this size. In line with this, we confirmed the hypothesis that greater decrease
in estradiol, adjusted for SERT availability, was associated with a greater decrease in hippocampal
volume. This points towards a dose-response relation between estradiol fluctuations and
variations in hippocampal volume. It harmonizes well with studies in naturally cycling women and
animal models, where hippocampal volume is positively associated with endogenous estradiol
concentrations and follows the fluctuations in estradiol across the menstrual cycle (Barth et al.,
2016; Lisofsky et al., 2015; Woolley and McEwen, 1992). Similarly, it aligns with the
neuroprotective effects of perimenopausal hormone replacement therapy on hippocampal
volume (Albert et al., 2017; Lord et al., 2008; Sohrabiji, 2005). Hormone transitions across
pregnancy and the postpartum period are also associated with a net decrease in hippocampal
volume (Hoekzema et al., 2017; Pawluski et al., 2016, 2009). However, it is not clear from human
data if the hippocampal volume decrease is caused by the high levels in pregnancy or the
reduction postpartum (Hoekzema et al., 2017), as grey matter volumes in general may be reduced
in pregnancy (Oatridge et al., 2002) and animal data show that hippocampal volume may decrease

already in pregnancy (Pawluski et al., 2016, 2009).
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SERT contributions to GnRHa hippocampal volume changes

Although we previously found that SERT changes in interaction with estradiol changes were
associated with the emergence of subclinical depressive symptoms, this did not map on to
hippocampal volume changes in the GnRHa group. However, adjusted for estradiol contributions,
low baseline SERT binding was associated with a greater GnRHa-induced decrease in hippocampal
volume, suggesting that low SERT increased hippocampal sensitivity to changes in neurotrophic
stimuli. This points towards a key role for serotonergic signaling in hippocampal plasticity, as
observed by others (Alenina and Klempin, 2015; Kraus et al., 2017). It is possible that this relates
to the association between 5-HT4R and SERT under stable conditions (Haahr et al., 2014; Cecilie L.
Licht et al., 2010), but other factors are likely to involved, too. Increased hippocampal sensitivity to
trophic stimuli may translate to genomic changes in the same manner as vulnerability to
depressive symptoms during sex-hormone transitions (Guintivano et al., 2014; Mehta et al.,
2019). However, the current data suggest that SERT may affect hippocampal volume and

depressive symptoms through different mechanisms.

GnRHa-induced hippocampal volume changes and depressive symptoms

We were not able to confirm our hypothesis that the estradiol induced fluctuations in
hippocampal volume mapped on to depressive symptoms. Although estradiol changes in the
GnRHa group were associated with hippocampal volume, nothing indicated that hippocampal
volume changes might mediate the previously published association between estradiol and
depressive symptoms (Frokjaer et al., 2015). Such mediation effects were found for hippocampal
resting state functional connectivity in a previous study, but it seems like the functional and
structural changes in hippocampal volume not were linked (Fisher et al., 2017). Of course, we
cannot rule out that the functional changes originated from a specific hippocampal subfield, which
we unfortunately not were able to delineate in our noisy MR images of an older date. The results
contrasts with data from clinical populations, where depressive symptoms are associated with a
decreased hippocampal volume (McKinnon et al., 2009; Schmaal et al., 2016; Videbech and
Ravnkilde, 2004). However, there may be large differences between experiencing short-term
subclinical depressive symptoms and the full range of neurobiological changes associated with

manifest depressive episode. Further, we may not have sufficient power to detect associations
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between a very limited range of subclinical symptoms and hippocampal volume changes that are

within the normal range.

Study 2

Generally, the participants in the study had a good mental health across the perinatal period, also
better than expected from population studies (Meltzer-Brody et al., 2013). We observed a pattern
where anxiety and depressive symptoms decreased from pregnancy to the postpartum, while
sleep disturbances were unchanged. This may have been due to stress related to the C-section,
however this pattern has also been observed in other studies (Evans et al., 2012; Heron et al.,

2004; Klier et al., 2007; Matthey and Ross-Hamid, 2012).

Estradiol changes and mental health postpartum

As hypothesized, perinatal changes in estradiol were associated with postpartum mental distress,
but in the opposite direction of what we expected, i.e., a large ante-to postpartum change
resulted in less postpartum mental distress. This contrasts our findings in the sex-hormone
manipulation model, where the magnitude of the decrease mapped on to the emergence of
subclinical depressive symptoms (Frokjaer et al., 2015). However, as discussed below, this may be
due to differences in the length and magnitude of the estradiol exposure, which may have
divergent effects on neurobiological mechanisms, as is the case for SERT expression (Deecher et
al., 2008; Lu et al., 2003). It seems like the mechanisms that maintain mental health respond
positively to the abrupt decrease in estradiol in healthy postpartum women, perhaps signaling a

III

return to “normal” neurobiological conditions. Disruption of such mechanisms may lead to
depression in the postpartum period. This supports that estrogen sensitivity may play a key role, in
line with genomic studies pointing towards estrogen sensitivity as a risk marker for PND
(Guintivano et al., 2014; Mehta et al., 2014; Osborne et al., 2016). Differences in estrogen
sensitivity may also explain why our data conflict with studies who report a negative association
between depression and estradiol levels (Fan et al., 2009; O’Hara et al., 1991). This differential
response to sex-hormones may be related to the reduced working memory reported in

antepartum depression, which contrasts the increased working memory in healthy pregnant

women (Hampson et al., 2015). Notably, our results partially agree with two studies of the early
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postpartum period. Klier et al. (2007) reported that health pregnant women who developed
postpartum depression, had higher early postpartum estrogen levels, and Heidrich et al. (1994)
found that increased estradiol levels might map on to blues symptoms. Our results differ from the
number of studies that have found no association between postpartum mood symptoms and
estradiol (Chatzicharalampous et al., 2011; Mehta et al., 2014; Okun et al., 2011; T. Abou-Saleh et
al., 1998). However, methodological differences such as sample size, timing of the postpartum
blood sampling, degree of clinically relevant symptoms, and absolute estradiol levels versus
changes may account for this. Further, we here use a highly sensitive quantification method, which
may have revealed subtle associations driven by the most extreme estradiol concentrations (in
both directions). Especially older studies may have missed such associations. Estradiol changes
seemed to be particularly beneficial for women who were parous at inclusion. This suggests that
previous pregnancies may have resulted in an altered hormone sensitivity, perhaps related to
genomic PND risk markers and/or long-term changes in hippocampal plasticity (Barha and Galea,

2011; Hoekzema et al., 2017; Mehta et al., 2014).

Serotonergic contributions to perinatal mental health

Contrary to our expectation, 5-HTTLPR played no role in perinatal mood, alone or in interaction
with estradiol. This contrasts the reported increased risk for postpartum depression in women
with high-expressing variants of 5-HTTLPR (Sanjuan et al., 2008; Tavares Pinheiro et al., 2013).
However, we cannot rule out that such an effect exist, but that we do not have sufficient power to
detect it. Further, it may not map on to the subtle changes in distress in our participants, but only
clinical levels of depression. There were no indications of an interaction effect on mental distress
between estradiol changes and 5-HIAA. Thus, if we consider 5-HIAA a proxy for SERT expression in
pregnancy (Carpenter et al., 2003; De Bellis et al., 1993; Potter et al., 1985; Y et al., 1997), our
results do not support that SERT interacted with estradiol changes in promoting mental distress.
This does not align with results from our sex-hormone manipulation model (Frokjaer et al., 2015).
However, 5-HIAA late in pregnancy was directly associated with postpartum subclinical mental
distress, although only on a borderline significant level. Assuming that high 5-HIAA reflects high
cerebral SERT levels, increased brain SERT may have carried over from pregnancy to the

postpartum period and increased the susceptibility to develop mental distress symptoms.
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Supplementary analyses indicated that the neurobiological changes related to high 5-HIAA may
have been established already late in pregnancy, where they resulted in anxiety symptoms, and
further unfolded by the ante-to postpartum transition. This aligns well with the increased risk for
depression found in women with antepartum anxiety (Robertson et al., 2004). If so, high CSF 5-
HIAA in pregnancy may reflect that brain SERT not was appropriately downregulated in response
to the high levels of endogenous estradiol in pregnancy (Lu et al., 2003; Sumner et al., 2007). This
phenomenon may be similar to the rigid SERT regulation associated with depressive symptoms
during seasonal changes (Mc Mahon et al., 2016). However, 5-HIAA is also regulated by MAO-A
degradation of 5-HT, which responds to estrogens (Lokuge et al., 2011). In vivo imaging of MAO-A
in women with postpartum depression or mental distress symptoms, that indicate that MAO-A
levels postpartum may play a key role in perinatal mood (Sacher et al., 2015). In this study, we
found no associations between estradiol late in pregnancy and MAO degraded monoamines or
their metabolites (5-HT, 5-HIAA,NE, MOPEG, HVA), suggesting that estradiol in pregnancy had no
major impact on neurotransmitter degradation through monoamine oxidases. Nor would a high 5-
HIAA in pregnancy correspond well with human studies, that find a higher brain MAO-A
distribution early postpartum, where sex-steroid levels are low (Sacher et al., 2010). Similarly,
supplementary models found no significant effects of non-serotonergic monoamines or
metabolites on EPDS, including MOPEG which the result of MAO-A degradation of norepinephrine.
Thus, based on the available data, MAO-A does not seem to be responsible for the association
between high 5-HIAA in pregnancy and mental distress. However, with the available data, we

cannot determine what changes that may have occurred in these CSF markers postpartum.

Study 3

Postpartum serotonin 4 receptor binding

Postpartum women did not differ from healthy controls in terms of 5-HT4R brain binding. We
were surprised to find this, since 5-HT4R is reduced during oral contraceptive use, a state
associated with blunted endogenous estradiol dynamics, and thus seem to be sensitive to sex-
hormones (Larsen et al., 2020). Further, numerous other serotonergic markers respond to
estrogens and sex-hormone transitions in both animal and human studies (Bethea et al., 2002;

Deecher et al., 2008; Lokuge et al., 2011; Lonstein, 2019; Moses-Kolko et al., 2008; Pawluski et al.,
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2019; Sacher et al., 2015, 2010). Both human and animal data indicate an intimate link between 5-
HT4R and SERT (Fisher et al., 2012; Haahr et al., 2014; Jennings et al., 2012; Cecilie Loe Licht et al.,
2010). However, the perinatal transition is characterized by dramatic changes that may induce
multiple counterbalanced changes in the serotonergic system and result in 5-HT4R levels similar to
those seen in healthy controls. Thus, we do not know if 5-HT4R remained stable across pregnancy.
However, if 5-HT4R did not remain stable across pregnancy, it may have adjusted rapidly to the
postpartum hormone and neurobiological milieu to ensure a healthy return to a non-pregnant
brain state. In support of this, we did not observe an association between postpartum 5-HT4R
brain binding and antepartum CSF 5-HIAA, although, as noted above, both may be related to SERT
levels. Thus, acute neurobiological changes across the perinatal period may have disrupted the link
between SERT and 5-HT4R. 5-HT4R brain binding did not map on to postpartum subclinical
depressive symptoms, except in the hippocampus. This association was, however, driven by a
single individual with high mental distress scores and did not translate to other regions, thus we
suspect that it may be a spurious effect. If not, it suggests an association between increased 5-
HT4R and distress. This is in the opposite direction of what is observed in non-postpartum

depression (Koehler-Forsberg et al., 2019).

Postpartum hippocampal volume

We expected that the reported reduction in hippocampal volume across pregnancy and the
postpartum in healthy women would result in a lower hippocampal volume in postpartum women,
compared to women who had not recently given birth (Hoekzema et al., 2017), but found no
significant difference. However, other studies evaluating pregnancy related changes in grey matter
volumes have not reported any changes in hippocampus, perhaps because such changes are small
and hard to detect (Lisofsky et al., 2019; Oatridge et al., 2002). Thus, even if the mean
hippocampal volume was reduced across the perinatal period in our participants, the absolute
hippocampal volume may still be within the same range as the healthy controls. Intriguingly,
hippocampal volume postpartum was associated with subclinical depressive symptoms, but in the
opposite direction of what we would expect from studies in clinically depressed patients (Schmaal
et al., 2016). Notably, we do not have any longitudinal data and thus do not know perinatal the

within-subject hippocampal changes. However, if healthy women normally experience a decrease
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in hippocampal volume, a large volume may reflect a less healthy transition, compared to a
smaller volume. Animal studies support that the brain undergoes functional changes to optimize it
for the demands of the postpartum period and that this may in part depend on the hippocampal
plasticity in the perinatal period (Been et al., 2021; Pawluski et al., 2021). A high postpartum
hippocampal volume may therefore reflect a maladaptive plasticity across pregnancy and thus
increase the susceptibility to postpartum mental distress. Intriguingly, DNA methylation markers
associated with postpartum depression map on to genes that code for hippocampal plasticity,
perhaps reflecting a maladaptive hippocampal plasticity.

Our data indicate that this may be related to altered 5-HT4R availability. Interaction analyses
showed that in women with high brain 5-HT4R, the magnitude of the estradiol decline was
inversely associated with hippocampal volume, while in women with lower brain 5-HT4R the
magnitude of the decline was positively associated with hippocampal volume. Thus, a small
estradiol decrease in women with high 5-HT4R or a large estradiol decrease in women with lower
5-HT4R, may both lead to maladaptive hippocampal plasticity. This is intriguing since 5-HT4R may
mediate some of its positive effects through increased neuroplasticity in hippocampus (Hagena
and Manahan-Vaughan, 2017). Our data suggests that sex-hormones may also be involved in such
processes. This may map on to the genomic estradiol sensitivity markers associated with risk for
PND, as they also affect genes that code for the serotonin system and hippocampal volume
(Guintivano et al., 2014; Mehta et al., 2019). Although speculative, it is possible that such
mechanisms also play a role in relation to oral contraceptive use, which suppresses endogenous
sex-hormones and has been associated with increased hippocampal volume, reduced 5-HT4R
brain binding and depressive symptoms (Larsen et al., 2020; Pletzer et al., 2019, 2010; Skovlund et
al., 2016).

Discussion across the studies

As is evident from the introduction, our hypotheses for the perinatal transition study were largely
based on what we learned from the pharmacological sex-hormone manipulation model.
Specifically, we expected hippocampal volume changes in the sex-hormone manipulation model to
translate to the postpartum state. As we did not have any longitudinal data, we expected that the

more dramatic perinatal hormone changes, would lead to reduced hippocampal volume compared
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to . It turned out that healthy postpartum women maintained a hippocampal volume similar to
healthy controls. Further, we were not able to demonstrate that GnRHa induced hippocampal
volume changes that were significantly different from natural hippocampal volume fluctuations in
women who were not hormonally manipulated either. Thus, in both cases, hippocampal volume
remained within the normal range, suggesting that the healthy female brain adjusts well to
hormone changes. Mental distress mapped on to high hippocampal volume in postpartum
women, but was not linked to volume changes in the GnRHa group. Thus, the mechanisms that
regulate mental health may be substantially different during the two types of hormone transitions.
In line with this, a large perinatal decrease in estradiol promoted mental health, while a large
decrease in response to GnRHa resulted in more depressive symptoms (Frokjaer et al., 2015). As
indicated throughout the thesis and noted by others (Rehbein et al., 2021), the direction of
estrogen effects on neurobiological markers is not conclusive. Taken together, our results indicate
that the length and magnitude of an estradiol fluctuation may have substantial consequences for
emotional responses to sex-hormone changes and related neurobiological changes. That is, the
months of constantly increasing estrogens in pregnancy and the abrupt decrease may have
completely different effects on the brain than the short-term, small magnitude fluctuations in the
sex-hormone manipulation model. There are some data to support that long or short-term
exposure to estrogens may have differential effects, e.g. on SERT regulation (Deecher et al., 2008).
Similarly, dynamic fluctuations in endogenous estrogens and static concentrations of exogenous
estrogens may have substantially different effects on the brain, as seen for 5-HT4R (Larsen et al.,
2020). An interesting notion is that both in the sex-hormone manipulation study and the perinatal
study, the association between hippocampal volume and estradiol changes were only evident
when taking serotonergic markers in to account. This suggests that estradiol and serotonergic
signaling has complimentary effects on hippocampal plasticity in promoting mental health during

hormone transitions.

The study population in Study 2 and 3 largely overlap, as the participants for the neuroimaging
study were recruited from the Study 2. A large decrease in estradiol was both associated with
fewer distress symptoms in Study 2 and interacted with a high 5-HT4R in promoting a small

hippocampal volume, which in turn mapped on to fewer mental distress symptoms. Thus, it is
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possible that a part of the beneficial effect of a large decrease in estradiol was linked to 5-HT4R
availability and hippocampal plasticity. Intriguingly, this “protective effect” of a large estradiol
decrease was most pronounced for women with maternal experience. Animal data suggests that
parity and maternal experience may increase hippocampal plasticity, including sensitivity to
estrogens, long-term and affect hippocampal plasticity in subsequent pregnancies (Barha et al.,
2015; Barha and Galea, 2011; Eid et al., 2019; Pawluski and Galea, 2006). It is possible that the
effect of previous pregnancies on hippocampal plasticity played a role in this, perhaps involving 5-
HT4R. Both studies suggests that adaptability may key in healthy perinatal transitions, either in
terms of an appropriate serotonergic response to high levels of estrogens in pregnancy or in
plastic remodeling of the brain. This aligns well with reports of high hippocampal plasticity and
plastic changes in the dorsal raphe nuclei during the perinatal period in animal models, which both
seems to support healthy maternal behavior (Holschbach and Lonstein, 2017; Medina and

Workman, 2020; Pawluski et al., 2021).

Methodological considerations

Across all three studies, limited reproducibility to clinical cohorts is an issue. In both cases, this is
inherent to the study design, selected to ease the interpretation of post-transition distress
symptoms. However, this excludes a number of potential risk factors that may interact with the
proposed risk mechanisms to promote clinical levels of depression. This is perhaps even more
pronounced in the perinatal study, especially the imaging part, as the demanding study program
probably led to selection bias.

For both imaging studies, we may well have been underpowered. The sex-hormone model was
designed for PET neuroimaging purposes, and not hippocampal volume assessment. Power
calculations for the PET analyses in the perinatal study were based on power analyses from non-
postpartum cohorts (Marner et al., 2010) and may not map well on to the postpartum. Further,
hippocampal volume changes in healthy individuals are likely to be discrete thus vulnerable to
measurement noise. For the perinatal imaging subgroup, we were unfortunately not able to
include age-matched controls (historic controls). This seemed of minor importance for the
hippocampal volume differences, but age-adjusting affected the group difference for 5-HT4R to

some extent. In both cases, younger controls may have had higher 5-HT4R or hippocampal volume
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than age-matched controls, as both decrease with age (Madsen et al., 2011; Marner et al., 2010;
Nobis et al., 2019). Thus, we are less likely to have missed a significantly reduced postpartum
hippocampal volume or 5-HT4R brain binding, than a significantly increased one.

In the perinatal study, drop-outs and missing data was an issue which we tried to compensate for
by dividing the models for 5-HIAA and estradiol. Supplementary analyses, detailed in
supplementary materials for Manuscript 2, indicated that we may have underestimated the
statistical significance for the 5-HIAA association on this account. Furthermore, it is possible that
some of the women we lost contact with or who did not complete their postpartum EPDS may
have had more distress symptoms. As detailed in supplementary materials for Manuscript 2, many
of the women we lost contact to had more sleep disturbances in pregnancy, which is a risk factor

for depression (Emamian et al., 2019).

Conclusion and perspectives

This thesis details how two different sex-hormone transition models may map on to mental
distress and relevant neurobiological mechanisms. Our data indicate that while the short-term
estradiol changes in the sex-hormone manipulation model map on to hippocampal volume, when
adjusted for SERT at baseline, they do not seem to be associated with the emergence of subclinical
depressive symptomes. In line with this, the magnitude of the volume changes in response to
GnRHa are similar to natural, non-manipulated (placebo) fluctuations in hippocampal volume. In
relation to pregnancy and birth, our results show that the large perinatal estradiol changes, i.e.,
returning to pre-pregnancy levels, may protect mental health in the majority of women, pointing
towards an altered estrogen sensitivity in women who develop a depression. Conversely,
serotonergic markers (5-HIAA) that may map on to SERT expression in pregnancy, seem to induce
postpartum mental distress in healthy women. Further, subclinical levels of postpartum mental
distress seemed to be associated with a greater hippocampal volume, which we speculate may
reflect a maladaptive hippocampal plasticity across peripartum. Our results implicate 5-HT4R
binding in interaction with estradiol changes in hippocampal plasticity during healthy perinatal
transitions, that may be involved in resilience and thus relevant in depression, too. Taken together
our data suggest that estradiol changes and serotonergic signaling may have complimentary roles

in hippocampal plasticity during sex-hormone transitions. Our results highlight that the length and
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magnitude of an estradiol fluctuation may be key in how it maps on to neurobiological changes
and potential depressive symptoms. Finally, our results show that the healthy brain adapts well to

sex-hormone transitions.

Overall, our findings provide novel insights to mechanisms that are important in healthy sex-
hormone transitions. While we cannot extrapolate our results to clinical cohorts, our results may
reflect subclinical manifestations of relevant risk mechanisms. However, these associations should
be replicated in studies with larger sample size, preferably in high-risk samples or in samples with
a wider range of mental distress symptoms, to determine their clinical relevance. Especially the
relation between estradiol, 5-HT4R and hippocampal plasticity points towards a mechanism that
may be relevant for depressive responses during the perinatal transition phase. However,
particularly rodent studies of 5-HT4R contributions to hippocampal plasticity, in relation to sex-
hormone transitions and the peripartum, are warranted. Further, human studies of grey matter
volume brain changes in women with PND are needed to determine if and how perinatal
hippocampal volume changes are involved in PND. It may be relevant to evaluate if such changes
map on to estrogen dependent genomic risk markers for PND (Guintivano et al., 2014). Ideally,
such analyses should be supplemented with in vivo imaging of potential plasticity proxies, not just
5-HT4R brain binding, but also e.g. markers for synaptic density (Finnema et al., 2016). Similarly,
further elucidation of the role of SERT availability in mental distress and hippocampal plasticity
during sex-hormone transitions may also be relevant. Finally, the role of estrogen sensitivity in
depressive responses during hormone transitions may still need further evaluation. Future studies
in high risk populations such as Hggh et al. (2021), may help understand sex-hormone
involvement in PND better.

In addition to evaluating the proposed mechanisms in other populations, it may also be relevant to
explore how they relate to other neurobiological markers. We have the capacity to do this within
our cohort of healthy pregnant and postpartum women, as data collected in this cohort extend
well beyond what has been detailed under Study 2 and 3. Thus, future studies by our group or
others may reveal if the observed associations map on to e.g., functional MRI parameters, stress-

biology, inflammatory markers, or synaptic density.
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In summary, we here show that estradiol changes and serotonergic signaling in concert play an
important role in hippocampal plasticity during sex-hormone transitions, but that the length and
magnitude of an estradiol fluctuation may be key in how it maps on to neurobiological changes
and depressive symptoms. Our data points towards potential risk mechanisms for depressive
responses during sex-hormone transitions, but further studies, especially in high-risk samples or

depressed populations, are warranted to elucidate their clinical relevance.
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Abstract

Hormone transition phases may trigger depression in some women, yet the underlying
mechanisms remain elusive. In a pharmacological sex-hormone manipulation model, we
previously reported that estradiol reductions, induced with a gonadotropin-releasing hormone
agonist (GnRHa), provoked subclinical depressive symptoms in healthy women, especially in
women who increased in brain serotonin transporter (SERT) binding. Within this model, we here
evaluated if GnRHa, compared to placebo, reduced hippocampal volume, in a manner that
depended on the magnitude of the estradiol decrease and SERT availability, and if this decrease
translated to the emergence of subclinical depressive symptoms.

Sixty-three healthy, naturally cycling women were included in a randomized, double-blind,
placebo-controlled GnRHa-intervention study. We quantified the change from baseline to follow-
up (n =60) in serum estradiol, brain SERT levels (positron emission tomography with [*!C]|DASB),
depressive symptoms (Hamilton depression rating scale), and hippocampal volume (magnetic
resonance imaging; volume quantified in Freesurfer 7.1). Group differences in hippocampal
volume changes was evaluated in a t-test. We evaluated potential associations between changes
in estradiol, hippocampal volume and depressive symptoms and potential SERT-by-estradiol
interaction effects in linear regression models.

GnRHa did not reduce hippocampal volume relative to placebo. There was no interaction effect
between GnRHa-induced estradiol changes and brain SERT on hippocampal volume. Hippocampal
volume decreased in response to GnRHa-induced reductions in estradiol (p = 0.04; Cohen’s f2
=0.18), controlled for baseline SERT binding, but was not associated with depressive symptoms .
If replicated, our data highlight a possible association between estradiol fluctuations and

hippocampal plasticity, adjusted for serotonergic contributions.

Keywords Hippocampus; Estradiol; Gonadotropin-releasing-hormone agonist; Hormones;

Serotonin transporter; Women,; MRI; PET; Brain; Depression






Introduction

Major depressive disorder is one of the highest-ranking causes of disability worldwide(Abbafati et
al., 2020). Strikingly, it affects twice as many women than men after puberty (Kuehner, 2017). In
particular, women experience a heightened risk during hormonal transition phases, i.e., pregnancy
and birth or perimenopause (Freeman et al., 2014; Lokuge et al., 2011; Munk-Olsen et al., 2006).
The exact risk and disease mechanisms for depressive episodes related to hormonal transitions
remain elusive, however brain plasticity may play a role as shown in rodent models (Eid et al.,
2019; Medina and Workman, 2020; Pawluski et al., 2016; Sheppard et al., 2019; Yagi and Galea,
2019). Such neuroplastic effects of sex-hormone fluctuations are not surprising, as sex-steroid
receptors are highly expressed in the hippocampus, where especially estrogen affects synaptic
remodeling and neurogenesis (Barth et al., 2015; Gould et al., 2000; Yankova et al., 2001).
Correspondingly, human studies support that the dramatic changes in sex-hormone milieu during
pregnancy and birth are associated with a reorganization of the brain, such as decreased
hippocampal volume in the early postpartum period relative to preconception for first time
mothers, which is normalized within two years postpartum (Hoekzema et al., 2017; Martinez-
Garcia et al., 2021; Oatridge et al., 2002). Similar brain maturation trajectories are observed during
female pubertal transition, which is characterized by a long-term increase in sex-hormones
(Cameron, 2004; Carmona et al., 2019; Sisk and Zehr, 2005). On the other hand, dynamic
fluctuations of estradiol over the menstrual cycle are associated with rapid synchronous
hippocampal volume changes, i.e., they both peak just before ovulation (Barth et al., 2016;
Lisofsky et al., 2015; Pletzer et al., 2018; Protopopescu et al., 2008; Woolley and McEwen, 1992).
Further, in perimenopause, higher doses of exogenous estrogens are linked to increased
hippocampal volume and protection of cognitive functioning (Albert et al., 2017; Lord et al., 2008;
Sohrabji, 2005). Several papers demonstrate that these neuroprotective effects of estrogens occur
in interaction with serotonergic neurotransmission (Amin et al., 2006; Barth et al., 2015; Bethea et
al., 2009; Frokjaer et al., 2010). Intriguingly, numerous studies report a decreased hippocampal
volume in patients with depression, compared to healthy individuals (Enneking et al., 2019;
McKinnon et al., 2009; Schmaal et al., 2016; Videbech and Ravnkilde, 2004; Willner et al., 2013).

Hence, the emergence of depressive symptoms in response to sex steroid transitions may be



associated with decreasing hippocampal volume possibly in concert with altered serotonergic
signaling.

We have developed a pharmacological sex-hormone manipulation model conceptualized to study
sex-steroid related risk mechanisms for depression (Frokjaer, 2020). In this model, we used

a gonadotrophin-releasing hormone agonist (GnRHa) intervention to induce a biphasic estradiol
fluctuation in healthy women of reproductive age. Between baseline and follow-up, participant
who received GnRHa went through a brief sex-hormone axis stimulation phase, followed by
complete suppression. This resulted in a net decrease in estradiol from baseline to follow-up
(mean change 0.12 nmol/L). GnRHa, relative to placebo, provoked subclinical depressive
symptoms in 12% of healthy volunteers. The emergence of depressive symptoms, from before
intervention to the suppressed state, within the GnRHa group was associated with the magnitude
of the estradiol decline, i.e., women who experienced a large decrease in estradiol developed
more depressive symptoms, than those who experienced a small decrease. The depressogenic
estradiol effect was coupled to an increase in brain levels of the serotonin transporter (SERT),
which is the main regulator of synaptic serotonin (Frokjaer et al., 2015). This phenomenon was
associated with estrogen sensitivity markers, that identifies hormone sensitive individuals, at the
level of DNA methylation and gene expression, known from clinical cohorts of postpartum
depression as well (Mehta et al., 2018, 2014). Further, we observed changes in both task-based
and resting state fMRI, including a mood and estradiol dependent functional decoupling of
hippocampus and cingulate cortex at rest (Fisher et al., 2017; Henningsson et al., 2015;
Macoveanu et al., 2016). The potential impact of GnRHa on brain structure, i.e., hippocampus
volumes, in this dataset has not yet been determined. We here evaluated if a placebo-controlled
GnRHa-intervention in 60 healthy women, reduced hippocampal volume and if such hippocampal
volume changes were associated with the GnRHa-induced decrease in estradiol ,. Further, we
evaluated if this phenomenon was associated with GnRHa-induced depressive symptoms. We
hypothesized that hippocampal volume would decrease in response to GnRHa relative to placebo,
in a manner that depended on the magnitude of the GnRHa-induced decrease in estradiol, and
that this hippocampal volume decrease might be positively associated with the emergence of

depressive symptoms in the GnRHa-group. To test the hypothesis that such associations were



dependent on serotonin brain architecture, we also evaluated if SERT binding in the GnRHa group

interacted with the estradiol changes on hippocampal volume.

Methods:

Participants and design

The study population of naturally cycling healthy women is described in detail in Frokjaer et al.
(2015; clinicaltrials.gov ID: NCT02661789). Briefly, 63 healthy premenopausal women were
included in a double-blind, placebo-controlled block randomized intervention study registered and
approved by the local ethics committee (protocol-ID: H-2-2010-108). All participants gave written
informed consent. Inclusion criteria were: regular menstrual cycle with a length of 23-35 days, no
history of neurological or psychiatric disorders, no history of premenstrual dysphoric disorder, no
alcohol abuse or use of illegal drugs and a normal physical, neurological and gynecological
examination. Participants were block randomized to either placebo or GnRHa and with respect to
serotonin transporter-linked polymorphic region (5-HTTLPR) genotype, for purposes related to
previously published data (Frokjaer et al., 2015). For an overview of the study design, see Figure
1.

Baseline assessments were completed on menstrual cycle day 5.2+2.1 (midfollicular phase) and
included a 17-item Hamilton Depression Rating Scale (HAMILTON, 1967) interview with a trained
clinician, structural magnetic resonance imaging (MRI) for hippocampal volume assessment,
[*1C]DASB positron emission tomography (PET) scans for brain SERT quantification, and blood
samples for estradiol concentration measurements. 60 women (placebo n=29, GnRHa n=31)
completed follow-up interviews and blood samples 16.3+2.7 days after intervention, and MRI
scans 16+2.8 days after intervention. This corresponded to the follicular phase in the placebo
group. For most women, approximately 30 days (one menstrual cycle) elapsed between baseline
and follow-up, although for a few women, the intervention was delayed and had to be
administered in another cycle. The majority of MR scans were collected on the same day as blood
samples, PET scans and interviews (mean deviation from MR date: 0.07+2.5 days; range + 9 days).

Three women did not complete follow-up MRI: (1) One was excluded due to anovulation prior to



intervention, (2) one conceived a child, and (3) one participant was unable to attend the MR scan

at follow-up.

Intervention and hormone analyses

A gynecologist, not otherwise involved in project, administered either placebo (saline) or a GnRHa
implant (ZOLADEX, a biodegradable copolymer impregnated with 3.6 mg of goserelin;
AstraZeneca, London, United Kingdom) to the participants on menstrual cycle day 22.75 +2.77
(post ovulation state was ultrasound verified). Serum samples for hormone analyses were
collected at baseline and follow-up and analyzed within 24 hours of collection. We used an
electrochemiluminescence immunoassay to assess estradiol concentrations on Modular Analytics
Serum Work Area equipment (Roche, Mannheim, Germany; detection range 0.04 and 78.9
nmol/L). For the purpose of statistical analysis, estradiol concentrations below the detection level

were imputed to 0.04 nmol/L.

Neuroimaging

At baseline and follow-up, we acquired T1-weighted sagittal magnetization prepared rapid
gradient echo (MPRAGE) structural MR images on a 3T Verio scanner with a 32-channel head array
coil (Siemens, Erlangen, Germany). Imaging parameters were: echo time (TE) = 2.32; repetition
time (TR) = 1900; inversion time (TI) =900 ms; flip angle= 9°; in-plane matrix: 256x256; in-plane
resolution: 0.9x0.9mm; slice thickness = 0.9 mm; 224 slices, no gap.

Automatic subcortical segmentation of MR images was performed in Freesurfer version 7.1

(http://surfer.nmr.mgh.harvard.edu/; Fischl et al., 2002). All images were inspected for

segmentation errors by two of the authors and, if relevant, such errors were manually edited
before re-running the pipeline. Left and right hippocampal volumes were extracted for statistical
analysis.

Methods and primary results for [**C]DASB-PET are reported in Frokjaer et al. (2015). In the
current analysis, we evaluated if including in vivo levels of SERT in neocortex, measured as
[*1C]DASB-PET binding potentials, significantly contributed to any of our models (see statistical

analysis section).


http://surfer.nmr.mgh.harvard.edu/

Statistical analysis

Prior to analyses, we evaluated covariates for non-normality and found that estradiol
concentrations were not normally distributed. Hence, normally distributed log-transformed (base
= 2) estradiol concentrations were used for statistical analyses.

To determine if there were any baseline effects irrespective of GnRHa sex-hormone manipulation,
in order to specify our model, we used a linear regression to evaluate if hippocampal volume was
associated with three potential variables: follicular phase estradiol concentrations, SERT binding
potentials, and age. Inclusion of age as a covariate was motivated by the known age-related
hippocampal decline, also in young individuals (Fraser et al., 2015; Sederevicius et al., 2021). All
three contributed to baseline hippocampal volume and were considered for the main analysis.

In line with the general analysis structure for the study (Frokjaer et al., 2015) changes from baseline
to rescan in hippocampal volume, in estradiol concentration (within GnRHa group only) and in
Hamilton score were used in all main analyses. First, we evaluated if there was an effect of GnRHa
compared to placebo in hippocampal volume change with a Welch two-sample t-test (Welch, 1947).
Second, for the GnRHa group we used multiple linear regression models to determine if a) GnRHa-
induced change in estradiol, alone or in interaction with change in SERT binding or SERT at baseline,
was associated with hippocampal volume, and b) if hippocampal volume changes, alone or in
interaction with estradiol changes, were associated with the emergence of depressive symptoms,
within the GnRHa group. For robustness analysis purposes, all of these models were reviewed for
potential contributions from age. We supplemented this with a structural equation modeling in the
R (http://cran.r-project.org/) package lava (Holst and Budtz-Jgrgensen, 2012), to evaluate if
hippocampal volume changes might mediate the association between estradiol changes and the
emergence of depressive symptoms.

In the GnRHa study, perfect timing with regard to baseline cycle or intervention could not be
obtained for all assessments. Time delays of more than five days between MR scans and either
blood samples, psychometrics or PET scans were considered potentially problematic for
association analyses. Thus, data from individuals, where these measures differed more than five
days from each other, were ignored in both groups at baseline (n = 3, all in GnRHa group) and at

follow-up in the placebo group (n = 1). They were not ignored for the GnRHa group at follow-up,



as participants were considered fully downregulated in their estradiol concentrations for the
entire period (Thomas et al., 1986). Thus, four affected participants were ignored in change
analyses (GnRHa: n = 3, placebo: n = 1). This cut-off was chosen as a conservative approach to the
closeness of observations. For analyses including only age or group as covariates, all available data
points were included.

Similarly, we used a linear mixed effects model to evaluate if there was a potential lateralization of
the group difference, the association between hippocampal volume and estradiol, and the
association between hippocampal volume and depressive symptoms, but found no evidence for a
lateralization. Log-likelihood ratio tests supported that the inclusion of left and right hippocampus
separately did not improve model fit for the association with depressive symptoms, compared to
mean hippocampal volume pooled from both brain hemispheres. Thus, we use a mean of left and
right hippocampus for all analyses.

The reported p-values were not adjusted for multiple comparisons and p-values < 0.05 were
considered statistically significant. We chose this approach as the study was driven by few a priori
hypotheses, supplemented with robustness analysis, in a dataset that can be considered
preliminary. See “Methodological considerations” in the discussion. Effect size is reported as

either Cohen’s d (t-tests) or Cohen’s f? (linear regression models).



Results:

Demographics and baseline effects

Data on demographics, hormone levels and mean hippocampal volume for the two groups can be
found in Table 1. At inclusion, the median age of participants was 22.4 years old (range: [18.4;
37.2]). Participants in the GnRHa-group were slightly younger and had slightly larger mean
hippocampal volumes at baseline (mean difference: 118 mm3, p = 0.22, Table 1).

In a multiple linear regression model that included age, SERT binding at baseline and estradiol at
baseline, we observed significant associations between hippocampal volume and both age, SERT
binding, and estradiol concentrations (Bestradiol: 281.78, 95% Cl: [62.173; 501.394], p = 0.01,
Cohen’s 2= 0.13; Bage: -43.59, 95% Cl: [-63.937; -23.244], p < 0.001, Cohen’s f2= 0.35 ; Bserr: -
2298.81; 95% Cl: [-3723.469; -874.156], p = 0.002, Cohen’s f2= 0.2, Figure 2). As expected, this
association was negative for age. SERT binding was also negatively associated with hippocampal
volume at baseline, while estradiol was positively associated with hippocampal volume. For age
and SERT binding, but not estradiol, these effects were also present in models that were not
adjusted for other variables, but at a less significant level (Bage = -25.39; 95% Cl: [-44.398; -6.383],
p =0.01, Cohen’s 2= 0.13 ; Bsert = - 1786.4, p = 0.03, Cohen’s f2= 0.1 ; Bestradiol = 69.88, 95% Cl: [-
161.544; 293.3], p =0.57, Cohen’s 2= 0.01).

Effect of intervention on hippocampal volume

There was a statistically non-significant mean decrease in hippocampal volume the GnRHa group
(mean change =-26.77 mm3), compared to the placebo group, i.e., in the expected direction
(mean difference in change = 37.9 mm3, 95% Cl: [-13.155; 88.956], p = 0.14, Cohen’s d = 0.38,
Figure 3).

Hippocampal volume changes in the GnRHa group and associations with the emergence of

depressive symptoms and change in estradiol
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Association between change in hippocampal volume and change in estradiol in the GnRHa
group and interaction with serotonin brain binding

Change in estradiol had no interaction effects with change in SERT binding (Baserr = 1420.30, 95% Cl:
[-1333.41; 4174.01], p = 0.3, Cohen’s f2=0.05) or SERT binding at baseline (-234.6, 95% Cl: [-1859.65;
1390.43], p = 0.77, Cohen’s f2= 0.01) on hippocampal volume. However, in a model that included
both baseline levels of SERT and change in estradiol, there was a significant association between
hippocampal volume and change in estradiol(Baestradiol = 56.93, 95% Cl: [1.98; 111.89], p = 0.04,
Cohen’s f2=0.18; Bsert baseline = 698.60, 95% Cl: [22.97; 1374.24], p = 0.04, Cohen’s f2=0.18, Figure
5). No such effects were found when change in SERT was included (Bestradiol = 48.5, 95% Cl: [-10.48;
107.48], p = 0.1, Cohen’s f2=0.12 ; Basert = 148.53, 95% Cl: [-692.2; 989.27], p = 0.72, Cohen’s f =
0.005). Age was not associated with change in hippocampal volume in any of these models (p-values
>0.5) and adjusting for age had no substantial effect on the association between change in estradiol

and change in hippocampal volume.

Association between changes in hippocampal volume and the emergence of subclinical depressive
symptoms in the GnRHa group

We previously published an increase in depressive symptoms, measured as Hamilton score, in
response to GnRHa compared to placebo (Frokjaer et al., 2015). Here, we observed no significant
association between change in hippocampal volume and the emergence of depressive symptoms
within the GnRHa group, adjusted for estradiol change (Batippocampus = 0.01, 95% Cl: [-0.006; 0.025],
p = 0.21, Cohen’s f2 = 0.07, Figure 4). Further, we did not observe a significant interaction effect
between change in estradiol (dichotomized with a median split) and hippocampal volume on
depressive symptoms in the GnRHa group (Bestradiol large decrease-by-ahippocampal volume = 0.009, 95% Cl: [-
0.02; 0.04], p = 0.53, Cohen’s f2= 0.02). Inclusion of change in SERT or SERT at baseline did not
substantially change these results (all p-values > 0.2).

In structural equation models, we found no evidence that hippocampal volume change mediated
the association between estradiol changes and the emergence of depressive symptoms (estimate.

0.55, mediation proportion: -0.25 with 95% Cl [-0.76; 0.26], p = 0.24).
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Discussion:

We here present data on hippocampal volume changes in response to a placebo-controlled GnRHa
sex-hormone manipulation in healthy women. We were not able to confirm a main effect of
decreased hippocampal volume in response to the sex-hormone manipulation. Nor did we
observe any evidence that hippocampal volume mediated the previously published association
between depressive symptoms and change in estradiol, within the GnRHa group. However, within
the GnRHa group, hippocampal volume decrease was associated with the magnitude of the
estradiol decline , when taking SERT binding at baseline into account. Contrary to our hypothesis,
this did not translate to the emergence of subclinical depressive symptoms in the GnRHa group. At
baseline, significant associations between age, estradiol, SERT binding and hippocampal volumes

were demonstrated.

Sex-hormone manipulation and changes in hippocampal volume

Although in the proposed direction, the group difference in hippocampal volume was not
statistically significant. However, the GnRHa group decreased approximately 30 mm3 more than
the placebo group, which is of similar magnitude to changes seen across the menstrual cycle or
the absolute difference between depressed and healthy individuals (Lisofsky et al., 2015; Schmaal
et al., 2016). Thus, we may simply not have the power to detect such an effect. Notably, many
factors regulate hippocampal volume, and estradiol changes of the magnitude experienced in the
GnRHa group may play only a minor role. . However, association analyses within the GnRHa group,
showed that GnRHa-induced change in estradiol, controlled for SERT binding at baseline, and
change in hippocampal volume were positively associated. That is, the greater the magnitude of
the decrease in estradiol, the greater the decrease in hippocampal volume. This suggests a dose-
response relation between changes in estradiol concentration and hippocampal volume, when
taking baseline SERT contributions in to account. Even the limited variability in follicular phase
estradiol concentrations, measured at baseline, translated to absolute hippocampal volume
variations, controlled for SERT binding and age, such that women with higher estradiol
concentrations had larger hippocampal volumes (p = 0.01). This result should be interpreted with
care, as it originated from model qualification analyses and not an a priori hypothesis. The results

are however in line with studies of naturally cycling women, where hippocampal volume is
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reduced during phases with low estradiol levels and vice versa in periods with increasing estradiol
levels (Barth et al., 2016; Lisofsky et al., 2015). Our results also harmonize well with the
neurotrophic and neuroprotective effects of perimenopausal hormone replacement therapy
(Albert et al., 2017; Lord et al., 2008; Sohrabiji, 2005), which act in concert with serotonin (Amin et
al., 2006; Epperson et al., 2012). Such potentially neuroprotective effects may be associated with
the antidepressant properties estradiol has during perimenopause (Gordon et al., 2018, 2016a,
2016b). On the other hand, oral contraceptive use, which is a non-dynamic state of endogenous
ovarian hormone suppression combined with synthetic steroids, appears to be associated with
increased hippocampal volumes (Pletzer, 2019; Pletzer et al., 2019, 2010). Also, hippocampal
volume is decreased during long-term periods with high female sex-steroid hormone levels, such
as pregnancy and puberty (Cameron, 2004; Carmona et al., 2019; Hoekzema et al., 2017; Mills et
al., 2016; Sisk and Zehr, 2005). However, this decrease is associated with a functional and
structural restructuring of the brain that may help the healthy brain to perform better under new
life circumstances, e.g. prepare the maternal brain for motherhood (Carmona et al., 2019;
Hoekzema et al., 2017; Pawluski et al., 2016, 2009). In other words, it seems like differences in
length, magnitude and timing of an estradiol stimulation or fluctuations critically determine the
effects on brain structure and function (Lord et al., 2008; Rehbein et al., 2021). Although
preliminary, our data points to loss of neuroprotection, at least transiently, in response to abrupt
estradiol decreases, which is in line with studies of hippocampal volume changes over the
menstrual cycle or during menopausal transition and may be associated with the antidepressant

properties of estradiol in perimenopause.

Serotonin transporter (SERT) availability and hippocampal volume

We found no evidence for a moderation effect (i.e., an interaction effect), as was observed for the
previously published depressogenic effects of change in SERT and change in estradiol
concentrations (Frokjaer et al., 2015). However, SERT binding at baseline contributed to the model
for hippocampal volume changes. Intriguingly, baseline SERT binding was negatively associated
with hippocampal volume at baseline, but positively associated with the change in hippocampal
volume from baseline. Thus, even though low baseline SERT binding may be associated with a

larger hippocampal volume in general, it may also be associated with larger susceptibility for
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decreased hippocampal volume across hormonal transitions. While the interpretation of the
direction is not straightforward, it corresponds well with the neuroplastic properties of the
serotonin system, including SERT (Alenina and Klempin, 2015; Kraus et al., 2017). We speculate
that this increased hippocampal sensitivity to (loss of) trophic stimuli may be driven by changes in
gene transcription, as is the case for vulnerability to depressive symptoms in relation to sex-
hormone transitions (Mehta et al., 2019).

Overall, our study suggests that brain SERT and estradiol fluctuations may both be associated with

hippocampal volume changes.

Hippocampal volume and the emergence of depressive symptoms

Contrary to our expectations, hippocampal volume changes within the GnRHa group were not
associated with depressive symptoms (Frokjaer et al., 2015). Additional mediations analyses
supported this. Thus, our results do not indicate that the reported changes in hippocampal volume
play a role in the underlying mechanisms of GnRHa induced despressogenic changes in
hippocampal functional connectivity, in this cohort (Fisher et al., 2017). Additionally, our results do
not directly align with the evidence for an association between depressive symptoms in clinical
populations and decreased hippocampal volume (McKinnon et al., 2009; Schmaal et al., 2016;
Videbech and Ravnkilde, 2004). However, the women in the GnRHa group only had subclinical
depressive symptoms for a short period of time, and may not have experienced the full range of
neurobiological changes related to a manifest depressive episode. Although we previously
published a SERT-by-estradiol interaction effect on depressive symptoms in this cohort, the effects
of SERT on hippocampal volume were not associated with the emergence of depressive symptoms
(Frokjaer et al., 2015). Thus, it seems like SERT affects mood and hippocampal volume through
different mechanisms or mechanisms work at different speeds.

Thus, our data suggest that hippocampal volume changes in response to short term sex-hormone
fluctuations are well tolerated in the female brain and are not strongly associated with depressive

symptoms induced by hormonal transitions, at least in healthy low-risk women.
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Methodological considerations

The primary strength of this study is the longitudinal nature, a well-defined pharmacological
intervention, and a placebo-controlled design, which directly enables us to model brain signatures
of a biphasic ovarian hormone fluctuation. However, the study has several limitations and should
be considered preliminary. First, our study, including sample size selection, was mainly designed to
answer questions related to SERT, estradiol and mood, as emphasized by the subset of women
who had a suboptimal timing of their MR (i.e., > 4 days apart from PET scan or blood samples).
Second, the sample size and the mentally robust nature of the study population, reduced our
ability to detect more discrete effects due to power limitations. Third, acute changes in
hippocampal volume in healthy individuals are of a small magnitude and thus vulnerable to
measurement noise, including image analysis methods (Gronenschild et al., 2012; Kong et al.,
2022). Larger samples and/or higher image resolution, i.e., in 7 Tesla fields, may to some extent
alleviate this problem in future studies. However, even though the magnitude of the observed
volume changes were small, they are similar to those that occur over the menstrual cycle (Lisofsky
et al., 2015) and during depressive episodes (Schmaal et al., 2016), which suggests that the
observed effects are of a reasonable size. Finally, we did not adjust our results for multiple
comparisons. This was mainly because the study was driven by few a priori hypotheses, which
were supplemented with robustness analyses. However, we also acknowledge the preliminary
nature of the study, where we seek to uncover potential patterns of associations between weak
signals, within a study design optimized for other research questions. Nevertheless, we believe
that such an approach is justified and valuable for hypothesis generation, provided that it is
evaluated in future studies, as this type of dataset is rare. Larger studies of hippocampal volume
changes in response to pharmacological sex-hormone manipulation and studies in high-risk for
depression individuals, across hormonal states, or groups with high hormone sensitivity are

warranted.

Conclusions
In summary, we did not find a significant decrease in hippocampal volume in response to GnRHa
relative to placebo. Within the GnRHa group we found no evidence that hippocampal volume

mediated the association between estradiol changes and the emergence of depressive symptoms.
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However, change in hippocampal volume was related to the magnitude of the GnRHa-induced
estradiol decrease, when controlled for baseline SERT binding, but not linked to the emergence of
depressive symptoms in this cohort. This suggests that both estradiol dynamics and serotonergic
brain architecture may be important for hippocampal plasticity and neuroprotection. However,
we acknowledge that this study has a number of limitations and should be considered preliminary.
If replicated, ideally in larger datasets and/or in high-risk populations, our data indicate that
estradiol fluctuations may be associated with hippocampal plasticity, and that abrupt hormonal

withdrawal may compromise neuroprotection, but not necessarily in a depressogenic way.
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Tables and figures

Table 1. Demographics, hippocampal volume and estradiol concentrations in the GnRHa and

placebo group at baseline and follow-up.
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Figure 1. Overview of the study design. Details on the timing of baseline, intervention and follow-

up assessments. For cycle days and post intervention days, we report a mean + SD.

Baseline Intervention Bleeding Follow-up
S
rd

CD 542 CD23+3 9+ 4 days p.i. 16%3 days p.i.

. i Hamilt

Hamilton score GnRHa = 31 GnRHa: 1043 p.i. amiiton score

i i . i MR imaging
MR imaging Placebo = 29 Placebo: 73 p.i.
PET i i
PET imaging Imaging

. Estradiol conc.
Estradiol conc.

Abbreviations: CD, cycle day, mean#SD; p.i., post intervention, mean+SD; MR: Magnetic resonance; PET, positron emission tomography;

conc., concentration in serum.

Figure 2. Baseline associations between hippocampal volume and estradiol. Baseline estradiol
concentration was associated with baseline hippocampal volume only in a model controlled for age
and baseline SERT binding (partial R2 =0.11, p = 0.01, residuals are used to visualize hippocampal
volume controlled for SERT binding at baseline and age). Solid line represents regression line with
95% Cl.
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Figure 3. Effect of GnRHa and placebo on change in hippocampal volume

In the GnRHa group, hippocampal volume decreased, as expected, 26.77 mm3 from baseline to
follow-up, whereas hippocampal volume in the placebo group increased 12.13 mm3. The mean
difference in change of 37.9 mm3, was however not significant (p = 0.14). Black dots represent
mean change in hippocampal volume, error bars represent SD.
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Figure 4. Association between change in hippocampus volume and the emergence of depressive
symptoms. We observed no significant change in hippocampal volume effect on the emergence of
depressive symptoms, measured as change in Hamilton depression score (partial R2 = 0.01, p =
0.21). Black line represents regression line with 95% Cl.
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Figure 5. Association between estradiol and hippocampal volume in the GnRHa group. GnRHa
induced change in estradiol concentration was positively associated with change in hippocampal
volume (partial r2 = 0.04, p = 0.04), in a model adjusted for SERT binding at baseline (residuals are
used to visualize hippocampal volume controlled for baseline SERT binding).
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Highlights

e Placebo-controlled pharmaco-MRI sex-hormone manipulation study in healthy women
e Changes in estradiol and depressive symptoms were mapped across intervention
e Hippocampal volume changes and brain serotonin transporter availability were mapped

e Abrupt estradiol withdrawal reduced hippocampal volume in a non-depressogenic way
e Serotonergic markers contributed to hippocampal volume changes
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Abstract

Objective: Women have an increased risk for mental distress and depressive symptoms in relation
to pregnancy and birth. The serotonin transporter (SERT) is involved in the emergence of
depressive symptoms postpartum and during other sex-hormone transitions. It may be associated
with cerebrospinal fluid (CSF) levels of the main serotonin metabolite 5-hydroxyindolacetic acid (5-
HIAA). In 100 healthy pregnant women planned to deliver by caesarean section (C-section), we
evaluated 5-HIAA and estradiol contributions to mental distress five weeks postpartum.

Methods: Eighty-two women completed the study. CSF collected at C-section was analyzed for 5-
HIAA, with high performance liquid chromatography. Serum estradiol concentrations were
guantified by liquid chromatography tandem mass spectrometry before C-section and
postpartum. Postpartum mental distress was evaluated with the Edinburgh Postnatal Depression
Scale (EPDS). Associations between EPDS, 5-HIAA, and AEstradiol were evaluated in linear
regression models adjusted for age, parity and SERT genotype.

Results: Higher levels of postpartum mental distress symptoms were, independently, positively
associated with high antepartum CSF 5-HIAA levels with borderline significance (p = 0.06) and
negatively associated with a large decrease in estradiol concentrations (p = 0.007).

Conclusion: In a cohort of healthy pregnant women, postpartum mental distress was higher in
women with high antepartum CSF 5-HIAA and lower in women with a large perinatal estradiol
decrease. We speculate that high antepartum 5-HIAA is a proxy of SERT levels, that carry over to
the postpartum period and convey susceptibility to mental distress. Further, in healthy women the

postpartum return to lower estradiol concentrations may promote mental well-being.

Key words: pregnancy; postpartum; mental health; serotonin; estradiol
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Significant Outcomes

e Alarge decrease in estradiol from late in pregnancy to week five postpartum is associated
with fewer postpartum mental well-being in healthy women.

e High cerebrospinal fluid levels of the main serotonin metabolite, 5-HIAA, in pregnancy is
associated with more postpartum mental distress symptoms in healthy women (borderline
significance).

Limitations

e Low level of clinically relevant symptoms limits generalizability to clinical cohorts

e Missing data reduce statistical power

e Longitudinal changes quantified for estradiol, but serotonergic markers and mental distress
symptoms were both quantified cross-sectionally
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Introduction

Peripartum mental distress symptoms, such as anxiety, sleep disturbances or “postpartum blues”,
are common (about 40%, 40% and 50%, respectively) and predispose to manifest depressive
episodes (1-6). About 10-15% of new mothers develop a depressive episode with onset during
pregnancy or up to 4 weeks postpartum, known as perinatal depression (PND; 7-9). Intriguingly,
the risk for a severe depression is particularly high within the first 4-8 weeks postpartum (10),
which extend the DSM-V diagnostic criteria. This transition from pregnancy to early postpartum is
characterized by dramatic sex-steroid fluctuations, especially for the main estrogen during the
reproductive years estradiol (E2). Estradiol levels increase steadily to very high levels during
pregnancy, but are reduced to hypogonadal levels within days after delivery and, in breastfeeding
women, remain low for months (11,12). However, most studies have not been able to link
absolute levels of estrogens directly to PND or mental distress, although some studies point
towards an underlying sensitivity to estrogens at a genomic level (13—-22). Intriguingly, E2 potently
affects key features of the serotonin (5-HT) signaling system and induce expression of the main
regulator of synaptic 5-HT: the serotonin transporter (SERT; 23—28). Some studies (29,30), but not
all (31), suggest that the risk for postpartum depression is increased in women with high-
expressing SERT genotypes in a gene dose-dependent manner, i.e., women who are homozygous
for the long allele of the serotonin-transporter-linked promotor region (5-HTTLPR), have a higher
risk than heterozygotes or short allele homozygotes. Evidence from a pharmacological sex-
hormone manipulation risk model for depression indicate that a large net decrease in E2 may
trigger depressive symptoms in interaction with higher brain SERT availability (32). In humans in
vivo SERT imaging in pregnancy is not possible due to exposure to radiation, however some
evidence can be provided from proxy markers of SERT induction in cerebrospinal fluid (CSF) and
from studies in the immediate postpartum. CSF studies in humans and rodents, suggest that levels
of the main serotonin metabolite 5-hydroxyindolacetic acid (5-HIAA) in CSF may serve as a proxy
for SERT expression, as long-term reductions in SERT are associated with decreased levels of 5-
HIAA in CSF (33—40). Also, monoamine oxidase type A (MAO-A) metabolizes the monoaminergic
neurotransmitters, including 5-HT, and responds to E2 (41). Thus, 5-HIAA may also serve as a
marker for MAO-A activity late in pregnancy. Intriguingly, human studies have shown that MAO-A

may be important in postpartum mood regulation (42,43). Currently, it remains unclear how
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pregnancy and the related increase in estrogens affects 5-HIAA concentrations in CSF and if 5-HIAA
contribute to perinatal mental distress (44,45).

Thus, we do not know if the dramatic changes in E2 across the perinatal period contribute to
mental distress in interaction with 5-HTTLPR, at least in some women, through a transiently
compromised serotonin signaling. Under the assumption that induction of SERT increases 5-HIAA,
we hypothesized that high 5-HIAA antepartum (late pregnancy) and a large decrease in E2 would
be associated with more mental distress symptoms in postpartum women and that 5-HIAA and E2
would interact in inducing mental distress. Further, that the association between change in E2 and
mental distress would be more pronounced in women homozygous for the high-expressing 5-

HTTLPR variant.

Aims of the Study
In a longitudinal study of healthy pregnant women, we assessed if antepartum levels of 5-HIAA in

CSF, 5-HTTLPR status and perinatal change in E2 contributed to mental distress or subclinical

depressive symptoms five weeks postpartum.

Materials and methods

Participants

For the purpose of obtaining CSF for antepartum neurotransmitter quantification, only women
planned to deliver by caesarean section (C-section) were eligible for the study. Thus, 100 healthy
pregnant women in gestational week 38-42 and planned to deliver by C-section were recruited
from obstetric departments at Copenhagen University Hospital, Denmark (Rigshospitalet and
Herlev Hospital), for a study approved by the local ethics committee in the Capital Region of
Denmark (protocol H-18029563). All participants gave written informed consent.

Inclusion criteria: age 18-40 years, planned C-section due to fetal breech position, previous C-
section, previous myomectomy, obstructing fibroid, previous rupture of the anal sphincter, and
uncomplicated placenta previa. Exclusion criteria: Previous or current severe somatic or
psychiatric illness, pregestational Body Mass Index (BMI) below 18 or above 35, severe
postpartum hemorrhage, infant with severe illness, use of medications that affect the central
nervous system, substance abuse, non-fluent in Danish, severe learning disabilities, and impaired

vision or hearing. Screening included questionnaires on mental well-being, medical history and
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blood tests. The majority of the participants were Caucasians, but three were of Asian descent.
Out of the included participants, eight had a psychiatric history of mild anxiety or depressive
symptoms, including three cases of previous postpartum depression. Further two had previously
experienced intrauterine fetal death or neonatal death. Two women had a possible
thromboembolic episode in pregnancy and received subcutaneous injections of heparin, two
women had a history of migraine, two had congenital urogenital anomalies, and one had a thyroid
disease in remission. One third of the participants were included during the Severe Acute
Respiratory Syndrome Coronavirus-2 pandemic of 2020 (COVID-19).

Out of the 100 women, four gave birth vaginally before the planned C-section and were thus
excluded from the rest of the study. For the remaining 96, 14 did not complete follow-up due to:
infants with severe illness (n = 3), personal reasons (n = 2), and lost contact with the research team
(n =9). Out of the 82 who completed, 19 had missing data at follow-up due to: COVID-19 related
cancellations of blood samples (5), enrollment under an older protocol version (1), and non-
compliance with questionnaires (13). Quantification of CSF markers failed for two participants and
genotyping for one participant for technical reasons. Thus, complete data were available for 60.

An overview of the study design can be found in Figure 1.

Questionnaires and interviews

Our main outcome was postpartum subclinical depressive symptoms evaluated with the Danish
validated version of the Edinburgh Postnatal Depression Scale (EPDS; range: [0-30], cut-off for
depression: >11; 46). For antepartum screening of participants and to evaluate longitudinal mood,
sleep and anxiety symptoms, we used the Major Depressive Inventory (MDI; range: [0-50]; 47), the
state subscale of the State Trait Anxiety Inventory (STAI; range: [20-80]; 48), and Pittsburg Sleep
Quality Index (PSQI; range: [0-21]; 49). Participants completed MDI, STAIl and PSQI shortly before
the C-section (median: 1 day, range [0; 15], one C-section was postponed two weeks), and five
weeks postpartum (median: 35 days, range: [16; 64], one participant came in late due to severe
depression). EPDS was administered at week five postpartum (median: 35 days, range: [16; 64]).
At week five postpartum, we used the Mini-International Neuropsychiatric Interview (M.I.N.I.) to

rule out any undiagnosed severe psychiatric disorders (50).
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Estrogen analyses

Serum samples for estrogen analyses were collected before C-section (median: 0 days, range: [0;
2]) and repeated five weeks postpartum (median: 35 days, range: [15; 66]). Serum samples were
transferred to -20 °C immediately after centrifugation and collection. Concentrations of estrone
(E1), E2 and estriol (E3) were measured simultaneously in serum samples by liquid
chromatography tandem mass spectrometry (LC-MS/MS) with prior liquid—liquid extraction, as
described in (51). In short, estrogens were purified from 200 pL thawed serum sample by liquid—
liquid extraction using heptane/ethyl acetate followed by analysis on a Dionex UltiMate 3000
UHPLC system with integrated Transcend TLX TurboFlow sample preparation system, coupled with
triple quadrupole mass spectrometer (TSQ Quantiva) from Thermo Scientific controlled by Aria MX
2.2 and Xcalibur 4.0 software. The TurboFlow- LC-MS/MS system was equipped with a loading
Cyclone-P TurboFlow column followed by an analytical Kinetex® Phenyl-Hexyl column, for further
sample extraction and chromatographic separation of the estrogens. The tandem mass
spectrometry system was equipped with a heated electrospray ionization source (HESI) running in

negative mode. The total duration time was 5.50 minutes.

Cerebrospinal fluid for neurotransmitter analyses

Cerebrospinal fluid (CSF) was collected as a part of the anesthetic procedures for the C-section.
Briefly, anesthesiologists collected 0.5-1 ml of CSF during spinal anesthesia, which was
immediately transferred to dry ice and subsequently stored at -80 °C.

CSF concentrations of 5-hydroxyindoleacetic (5-HIAA) , serotonin (5-HT), norepinephrine (NE), 3-
methoxy-4-hydroxyphenylglycol (MHPG), and homovanillic acid (HVA) were assayed by high-
performance liquid chromatography, as detailed in (52). Briefly, 10 uL of the samples was injected
onto a Prodigy C18 column (100 x 2 mm I.D., 3-um particle size, YMC Europe, Schermbeck,
Germany) at flow rate of 0.15 mL/min. The mobile phase consisted of 55 mM sodium acetate, 1
mM octanesulfonic acid, 0.1 mM Na2EDTA and 7% Acetonitrile, adjusted to pH 3.7 with 0.1 M
acetic acid, and was degassed using an on-line degasser. For the electrochemical detection, we
used an amperometric detector (Antec Decade from Antec, Leiden, The Netherlands) with a glassy

carbon electrode set at 0.7 V, with an Ag/AgCl as reference electrode. The output was recorded on
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a computer program system CSW (Data Apex, Prague, The Czech Republic), which was used to

calculate the peak areas.

5-HTTLPR genotyping

Analysis was performed on whole blood samples drawn prior to C-section and stored at -20 °C.
Genotyping was done in line with previous studies, with some modifications (53). DNA was
extracted from blood with a Chemagic DNA Blood 4k Kit H24 and a Chemagic 360-D instrument
(PerkinElmer, Waltham, Massachusetts) according to the manufacturer's guidelines. 5-HTTLPR
(SLC6A4; rs774676466) genotyping was performed using PCR amplification with the forward
primer 5'-TAATGTCCCTACTGCAGCCC-3' and reverse primer 5'-GGGACTGAGCTGGACAACC-3'. PCR
was performed in a total volume of 15 pL containing DNase/RNase-free distilled water, 100 ng
DNA, 0.6 umol/L of each primer (TAG Copenhagen, Denmark), 30 umol/L dNTP (Qiagen, Hilden,
Germany), commercial buffer and Tag DNA-polymerase (VWR, Radnor, Pennsylvania), and 12%
(v/v) sucrose (Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany). The PCR temperature cycling
conditions were as follows: initial denaturation for 70 min at 98°C, followed by 40 cycles:
denaturation at 96°C for 30 sec, primer annealing at 68°C for 30 sec, and primer extension at 72°C
for 30 sec. The last cycle was followed by a final extension step for 7 min at 72°C. The PCR product
was loaded on a 2% agarose gel in 1xTBE, and the fragments were separated by gel
electrophoresis at 100V for 30 min. Gels were stained with SYBRTM Safe DNA Gel Stain (Thermo
Fisher Scientific, Waltham, Massachusetts) and visualized with a ChemiDoc MP imaging system
(Bio-Rad, Hercules, California). The genotypes were identified as LL 493 bp, LS 450bp and 493bp,
and SS 450bp. For statistical analyses, we dichotomized the participants into long allele

homozygotes (LL) or carriers of the short allele (S-carrier).

Statistical analyses

Prior to analyses, E2 was log-transformed (base = 2) to ensure normally distributed data. The ante-
to postpartum change in E2 (AE2) concentration was derived as postpartum minus antepartum
log-transformed concentrations.

To test our hypotheses, we used multiple linear regression models, all conducted in R

(http://cran.r-project.org/). Since EPDS only is validated for postpartum use in Danish, we did not
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collect antepartum EPDS and thus could not control postpartum scores for antepartum scores. We
maintained this structure for other measures of mental distress, as antepartum scores may have
been biased by the high stress situation prior to the C-section. Only one woman developed
significant depressive symptoms, thus we were not able to describe the trajectory for severely
depressed cases and we excluded her data from postpartum statistical analyses.

Because of missing data, we evaluated the main effects in models where either 5-HIAA or AE2
were included. The models were adjusted for known risk factors for perinatal depression, i.e., age,
parity, 5-HTTLPR genotype (9,29,54-57). Log-likelihood-ratio test indicated that parity and 5-
HTTLPR were relevant covariates, but not age or number of days between birth and postpartum
follow-up. We kept age in the model, due to an uneven age distribution between primiparous
women and women who were parous at inclusion. Further we evaluated if 5-HTTLPR genotype
interacted with AE2 in the association with mental distress. Additionally, we evaluated if age and
parity interacted with either AE2 or 5-HIAA. Interaction effects between 5-HIAA and AE2 were
evaluated in complete cases only. We also report the contributions of 5-HIAA and AE2 mutually
adjusted, in complete case data. Due to missing data, we additionally applied an inverse
probability of censoring weights approach to the main model, see supplementary materials.

We considered the option that some of the associations for 5-HIAA might be established already in
pregnancy and carried over to the postpartum period, thus we also evaluated antepartum 5-HIAA
associations with available antepartum distress scores. Further, we evaluated if postpartum E2
mapped better on to EPDS than AE2.

Linear mixed-effects models with an unstructured covariance matrix were used to determine if
mental distress varied across the whole perinatal period. Supplementary analyses conducted to
evaluate potential bias can be found in supplementary materials and include baseline
characteristics of drop-outs; antepartum associations between E2, 5-HIAA, 5-HT; contributions
from other estrogens; differences between primiparous and multiparous women; and if variations
in the timing of follow-up was important for postpartum E2. Our main hypothesis concerned the 5-
HIAA, but alternative models for other monoaminergic neurotransmitters or their metabolites can
also be found in supplementary materials.

The p-values are not adjusted for multiple comparisons. p < 0.05 was considered significant.
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Results

Demographics and antepartum characteristics

Sample characteristics prior to delivery for the 96 women that underwent C-section are described
in Table 1, note that at follow-up the number of participants with available data varied. Forty-four
women underwent C-section due to fetal breech position; 39 due to previous C-section; 2 due to
placenta previa; 7 due to previous rupture of anal sphincter; and 4 due to uterine fibroid or
previous myomectomy. Mean age was 33.8 years. Scores of postpartum depressive symptoms
were clearly within the normal spectrum (46,58). As expected, anxiety and sleep disturbances
were, on average, close to or above suggested cut-offs (STAI: 34-40; PSQJ: 5; Buysse et al., 1989;
Tendais et al., 2014).

Mental distress and associations with 5-HIAA, E2, 5-HTTLPR, age and parity

AE2 was positively associated with EPDS at week five postpartum, i.e., a small decrease was
associated with more symptoms ( Bae2-0.73, 95% Cl: [0.21; 1.25], p =0.007; Figure 2, panel A), in
a model not adjusted for 5-HIAA. Similar results were found for postpartum E2, i.e., higher
postpartum E2 was associated with more distress (Be2 postpartum: 0.81, 95% Cl: [0.26; 1.37], p =
0.005). In the same model, AE2 interacted with parity, such that a large decrease in E2 was
associated with lower EPDS score in multiparous women, compared to primiparous women, who
had no association between EPDS and AE2 (Bag2-by-parity = 1.46, 95% Cl:[ -2.58; -0.33], p = 0.01). We
found no significant interactions between AE2 and 5-HTTLR (Bae2-by-s-HtTier = -0.81, 95% Cl: [-2.12;
0.51], p = 0.22) or age (Bae2-by-age = -0.02, 95% Cl: [-0.17; 0.14], p = 0.84).

5-HIAA was positively associated with depressive symptoms with borderline significance (Bs-tiaa=
0.002, 95% Cl: [-7x107>; 0.004], p = 0.06; Figure 2, panel B), in a model not controlled for AE2. In
this model, 5-HIAA did not interact with age (Bs-Hiaa-by-age = 0.0003, 95% Cl: [-0.0003; 0.0008], p =
0.36) or parity (Bs-Hiaa-by-parity = -0.002, 95% CI: [-0.006; 0.002], p = 0.32).

When both AE2 and 5-HIAA were included in the model, i.e., when we used only complete case
data (n=59), the effects sizes were similar however less significant (Bae2 = 0.63, 95% Cl: [0.09;
1.16], p = 0.02; Bs-niaa= 0.002, 95% CI: [-0.0004; 0.004], p = 0.12). 5-HIAA and AE2 did not interact
with each other in their association with postpartum mental distress (Bs-Hiaa-by- a2 = -0.0002, 95%

Cl: [-0.001; 0.001], p = 0.79). Adjusted for both 5-HIAA and AE2, primiparous women had
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significantly more symptoms on EPDS relative to multiparous women (Bparity = 1.66, [0.03; 3.29], p
=0.05), but neither age (Bage = 0.03, [-0.18; 0.25], p = 0.76) nor 5-HTTLPR were significantly
associated with EPDS (Bs-urrier = 1.44, [-0.41; 3.29], p = 0.12). Postpartum mental distress
evaluated with MDI, STAI and PSQl is detailed in Table 2 and supported that 5-HIAA and AE2 were
associated with subclinical depressive symptoms and anxiety might, but that sleep disturbances
might be more related to AE2. Further, 5-HIAA may have been positively associated with anxiety in
pregnancy (STAI; Bs-niaa: 0.006, 95% Cl: [0.001; 0.01], p = 0.02), but not mood (MDI; Bs-niaa: 0.001,
95% Cl: [-0.002; 0.01], p =0.36) or sleep (PSQl; Bs-niaa : 0.0004, 95% Cl: [-0.002; 0.002], p = 0.69).
Linear mixed-effects models showed that, on average, MDI score decreased significantly across
the antepartum to postpartum transition (estimate: -2.09, 95% Cl: [-3.33; -0.84], p = 0.001). STAI
scores followed a pattern similar to MDI (estimate: -5.6, 95% Cl:[ -7.36; -3.85], p <0.001). PSQl
score did not change significantly from ante- to postpartum (estimate: 0.17, 95% Cl:[ -0.55; 0.88],
p =0.65).

Alternative models with other monoaminergic neurotransmitters and their metabolites (serotonin,
norepinephrine, and 3-methoxy-4-hydroxyphenylglycol homovanillic acid) showed no statistically
significant associations with EPDS, see supplementary materials. Results for the estrogens estrone
(E1) and estriol (E3) were similar to those found for E2 and can be found in supplementary

materials.

Discussion

In a longitudinal cohort study, we evaluated serotonergic and estrogenic contributions to maternal
mental distress across the ante- to postpartum transition. High antepartum 5-HIAA was associated
with the emergence of subclinical depressive symptoms five weeks postpartum, with borderline
significance, while a large decrease in E2 from late in pregnancy to postpartum was associated
with less depressive symptoms postpartum. The negative association between a large decrease in
E2, between ante- and postpartum, and mental distress symptoms was more pronounced in
multiparous women. Contrary to what we hypothesized, we observed no significant interaction

between E2 and 5-HIAA or 5-HTTLPR.
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Serotonergic CSF markers and perinatal mood

As hypothesized, 5-HIAA late in pregnancy was positively associated with the emergence of
subclinical depressive symptoms and anxiety symptoms postpartum, although only on a borderline
significant level (for EPDS). Antepartum, 5-HIAA was only significantly associated with anxiety
symptoms. This suggests an underlying vulnerability in the serotonin system, which may induce
some symptoms in pregnancy, that can be more fully developed into broader subclinical
symptoms of depression by the ante- to postpartum transition. Thus, anxiety in pregnancy may be
a marker for serotonergic changes that increase susceptibility to postpartum distress. In line with
this, other studies have also found that anxiety in pregnancy increase the risk for postpartum
depression (3,60). As detailed in supplementary materials, this underlying vulnerability was not
likely to depend on antepartum E2 or 5-HTTLPR, as neither mapped on to 5-HIAA. Contrary to our
expectations, 5-HTTLPR played no role in postpartum mood. This does not align with evidence
from studies that report an increased risk for postpartum depression in women with high-
expressing variants of 5-HTTLPR (29,30). However, these studies were conducted in clinical
cohorts. Therefore, in our healthy cohort associations between 5-HTTLPR and postpartum mental
distress may not be present or are too small to detect. This is supported by the model selection
process, which indicated that inclusion of 5-HTTLPR improved model fit. Direct quantification of
brain SERT also points towards an association between high SERT and mental distress in response
to short-term sex-hormone fluctuations (32). Under the assumption that 5-HIAA is elevated as a
consequence of pregnancy-induced SERT expression, that would be in line with our results
(24,28,33—-36,61). That is, increased SERT levels in pregnancy, observable as a high 5-HIAA in CSF,
may carry over to the postpartum period and trigger mental distress postpartum. Perhaps this
reflects that, in some women, SERT does not adapt (or down-regulate) appropriately in response
to the high E2 levels late in pregnancy. This may be similar to the reduced flexibility in SERT
regulation observed in individuals who develop a depression in response to seasonal changes (62).
On the other hand, previous studies reported the same or higher 5-HIAA CSF concentrations in
healthy pregnant women, compared to non-pregnant women, suggesting that high E2 in
pregnancy not normally leads to reductions in 5-HIAA (44,45). Notably, neither study reports

postpartum health, nor do they provide longitudinal data. Further, our sample is larger than



© 0O N oo o B~ w N

e e T o o =
~ o O~ W N B O

W N DN N DN DN DD NN DN DN DN P
o © 00 N oo o A W N PO ©o o

previous studies and we find a lower mean 5-HIAA and a wider range in concentrations, suggesting
a greater variability than these studies capture.

5-HIAA is also regulated by MAO-A deamination of 5-HT, which E2 may inhibit (41). Human studies
suggests that brain MAO-A distribution is higher early postpartum, where sex-steroid levels are
low, and normalize in healthy postpartum women, but not in women with postpartum mood
symptoms (43,63). However, as detailed in supplementary materials, antepartum E2 potentially
mapped on to norepinephrine, but not 5-HIAA or 5-HT, suggesting that 5-HIAA levels not mainly
were driven by E2 induction of MAO-A. Similarly, we show in supplementary materials that none
of the other monoamines are associated with EPDS score, suggesting that neither MAO-A or -B are
responsible for the association between E2 and 5-HIAA.

Thus, we speculate that high 5-HIAA mainly reflects pregnancy induced high SERT levels, which
may carry over from antepartum to the early postpartum period and convey susceptibility to
mental distress at least up to five weeks postpartum. The increased 5-HIAA may reflect a failure to
adapt SERT levels in response to the high hormone concentrations late in pregnancy. Early effects
of increased 5-HIAA leading to anxiety symptoms may be established already late in pregnancy

and develop further across the ante-to postpartum transition.

Estradiol (E2)and perinatal mental distress

As expected, change in E2 across the ante- to postpartum transition was associated with
postpartum mental distress, however the direction was opposite of what we hypothesized, i.e., a
large change was associated with less postpartum distress. Thus, our results contrast findings from
our sex-hormone manipulation model (32). The apparent disparities may be due to differences in
the length and magnitude of the E2 concentration changes, as noted by others (28,64). For
instance, hormone replacement during perimenopause has beneficial effects on hippocampal
volume and depressive mood, but not when administered well beyond menopause (65—68).
Similarly, high endogenous estrogens increase hippocampal volume during the menstrual cycle,
while the long-term estrogen exposure during pregnancy is associated with a decrease in
hippocampal volume (69,70). Thus, the long and high amplitude stimulation in pregnancy may
promote different mechanisms than a brief hormone manipulation. Supplementary analyses

indicated that the association between estradiol change and mental distress, mainly was driven by
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postpartum E2 concentrations. Thus, healthy women seem to respond beneficially to a sudden
downregulation, while women who develop a depression postpartum may not. This strongly
support that estrogen sensitivity may be a risk marker for postpartum depression as indicated by
recent genomic studies (16,18,71,72). This may explain the difference between the current study
and those who report an that lower estradiol levels are associated with depression (15,73). At the
same time, it indicates that the rapid E2 changes may be important for healthy postpartum
adaptations. In line with this, antepartum E2 and working memory is positively associated in non-
depressed women, while depressed women do not benefit in terms of cognitive performance
from the high E2 in pregnancy, suggesting that the same mechanisms that provoke depressive
symptoms, may provide an advantage in healthy women (74). Our results differ from the number
of studies that have found no association between postpartum mood symptoms and absolute E2
levels or changes(14,17,18,20). However, there are multiple methodological differences that may
explain this, such as sample size, degree of clinically relevant symptoms, absolute E2 levels versus
changes and sensitivity of the quantification method. In the current study, we quantified E2 with
high sensitivity methods that are able to accurately estimate the very low and very high E2
concentrations postpartum and in pregnancy (51). Thus, we may have captured associations
previously missed by others. Of note, Klier et al. (17) found higher early postpartum estrogen
levels in healthy pregnant women who developed a depression postpartum. An older study also
reported that higher postpartum E2 might map on to mental distress (21). This is in accordance
with our results where a high postpartum E2/smaller ante- to postpartum decrease in E2 was
associated with more mental distress. This association was strong in multiparous women,
independent of age, but not in primiparous women. Thus, previous pregnancy and birth may be an
advantage for subsequent pregnancies, perhaps through altered hormone sensitivity or changes in
brain structure (69,71). As detailed in supplementary materials, there were no absolute
differences between multiparous or primiparous women to explain this, but parity-associated
differences in E2 dynamics or steroid metabolism may have played a role. However, primiparity
was also an independent risk factor for postpartum mental distress, in line with in other studies
(9,54,60,75). Thus, primiparous women may simply be more sensitive to estradiol changes, for

instance because they lack maternal experience and the first birth is a more life-changing event.
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We speculate that the highly hormone stimulated state late pregnancy promotes perinatal mental
wellbeing in most women, but that such protective mechanisms may be disrupted in women, who
develop postpartum mental distress or depression. These protective effects seem to be enhanced

by previous maternal experience.

Mental distress in the cohort

Only few women developed symptoms, compared to what we would expect from population
studies (7). We observed a pattern reported by other studies, where depressive symptoms, in
particular anxiety, are more prevalent late in pregnancy, compared to the postpartum period
(17,76,77). To some extent, short term distress due to worry about the C-section may explain this,
as emphasized by the rapid decline in anxiety symptoms postpartum (78). Sleep disturbances were

stable across the whole perinatal period.

Methodological considerations

The most important limitation of this study is the absence of clinical levels of depressive
symptoms, which may limit the reproducibility to women at risk for PND. This may be a
consequence of the study design, which inherently has some selection bias towards robust
individuals: C-section on low-stress indications, inclusion of a high proportion of multiparous
women, exclusion of women with current diagnosed psychiatric illness and high average
socioeconomic status at our inclusion sites. Participants reported increased focus on their own
symptoms as a consequence of participation, but also a greater sense of safety. How this may
have affected mental distress in the participants is unclear. Although approximately one third of
the data were collected during the Severe Acute Respiratory Syndrome Coronavirus-2 pandemic of
2020, we did not observe an increase in distress scores or drop-out in this period (not reported).
This is probably because women who consented to the study during in this period were more
robust. However, we also included women with a higher risk of PND due to previous perinatal and
non-perinatal depression, anxiety and adverse life-events (3,79-81). We do not know if the 14
women left the study before follow-up may have developed a depression, but as shown in
supplementary materials, they suffered more from sleep disturbances in pregnancy, which is a

known risk factor for depression (20,82). However, by studying these phenomena in healthy
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women, we may have unmasked associations that would have been obscured by other risk factors
for PND. Perhaps that is why we were able to detect a very discrete association in women with a
limited range of distress scores. We were, however, limited by missing data, which, according to
supplementary analyses, may have resulted in a lower statical significance for the 5-HIAA
association with mental distress. Further, we have no information on the longitudinal changes in

5-HIAA and EPDS, for ethical and practical reasons.

Conclusion

In a cohort of healthy pregnant women, mental distress symptoms five week postpartum were
higher in women with high antepartum levels of 5-HIAA in CSF and lower in women who
experienced a large perinatal decrease in E2. The associations for 5-HIAA and E2 were
independent. 5-HIAA may be associated with pregnancy induced SERT levels that carry over to the
early postpartum period and convey susceptibility to mental distress. Postpartum return to lower

hormone levels seem to protect mental wellbeing in healthy women.
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Tables

Table 1. Antepartum characteristics, neurotransmitter concentrations, peripartum mental

distress and peripartum estradiol concentrations.

Antepartum Week five postpartum
(n=96) (n=82)

Demographics

Parity at inclusion 38/57¢ -

(0 /21 child)

Age 34 (3)/34(23;41) -

Mean (SD) / Median

(range)

5-HTTLPR genotype LL | 28 /67° -

vs. S-carrier

Sex of child (Boy/Girl) | 52/44 -

E2 and 5-HIAA

Estradiol (E2) in pmol/L | 79387 (26630) 81 (152)9

Mean (SD)

Change in E2 (pmol/L)
Mean (SD)

-78585 (27949)

5-HIAA in CSF in
fmol/10uL
Mean (SD)

1164.86 (366.71)°

Mental distress

EPDS
Mean (SD)

4.06 (4.22)

MDI
Mean (SD)

8.12 (5.25)

6.45 (6.07)"

STAIl €
Mean (SD)

32.51(9.02)

27.17 (8.85)"




psqQl f 6.74 (3.2) 7.07 (3)h
Mean (SD)

9n =95, parity not logged for one dropout; ? n = 95, analysis failed for one woman; ¢ n =94,

analysis failed for two women; €n=92;/n=86;9n=76; "n=69

Table 2. 5-HIAA and AE2 associations with postpartum anxiety, sleep disturbances and mood,

mutually adjusted and controlled for 5-HTTLPR, parity and age.

MDI STAI psal
Covariate 8 (95% Cl) p° 8 (95% Cl) p° 8 (95% Cl) p°
5-HIAA 0.003 0.02 0.004 0.05 0.002 0.81
(0.0006; 0.006) (8x105; 0.008) (-0.002; 0.002)
AE2 0.77 0.03 0.21 0.04 0.71 0.002
(0.07; 1.46) (0.08; 2.34) (0.27; 1.14)
9Unadjusted for multiple comparisons

Figure legends

Figure 1. Overview of study design.

Pregnant
Gestational week > 37 Day of C-section 5 weeks postpartum
MDI Blood samples for estradiol Blood samples for estradiol
psal CSF for 5-HIAA EPDS
STAI MDI
Psal
STAI

Abbreviations: MDI, Major Depressive Inventory; PSQI, Pittsburg Sleep Quality Index, STAI, State-Trait Anxiety Inventory, state version; CSF, cerebrospinal fluid; 5-HIAA, 5-
hydroxyindolacetic acid; EPDS, Edinburgh Postnatal Depression Scale.

Legend to Figure 2. A) Association between 5-HIAA and EPDS residuals after adjusting for age,
parity and 5-HTTLPR. Linear regression line has 95% Cl. B) Association between AE2 and EPDS
residuals after adjusting for age, parity and 5-HTTLPR.

Linear regression line has 95% Cl depicted in gray shade. Note that residuals and not EPDS scores
are on the y-axis
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Supplementary materials

CSF analyses

Antepartum CSF
Mean antepartum concentrations of CSF markers can be found in Supplementary table 1.

Supplementary Table 1. Mean concentrations of CSF markers antepartum

CSF marker concentrations in fmol/10uL
5-HIAA 1164.86 (366.71)
Mean (SD)
5-HT 69.91 (21.99)
Mean (SD)
NE 104.41 (46.2)
Mean (SD)
HVA 1025.5 (498.45)
Mean (SD)
MOPEG 474.92 (216.88)
Mean (SD)

Antepartum associations between E2, serotonergic CSF markers and age

Antepartum associations between CSF markers and E2, controlled for age and 5-HTTLPR can be
found in Table 2. We observed a trend level interaction between 5-HTTLPR and antepartum E2 on
5-HT, such that low-expressing variants had higher 5-HT in CSF (Be2*s-Hrrier = 16.61, 95% Cl: [-4.23;
37.46], p = 0.12). No such effect was found for 5-HIAA (Be2*s-ntrier = 208.67, p = 0.24). 5-HTTLPR
had no interaction effects with age on 5-HIAA or 5-HT (p-values > 0.88).

Supplementary table 2. Associations between antepartum E2, age and the CSF markers: 5-HIAA,
serotonin (5-HT), norepinephrine (NE), 3-methoxy-4-hydroxyphenylglycol (MOPEG) and
homovanilic acid (HVA)

CSF marker | Be2 p Bage p Bs-HTTLPR | P

5-HIAA 16.81 0.84 1.1 0.92 | -85,3 0.32




5-HT 1.62 0.74 | 0.47 05 |21 0.68
NE -16.55 | 0.11 |-1.27 |0.31 | - -
MOPEG 66.69 0.16 | -494 |04 |- -
HVA -108.34 | 0.33 | -20.67 | 0.13 | - -

Main models for 5-HT

Supplementary table 3: 5-HT associations with postpartum EPDS score, adjusted for AE2, age,
parity and 5-HTTLPR

6 p
5-HT -0.01 0.47
5-HT-by-AE2 -0.01 0.24
5-HT-by-parity 0.03 0.33
5-HT-by-age -0.004 0.34
5-HT-by-5-HTTLPR -0.01 0.82

Alternative models for the remaining CSF markers

Supplementary Table 4. The association between week five EPDS and non-serotonergic CSF
markers. Markers were log-transformed due to non-normality. Both HVA and NE may have
been associated with EPDS, but not MHPH, which is the metabolite of NE. Thus, MAO-A
induction does not seem to be the underlying reason.

CSF-M BCSF-M controlled for age, parity and 5-HTTLPR P-unadjusted
Log(MHPG) 0.19 0.74
Log(HVA) 0.77 0.07
Log(NE) 0.81 0.13
Drop-outs

We evaluated if there were any differences in baseline characteristics between women who
completed follow-up versus women who left the study. For this, we used Wald-type t-tests and
Fisher’s exact tests.

Women who did not complete the study, had more disturbed antepartum sleep on a borderline
significant level (mean difference in PSQI: 2.77, 95% CI: [-0.24; 5.78], p = 0.07). There were no
significant differences between those who left the study before week five and those that remained in
terms of parity (OR =1.08, 95% CI: [0.28; 4.57], p = 1), sex of child (OR = 1.15, 95% CI: [0.317;
4.41], p = 1), age (mean difference: -0.91, 95% CI: [-3.7; 1.89], p = 0.5), 5-HTTLPR (OR = 2, 95%
Cl: [0.51; 7.45], p = 0.34), antepartum E2 concentrations (mean difference: -1360, 95% CI [-
14766.27; 12044.27], p =0.84), 5-HIAA (mean difference: -128.08, 95% CI: [-373.43; 117.26], p
= 0.29), antepartum MDI score (mean difference = 0.87, 95% CI [-2.85; 4.59], p = 0.63) or
antepartum STAI score (mean difference: 1.167, 95% CI: [-4.68; 7.018], p= 0.68).




Primiparous women versus multiparous women

First-time mothers were younger than women who were parous at inclusion (mean difference: 2.4
years, 95% CI: [0.79;4.05], p = 0.004). There was no significant difference between the groups in
terms of the sex of the child (OR =0.9, 95% CI: [0.36; 2.22], p = 0.84) and 5-HTTLPR (OR = 0.64,
95% CI: [0.24; 1.75], p = 0.36). Mean antepartum estradiol concentrations did not differ
significantly (multi: 79805; primi: 79701, p = 1). There were no significant difference in absolute
postpartum estradiol concentrations (multi 94.21; primi 65.55, p = 0.36), adjustment for days
postpartum for follow-up did not change this (parity: -31.16, p = 0.4;

days:2.53, p=0.24

Estrogens

Alternative models with E1 and E3 instead of E2:
At week 5 change in E1 (B =0.84, p =0.03), but not E3 (B =-0.28, p = 0.7) was associated with
EPDS.

Correlations between estrogens ante- and postpartum

Antepartum estriol (E3) was highly and significantly correlated with E2 ( Pearson’s correlation
coefficient E3: 0.75, p < 0.001). Antepartum estrone (E1) was less correlated with E2, but still at a
significant level (Pearson’s correlation coefficient E1: 0.55, p < 0.001).

Postpartum E3 did not correlate with E2, but E1 did (Pearson’s correlation coefficient E3: -0.04, p
= 0.71; Pearson’s correlation coefficient E1: 0.95, p < 0.001). Change in E1, but not E3, correlated
with change in E2 (Pearson’s correlation coefficient E1: 0.59, p < 0.001; Pearson’s correlation
coefficient E3: 0.12, p = 0.3).

Mean values and mean change in E1 and E2 can be found in Supplementary Table 3.

Supplementary Table 2.

Antepartum Week five postpartum

(n=96) (n=76)

Serum estrogens in pmol/L

Estrone (E1) Mean (SD) 28898 (18380) | 103 (91)

Estriol (E3) Mean (SD) 49008 (18111) | 12 (0.3)
Change in E1 Mean (SD) - -27612 (16412)
Change in E3 Mean (SD) - -49522 (18957)

Estradiol postpartum and number of days since birth
Not all women came in for follow-up exactly at the same number of days postpartum. Thus, we
evaluated if the number of days between the two E2 measurements were associated with the



magnitude of the decrease. However, we also considered if this was moderated by factors known to
influence E2 dynamics in pregnancy, i.e., age, parity and sex of the child (Schock et al., 2016;
Toriola et al., 2011).

Among the multiparous women, the magnitude of E2 decrease from antepartum values was
associated with time postpartum such that the earlier the larger the decrease. No such association
could be observed for primiparous women. This effect was significant both when looking at
absolute postpartum E2 concentration (f = -0.09, 95% CI: [-0.16; -0.02], p = 0.008) and AE2 (-0.12;
95%CI: [-0.19; -0.05], p < 0.001), see Supplementary Figure 1.

The direction of these effects was also the same for E1 and E3, but was only statistically significant
for E1 (Bak1: -0.07, p = 0.005; Be1 postpartum: -0.04; p = 0.02). No such effects were found for age (p =
0.25), although as expected the trajectory of the older age group followed that of multiparous
women. A similar interaction effect was found for sex of the child, although at a less significant
level, such that women who gave birth to girls had decreased more in E2 early postpartum and less
later postpartum, than those who had boys (Bgiris-by-£2: 0.08, 95% CI: [4.06; 0.16], p = 0.05). Neither
E1 or E3 had interaction effects with sex of child or age (all p > 0.46).

We do not know if this is a spurious effect, but we speculate that it may be due to higher steroid
metabolism and/or less prolactin induced suppression of the sex-hormone axis in parous
women(Alberto Zuppa et al., 1988; Bernstein et al., 1985). It is possible that the fast return to higher
E2 levels in multiparas is a consequence of a steep decrease early postpartum. Longitudinal
postpartum E2 data are required to explore this further, however others have reported differences in
E2 levels between nulliparous and parous women (Bernstein et al., 1985; Schock et al., 2016;
Toriolaetal., 2011).

As we only measured E2 once postpartum, we do not know if the observed difference in dynamics
is a spurious effect, or reflects faster E2 dynamics in multiparous women compared to primiparous
women.

Supplementary Figure 1. Peripartum E2 dynamics. Week five samples were not all taken
exactly 35 days after delivery but 15-64 days postpartum. The amount of time that elapsed
between the C-section and the week five blood sample was associated with the magnitude of
the perinatal decrease in E2, in a manner that depended on parity. For multiparous women,
the more days that passed before the week five blood sample, the smaller the difference
between postpartum and antepartum E2 concentrations.
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Inverse probability censoring weighting — missing data

Inverse probability censoring weighting assigns allows for an estimation of associations, in cases
where there is missing data for the outcome. Weights were based on mood symptoms one week
postpartum (blues and MDI), as this may be associated with risk for depression later (Beck, 2001);
PSQI antepartum, because dropouts had more sleep symptoms in pregnancy, and antepartum
estradiol because we did not have follow-up estradiol for everybody. Inverse probability censoring
weighting of the models with 5-HIAA, age, parity and 5-HTTLPR to some extend supported the
results reported in the main paper. However, they indicated that the statistical significance for the
association between 5-HIAA and EPDS may have been higher (Bs-Hiaa = 0.003, p= 0.03). Models
with AE2 age, parity and 5-HTTLPR found similar results (Bag2 = 0.87, p = 0.007). In a model with
AE2, 5-HIAA age, parity and 5-HTTLPR, parity seemed to be less significant, while 5-HTTLPR
was more, age remained non-significant (parity: 1.55, p = 0.08; age: 0.07, p = 0.53; 5-HTTLPR:
2.1, p=0.04).
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Abstract

In the peripartum period, women commonly experience mental distress symptoms that may
develop into depressive episodes. The serotonin 4 receptor (5-HT4R) seems to be sensitive to sex-
hormones and may have antidepressant properties directly relevant in postpartum distress and
depression, perhaps in a manner coupled to hippocampal plasticity. The aim of this study was to
assess hippocampal volume and cerebral 5-HT4R in postpartum women versus healthy female
controls and relate imaging parameters to the degree of mental distress symptoms and the
peripartum decrease in estradiol (AE2).

We quantified 5-HT4R brain binding with positron emission tomography and hippocampal volume
with magnetic resonance imaging in 31 postpartum women and 24 healthy female controls.
Mental distress was assessed postpartum with the Hamilton 17-item depression scale. With linear
regression, we evaluated age-adjusted group differences in hippocampal volume and 5-HT4R brain
binding and postpartum associations between mental distress, 5-HT4R, AE2 and hippocampal
volume.

None of the women developed a depression. Cerebral 5-HT4R and hippocampal volume was
similar in postpartum women and controls. High postpartum hippocampal volume was positively
associated with mental distress (p=0.04). A large AE2 in interaction with high 5-HT4R was
associated with decreased postpartum hippocampal volume (neostriatum: p=0.02, hippocampus:
p=0.003).

Conclusion: Our findings indicate that the brain adapts well to peripartum sex-hormone changes,
in the absence of clinical depression. However, higher postpartum hippocampal volume may
reflect maladaptive peripartum hippocampal plasticity and increased vulnerability to mental
distress. Further, 5-HT4R in interaction with peripartum AE2 may be linked to postpartum

hippocampal plasticity.
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Introduction

Across pregnancy and the early postpartum, women commonly experience mild to moderate
mental distress, including anxiety, sleep disturbances and “postpartum blues”, which may
predispose to manifest depressive episodes 1. Further, depressive episodes with debut in
pregnancy or up to four weeks postpartum, known as perinatal depression (PND), occur in up to
10-15% of pregnant and postpartum women >, Notably, the risk for depressive episodes extends
beyond week four postpartum and is particularly high in the first 4-8 weeks postpartum &,
Intriguingly, this early postpartum period is also characterized by the most dramatic changes in
hormone milieu, as the steady rise in especially estrogens during pregnancy is followed by an
abrupt decrease after delivery, and a continued suppression of ovarian hormone production in
breastfeeding women °-*1. Evidence from a human risk model for depression, suggests that
maladaptive changes to the estrogen estradiol (E2) may trigger depressive symptoms in a manner
dependent on serotonin-transporter (SERT) availability in the brain 2. Correspondingly, high-
expressing SERT genotypes increase the risk for depression in relation to pregnancy and child birth
as seen in clinical cohorts 34, In a cohort of healthy pregnant women, we found that high
cerebrospinal fluid levels of the main serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) in
late pregnancy characterized women that were more vulnerable to postpartum mental distress *°.
Increased 5-HIAA may be a result of SERT induction in pregnancy 2! and thus represent a proxy
for SERT availability.

Thus, there are some indications that high SERT availability late in pregnancy may be part of a
natural brain response that in most women only transiently affect their levels of mental distress,
but at the same time, in the case of maladaptation, may pose a risk for perinatal depressive
responses.

Intriguingly, genetic and pharmacological studies in both humans and rodents indicate that SERT
availability affects the serotonin 4 receptor (5-HT4R)?272%, Rodent studies point towards anxiolytic,
pro-cognitive and antidepressant properties of 5-HT4R, including prevention of anhedonia %°. Both
cognitive problems, anxiety and anhedonia are key features of PND #2627, Human studies are less
clear, but unpublished data suggests that 5-HT4R may be reduced in patients with major
depression?®. Further, 5-HT4R may be sensitive to sex-hormone changes ?°. In the human central

nervous system, 5-HT4R is particularly abundant in striatum, hippocampus and to a lesser degree
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in neocortex, although the antidepressant-like effect seen in rodent models may be exerted, in
part, through prefrontal regulation of neuronal firing in the dorsal raphe nuclei and thus overall
serotonergic tone in the brain 222>, However, rodent data also indicate that 5-HT4R may be
involved in regulation of hippocampal plasticity 3.

Intriguingly, animal models show that the perinatal period is characterized by high hippocampal
plasticity, which may be key in pregnancy-induced mechanism that support healthy maternal
behavior and to some extent regulated by estrogens 3332, Further, recent human studies show that
hippocampal volume becomes reduced over the course of pregnancy and postpartum, as a part of
a functional remodeling 33. Since hippocampal volume reductions are characteristic for patients
with major depression 34, postpartum depression may be associated with dysfunctional
remodeling mechanisms. We have previously shown that flexibility in the serotonin system may
play a role for hippocampal volume changes in response to pharmacologically induced sex-
hormone changes (Borgsted et al., in revision). Thus, it is possible that changes in serotonin
signaling play a role in peripartum hippocampal remodeling or (mal)adaptations to perinatal
transition.

We do not know if hippocampal volume and/or 5-HT4R may be involved in the emergence of
mental distress symptoms postpartum and if this maps on to previously reported associations
between pre- to postpartum E2 changes, 5-HIAA, and postpartum mental distress.

In the current study, we evaluated the difference in hippocampal volume and 5-HT4R brain
binding between healthy postpartum women and healthy female controls. Further, we evaluated
the role of hippocampal volume and cerebral 5-HT4R binding in postpartum mental distress,
taking potential contributions from 5-HIAA and change in E2 into account. Additionally, we
evaluated if antepartum CSF 5-HIAA concentration was coupled to postpartum 5-HT4R brain
binding. Finally, we evaluated if cerebral 5-HT4R, changes in circulating E2 concentrations, and
hippocampal volume were associated.

We hypothesized that:

a) healthy postpartum women have a higher 5-HT4R brain binding than healthy controls, but a
smaller hippocampal volume;

b) both 5-HT4R binding and hippocampal volume postpartum would be inversely related to

postpartum mental distress, in a manner that depended on change in E2 concentrations
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c) 5-HT4R binding postpartum was associated with antepartum 5-HIAA;

d) hippocampal volume was associated with 5-HT4R availability and change in E2 concentrations.

Methods

Participants

100 healthy women pregnant in week 38-42 planned to deliver by caesarean section (C-section)
were recruited from the obstetric departments at Rigshospitalet and Herlev Hospital, both
Copenhagen University Hospital, Denmark, for a study approved by the local ethics commitee in
the Capital Region of Denmark (protocol H-18029563). A subgroup of these were recruited for a
neuroimaging program approved under the same ethics protocol. The aim was to include 20-25
healthy women for 5-HT4R positron emission tomography (PET) scans with'1C-SB207145 and 25-
35 for structural magnetic resonance imaging (MR).

Thirty-one consented to structural MR scans, out of the 31, 23 also consented to ''C-SB207145
PET scans. In the following we report our findings based on the imaging subgroup. All participants
gave written informed consent.

Inclusion criteria were the same as for the main study: age 18-40 years, planned C-section due to
fetal breech position, previous C-section, previous myomectomy, obstructing fibroid, previous
rupture of the anal sphincter, and uncomplicated placenta previa. In addition to the exclusion
criteria for the main study, contraindications for brain scans were added. Thus, the exclusion
criteria were: severe somatic or psychiatric illness (previous or current), pregestational BMI <18 or
>35, severe postpartum hemorrhage, severely ill infant , use of medications with central nervous
system effects, alcohol or substance abuse, non-fluent in Danish, severe learning disabilities,
impaired vision or hearing, contraindications for MR scans, exposure to radioactivity of >10 mSv
within the last year. Screening included questionnaires on mental well-being, medical history and
blood tests. We administered the Mini-International Neuropsychiatric Interview (M.1.N.1.)
postpartum to rule out undiagnosed severe psychiatric disorders 3.

While our main objective was to associate neurobiological markers in postpartum women to
mental distress, we considered it relevant to provide a context for such associations. Thus,

neuroimaging data from healthy controls, recruited for other neuroimaging projects conducted
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approximately in the same period and under the same conditions, were chosen from the CIMBI
database 3®based on the following criteria: Female sex, age 18-40 years, no use of hormonal
contraceptives, 11C-SB207145 images and/or structural MR scans acquired on the same scanners
that we used for postpartum women. 24 healthy controls fitted the criteria and had undergone
11C-SB207145 on the same scanner as the postpartum women. Out of the 24 controls, 22 were
scanned on the same MR scanner as the postpartum women. In relation to their participation in
other projects the controls were screened thoroughly for mental and physical health issues,
including substance abuse, use of drugs with effects on the central nervous system and BMI <18 or

>35. The controls had not given birth recently.

Structural MR acquisition and hippocampal volume estimation

T1-weighted structural MR scans were acquired on a 3T Prisma scanner (Siemens, Erlangen,
Germany) with a 64-channel head coil. Image acquisition parameters: inversion time = 900 ms, TE
=2.58 ms, TR = 1900ms, flip angle = 9°, in-plane matrix = 256 x 256, in-plane

resolution = 0.9 x 0.9 mm, 224 slices and a slice thickness of 0.9 mm, no gap.

For the purpose of hippocampal volume extraction, T1-weighted images underwent automatic
subcortical segmentation and parcellation3’3® with the standard cross-sectional pipeline in
FreeSurfer 7.13° (http://surfer.nmr.mgh.harvard.edu/). Quality-control steps were in line with the

ENIGMA protocols (http://enigma.usc.edu/). The volume of left and right hippocampus was

extracted for statistical analysis. In all analyses, we used a mean of the left and right hippocampal
volume. For the purpose of delineation of regions of interest in PET analyses, T1-weighted images
were also segmented into white matter, grey matter and CSF in SPM8% (http://www.fil.ion.

ucl.ac.uk/spm/).

5-HT4 receptor imaging with 1C-SB207145 PET

For 5-HT4R imaging we used the radioligand *'C-SB207145. Radioactive labelling with *1C is
particularly suitable for this type of scan, as it has a very short half-life of approximately 20 min. To
further minimize radiation exposure, we aimed at a low injected radioactive dose (mean: 503.3
MBq, SD: 10.7). For the duration of the PET scan, the infant was left in the care of either a close

relative or a member of the research team, to ensure that no infants were exposed to
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radioactivity. Mother and child were reunited when 10 half-lives had passed (approximately 3.5
hours after injection of the tracer).

Acquisition of 11C-SB207145 PET images and subsequent data analysis was otherwise conducted as
previously described 2341, Briefly, after bolus injection of 1C-SB207145 participants underwent a
120-minute dynamic PET scan on a high-resolution research tomography PET scanner
(CTI/Siemens, Knoxville, TN, USA).

Motion corrected PET images were aligned and co-registered to the corresponding MR image
before automated regional delineation in Pvelab 4?. Regional time-activity curves were extracted
for kinetic modelling in PMOD (PMOD version 3.0, Zurich, Switzerland). We used the simplified
reference tissue model with cerebellum as reference region, to quantify non-displaceable binding
potentials (BPNDs) 4344, BPNDs from neostriatum, neocortex and hippocampus were extracted for

statistical analysis.

Questionnaires and interviews:

Within the postpartum group, mental distress/subclinical levels of depressive symptoms were
quantified with the Danish validated version of the Edinburgh Postnatal Depression Scale (EPDS) 4°
and the Hamilton 17-item depression interview (HAMD-17) #¢. EPDS and HAMD-17 were
administered at week one and five postpartum. At week five, HAMD-17 was completed on the PET
scan day or, for the MR-only participants, on the MR scan day.

For postpartum versus control group characteristics, we used the Major Depressive Inventory

(MDI)¥,

Estradiol (E2) analyses:

Blood samples for E2 analyses were collected before C-section (median: 0 days, range: [0; 2]),
most often at the day of the procedure, and repeated five weeks postpartum in relation to brain
scans (median: 35 days, range: [15; 66]). After spinning, serum was transferred to -20 °C. E2
concentrations were measured in serum samples by liquid chromatography tandem mass
spectrometry (LC-MS/MS) with prior liquid—liquid extraction, as previously described #8. In short,
estrogens were purified from 200 pL thawed serum sample by liquid—liquid extraction using

heptane/ethyl acetate. Thereafter the extracts were analyzed on an on-line TurboFlow-LC-MS/MS



w N

© o0 N o o b~

10
11
12
13
14
15
16
17
18

19

20
21
22
23
24
25
26
27
28
29
30

system equipped with a heated electrospray ionization source (HESI) running in negative mode.

The total duration time was 5.50 minutes.

Cerebrospinal fluid for neurotransmitter analyses

Cerebrospinal fluid (CSF) was collected as a part of the anesthetic procedures for the C-section.
Briefly, anesthesiologists collected 0.5-1 ml of CSF through the spinal needle before inducing spinal
anesthesia, which was immediately transferred to dry ice and subsequently stored at -80 °C. CSF
concentrations of 5-hydroxyindoleacetic (5-HIAA) were assayed by high-performance liquid
chromatography, as previously described %°. Briefly, 10 ul of the sample was injected onto a
Prodigy C18 column (100 x 2 mm I.D., 3-um particle size, YMC Europe, Schermbeck, Germany) at
flow rate of 0.15 mL/min. The mobile phase consisted of 55 mM sodium acetate, 1 mM
octanesulfonic acid, 0.1 mM Na2EDTA and 7% Acetonitrile, adjusted to pH 3.7 with 0.1 M acetic
acid, and was degassed using an on-line degasser. For the electrochemical detection, we used an
amperometric detector (Antec Decade from Antec, Leiden, The Netherlands) with a glassy carbon
electrode set at 0.7 V, with an Ag/AgCl as reference electrode. The output was recorded on a
computer program system CSW (Data Apex, Prague, The Czech Republic), which was used to

calculate the peak areas.

5-HTTLPR genotyping

Whole blood for DNA analyses was drawn prior to C-section and stored at —20 °C.. DNA was
extracted from blood with a Chemagic 360-D (PerkinElmer, Waltham, Massachusetts). 5-HTTLPR
(SLC6A4; rs774676466) genotyping was performed by PCR amplification with the forward primer
5’-TAATGTCCCTACTGCAGCCC-3’ and reverse primer 5-GGGACTGAGCTGGACAACC-3’. The
fragments were then separated by gel electrophoresis. For statistical analyses, we dichotomized

the participants into long allele homozygotes (LL) or carriers of the short allele (S-carrier).

Statistical analyses
All statistical analyses were performed in R v. 4.0.3 (http://cran.r-project.org/). Group differences
in age and MDI were evaluated with Wald-type t-tests. Differences in distribution of 5-HTTLPR

genotype were evaluated with Fisher’s exact test. We used linear regression models adjusted for
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age to determine if there were any statistically significant differences between healthy
postpartum women and healthy controls in terms of 5-HT4R and hippocampal volume.

Within the postpartum group, we used multiple linear regression models to determine if
hippocampal volume or 5-HT4R brain binding was associated with EPDS and HAMD-17 at week
five postpartum.. However, to capture the subclinical postpartum spectrum better we also
included EPDS as outcome variable. Based on previous analyses in the larger cohort, from which
these participants were recruited, ante- to postpartum AE2, antepartum 5-HIAA, age, parity and 5-
HTTLPR genotype were considered potentially relevant covariates. Further, MR scans for
hippocampal volume were not always conducted on the same postpartum day as HAMD-17 and
EPDS were administered. The number of days between distress rating and MR scan were
considered a potential covariate for the hippocampal volume analyses. However, to avoid
overfitting of the model in a small sample size, we used the Akaike information criterion (AIC) for
model selection . Accordingly, we constrained our model to include parity, AE2 and, for
hippocampal volume, number of days between rating and MR as covariates. Notably, AE2 only
improved the fit for EPDS models, but to ensure a consistent analysis framework for overlapping
psychometrics i.e., HAMD-17 and EPDS, we also included it in HAMD-17 models.

Further, we used simple linear regression models to evaluate associations between 5-HT4R brain
binding and 5-HIAA. Using multiple linear regression models, we both evaluated if hippocampal
volume was associated with 5-HT4R brain binding and AE2, and if there was an interaction
between 5-HT4R and AE2 on hippocampal volume. Based on previously published data on
hippocampal volume33°° we included parity and age as covariates. Since MR imaging was often
conducted on a different day than the PET scans and blood samples (the PET and blood samples
were always acquired on the same day), the time difference was considered a potential covariate.
However, it did not improve the model fit evaluated with AIC, nor did it change any association
substantially. Thus, we did not include it in our model (see supplementary materials).

The reported p-values are not adjusted for multiple comparisons. p < 0.05 was considered

significant.

Results
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Descriptive statistics

Postpartum women were significantly older than healthy controls (mean difference: 9.45 years,
95% Cl: [7.25; 11.65], p < 0.001). The distribution of 5-HTTLPR genotypes did not differ
significantly between postpartum (8 LL and 23 S-carriers) and healthy controls (8 LL and 16 S-
carriers; p = 0.57). Postpartum women did not differ significantly from healthy controls in terms of
MDI (mean difference: 0.23, 95% Cl: [-1.82; 2.29], p = 0.82). Detailed characteristics for the
postpartum group can be found in Table 1. Postpartum women were MR scanned a mean of 30
days (range: [20; 43]) postpartum and PET scanned a mean of 29 days postpartum (range: [15;
42]). On average, 5 days passed between MR scans and blood samples/HAMD-17 (range: [-13; 16])
and 6 days passed between MR and EPDS (range: [-21; 16]). On average, 7 days passed between
MR and PET scans (range:[-13;16]).

Postpartum women compared to healthy controls: 5-HT4R binding and hippocampal
volume

Controlled for age, cerebral 5-HT4R binding was not significantly different between postpartum
women and healthy controls in neostriatum (Bgroup = 0.13, 95% Cl: [-0.35; 0.6], p = 0.6; Bage = -
0.01, 95% Cl: [-0.05; 0.03],p = 0.63; Figure 1), neocortex (Bgroup =0.003, 95% Cl: [-0.08; 0.09], p =
0.95; Bage = -0.003, 95% Cl: [-0.01; 0.004], p = 0.42) or hippocampus (Bgroup =0.1, 95% CI: [-0.09;
0.29], p = 0.31; Bage =0.002, 95% Cl: [-0.01; 0.02], p = 0.77). Not adjusted for age, group
differences in 5-HT4R were also not significant (neostriatum, mean difference: 0.22, 95% Cl: [-0.52;
0.09], p = 0.17; neocortex, mean difference: 0.03, 95% Cl: [-0.09; 0.03], p = 0.29; hippocampus,
mean difference: 0.08, 95% Cl: [-0.2; 0.05], p = 0.23). Similarly, there was not a significant
difference between postpartum women and healthy controls in terms of mean hippocampal
volume, both adjusted for age (Bgroup = 154.86, 95% Cl: [-122.07; 431.79], p = 0.27; Bage = 5.86,
95% Cl: [-16.82; 28.54], p = 0.61; Figure 1) and not adjusted for age (mean difference: 100.42, 95%
Cl: [-77.96; 278.8], p =0.26).

Mental distress, hippocampal volume and 5-HT4R binding in postpartum women
Controlled for parity and AE2, we observed no association between EPDS or HAMD-17 and 5-HT4R
binding in neostriatum (HAMD-17: Bs-.utar = 0.52,95% Cl: [-1.32; 2.35], p = 0.56; EPDS: Bs-H14r
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=0.94, 95% [-3.25; 1.36], p = 0.40) or neocortex (HAMD-17: Bs.y1ar =6.36, 95% Cl: [-3.95; 16.67], p
=0.21; EPDS: Bs-u1ar =-3.03, 95% Cl: [-9.82; 15.89], p = 0.63). There was a positive association
between EPDS, HAMD-17 and binding in hippocampus (HAMD-17: Bs.-1rar =4.65, 95% Cl: [0.88;
8.42], p = 0.02; EPDS: Bs-n1ar = 4.86, 95% Cl: [0.56; 9.15], p = 0.03), but this was primarily driven
by one single observation with a relatively high score on HAMD-17 and EPDS. Without this
observation, the association between hippocampal 5-HT4R and distress was not significant
(HAMD-17: Bs.1tar = 1.87, 95% Cl: [-2.49; 6.23], p = 0.38; EPDS: Bsnmar = 2.95, 95% Cl: [-2.85;
8.75], p =0.27 ) and 5-HT4R in neocortex and neostriatum continued not to be associated with
distress (all p > 0.4). We also evaluated if this association depended on a change in E2. There was
no significant interaction between 5-HT4R binding in neocortex, neostriatum, and hippocampus,
and a change in E2 on EPDS and HAMD-17 (p > 0.12), also when ignoring data from the person
with high distress scores (all p > 0.15).

Hippocampal volume was associated with both EPDS and HAMD-17 (HAMD-17: Bhippocampal volume =
0.002, 95% CI: [0.0001; 0.004], p = 0.04; EPDS: Bhippocampal volume =0.003, 95% Cl: [-0.0001; 0.005], p
= 0.06, Figure 2) with borderline significance in a model controlled for the number of days that
passed between rating and MR scan, parity, and AE2. Hippocampal volume did not interact with

AE2 on EPDS or HAMD-17 (p > 0.43).

Postpartum 5-HT4R binding association with 5-HIAA

We observed no direct associations between 5-HT4R binding and antepartum 5-HIAA in
neostriatum (Bs-niaa =-0.00006, 95% Cl: [-0.0006; 0.0004], p = 0.81), neocortex (Bs-nian =
0.00001,95% Cl: [-0.0001; 0.0001], p = 0.75) or hippocampus (hippo: Bs-hiaa = 0.0001, 95% CI: -
0.0001; 0.0003], p =0.28).

Association between hippocampal volume, 5-HT4R binding and estradiol in postpartum
women

Within the postpartum group, we also evaluated the role of 5-HT4R and AE2 in hippocampal
volume, in a model adjusted for age and parity. 5-HT4R binding in neostriatum (PBs-ntar =-11.74,
95% Cl: [-322; 299], p = 0.94), neocortex (Bs.nar = -343, 95% Cl: [-2140; 1453], p = 0.69) and

hippocampus (Bs-ntar =123, 95% Cl: [-640; 886], p = 0.74) were not associated with hippocampal
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volume. Nor was AE2, regardless of the 5-HT4R region employed in the model (all p > 0.41).
However, 5-HT4R binding in neostriatum and hippocampus interacted with AE2, such that higher
binding and a small decrease in E2 promoted a higher hippocampal volume (neostriatum: Bs.xtar-by-
ae2 =258, 95% Cl: [50; 466], p = 0.02; hippocampus: Bs.rtar-by-ae2 = 905.54, 95% Cl: [358; 1453], p
=0.003, Figure 3). A similar, but less significant, interaction effect was found for neocortex (Bs-+rar-
by-ae2 = 986, 95% Cl: [-85; 2057], p = 0.07). The associations remained similar when ignoring data

from the person with high distress scores.

Discussion

In a combined PET and MR study, we mapped 5-HT4R brain binding and hippocampal volume in
postpartum women, who displayed only minor mental distress symptoms postpartum. Contrary to
what we expected, mean 5-HT4R brain binding and hippocampal volume postpartum was not
significantly different from healthy controls. However, within the postpartum group, larger
hippocampal volume, but not 5-HT4R brain binding, was associated with more subclinical
depressive symptomes, i.e., higher HAMD-17 and EPDS scores, on a borderline significant level.
Intriguingly, 5-HT4R in all regions, most pronounced in hippocampus, interacted with ante- to
postpartum changes in E2, such that high 5-HT4R binding combined with a small pre- to

postpartum change in E2, was associated with a larger hippocampal volume.

5-HT4R brain binding and perinatal transition
We were not able to confirm our hypothesis regarding a significant difference between healthy
controls and postpartum women in terms of 5-HT4R binding. Multiple studies have reported

51-53 and a number of studies point towards a regulatory

perinatal changes in the serotonin system
role of E2 on several parts of the serotonin system >4°>, This includes the 5-HT4R, which for
example appears downregulated during oral contraceptive use, perhaps as a consequence of a
blunted endogenous E2 dynamics 2°. However, it is possible that these hormonally driven
serotonergic changes all counterbalance, as indicated by a stable 5-HT4R availability postpartum

relative to non-postpartum, and maintained a stable 5-HT4R across pregnancy and postpartum.
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Further, postpartum levels of 5-HT4R may be a result of rapid adjustment to the postpartum
hormonal and neurobiological milieu, which may also serve to maintain good mental health. In
support of a fast postpartum readjustment of 5-HT4R, antepartum cerebrospinal fluid markers of
serotonergic turnover (5-HIAA) and postpartum serotonergic brain imaging markers (5-HT4R) were
not significantly associated in the perinatal period. Although previous studies have reported an
inverse relationship between sub-chronic serotonin levels and 5-HT4R, they found no acute effects
on 5-HT4R?3. In other words, such an association depends on stable conditions. However, the
perinatal period is characterized by rapid changes in hormone milieu and remodeling of the brain
architecture 33°%, which may result in a temporary uncoupling of such mechanisms. Thus, the
serotonin system may have undergone multiple adaptations ante- to postpartum, which also may
explain why measures of 5HIAA antepartum and 5-HT4R binding postpartum are not associated.
Further, 5-HIAA is also regulated by many other factors, especially SERT availability16:181957,58
which may not be linked to 5-HT4R in the postpartum state.

Although animal studies indicate that 5-HT4R agonism may have anxiolytic, antidepressant and
pro-cognitive properties 2°, we observed no direct association between 5-HT4R and postpartum
mental distress, except for in hippocampus. The association between mental distress and 5-HT4R
in hippocampus was driven by a single observation with high mental distress scores; thus, we
interpret this as a spurious finding. However, as discussed below 5-HT4R in interaction with E2
may have affected mood through hippocampal volume changes.

Taken together, postpartum women did not differ from healthy controls in terms of brain 5-HT4R
availability and postpartum 5-HT4R did not map on to serotonergic markers collected in
pregnancy. We do not know how pregnancy affects 5-HT4R or if 5-HIAA mapped on to 5-HT4R
levels in pregnancy, but it is possible that 5-HT4R expression adapted rapidly to the postpartum

state in healthy women as a part of a healthy return to the non-pregnant state in the brain.

Hippocampal volume

We observed no significant difference in terms of hippocampal volume between healthy controls
and postpartum women. This was surprising given recent reports suggesting that pregnancy and

birth is associated with a reversible reduction in hippocampal volume 33>°. However, the current

study is cross-sectional and we can therefore not determine if there were subtle within-subject
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changes in hippocampal volume over the course of pregnancy, which remained within the limits of
a normal hippocampal volume. Although our controls were mismatched with regards to age, it is
not likely that age-matched controls would have had a higher hippocampal volume than younger
controls, as hippocampal volume declines with age®°.Thus, age-matching might have revealed a
higher postpartum hippocampal volume, compared to controls, but not a significant reduction.
Intriguingly, we observed a positive association between subclinical depressive symptoms and
hippocampal volume, which is in the opposite direction of what we would expect from studies in
clinically depressed non-postpartum patients 3. However, it is normal for hippocampus to
decrease in volume across pregnancy and the postpartum period, as it goes through a highly
plastic phase that results in a remodeling of the brain 661, Thus, a high postpartum hippocampal
volume may reflect maladaptive plasticity across pregnancy, which limits the ability to adjust
appropriately to the perinatal transition, and thus increases the risk for mental distress. This may
be related to altered 5-HT4R availability, as 5-HT4R is believed to have antidepressant properties
that, in part, are mediated through increased neuroplasticity and cell proliferation in hippocampus
25 Our data supports this notion since interaction analyses indicated that high 5-HT4R in all
regions, but especially hippocampus, in interaction with a large decrease was associated with a
smaller volume. If we consider 5-HT4R a marker for capacity for plasticity, a large E2 decrease
combined with adaptive/high plasticity may lead to a smaller hippocampus in healthy perinatal
transitions. In line with this, a previous study that included this group of women, indicated that
women with a large perinatal decrease in estradiol had fewer distress symptoms *°. Intriguingly,
also studies have shown that genomic estradiol sensitivity markers that increase the risk for PND
involves genes that code for components in the serotonin system 196263,

Our results indicate that hippocampal volume remains within the normal range for healthy
postpartum women, but that the regulatory mechanisms may be substantially different from
those at work outside the postpartum state. Further, we speculate that women with a higher
postpartum hippocampal volume may have undergone maladaptive hippocampal remodeling
across peripartum, which limits their ability to adapt to the postpartum period and may in turn
trigger mental distress. Additionally, 5-HT4R in interaction with change in E2 may play a role in

postpartum hippocampal plasticity.
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Methodological considerations

This study was designed to target the ante- to postpartum transition, however brain scans of
pregnant women are not possible due to fetus safety, thus we were not able to illuminate within-
participant trajectories for the imaging part. Further, despite the best of our efforts to include also
distressed women in the study, mentally robust were more likely to accept the invitation,
especially for the PET scans, which were more demanding. Thus, we generally have a healthy
sample with pronounced floor effects on the two depression scales, which limits our ability to
extrapolate to clinical cohorts with more symptoms or with manifest perinatal depressive
episodes. Controls were significantly younger than the postpartum group. Although we age-
adjusted hippocampal volume and 5-HT4R, we may have overlooked a relevant group difference,
which would have been detectable with age-matched controls. As both 5-HT4R and hippocampal
volume declines with age, we are however only likely to have missed a significantly higher volume
or 5-HT4R brain binding in the postpartum women, not a lower %6485 Our power calculations
were based on data not directly comparable to the study group, which may not translate directly
to the postpartum state, and consequently we may have been underpowered to detect any group
differences. Finally, we acknowledge that we have a small sample size, vulnerable to noise, and
our results, especially the within-group interaction analyses, should be interpreted with caution

due to the limited power.

Conclusions

We show that healthy controls and postpartum women do not differ in terms of 5-HT4R and
hippocampal volume, which suggests that the brain generally adapts well to perinatal transition
and the postpartum state. Further, subclinical levels of mental distress were positively associated
with hippocampal volume in postpartum women. We speculate that a larger postpartum
hippocampal volume may reflect maladaptive hippocampal plasticity across the perinatal
transition, which increases the vulnerability to subclinical levels of mental distress. Further, our
data indicated that 5-HT4R in interaction with E2 may play an important role in postpartum
plasticity. Importantly, our results reflect variations within the healthy spectrum and future
studies must elucidate if this translates to mechanisms at work in clinically depressed postpartum

women
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Figure legends

Figure 1 Group differences in A) age-adjusted 5-HT4R binding in neostriatum (residuals) and B)
ag- adjusted hippocampal volume (residuals). We observed no significant difference between
healthy controls and postpartum women in terms of 5-HT4R binding (p = 0.63 for neostriatum)

or hippocampal volume (p = 0.61).

Figure 2. Adjusted for parity and AE2, mean hippocampal volume was associated on a borderline

significant level with A) HAMD-17 (p = 0.04) and B) EPDS (p = 0.06).

Figure 3. Interaction effect between 5-HT4R binding in neostriatum and AE2 on hippocampal
volume. High 5-HT4R brain binding in interaction with a small decrease in E2 was associated
with a larger postpartum hippocampal volume. In neostriatum, this interaction was significant
(p = 0.02). Note that a large negative value on the x-axis corresponds to a large peripartum
decrease in E2. For this two-dimensional visualization of the interaction, 5-HT4R binding in
neostriatum was dichotomized with a median split. The resulting high (solid line) and low

(dashed line) binding groups are therefore arbitrary. Grey zones illustrate 95% Cls.

Tables

Table 1. Characteristics for postpartum women. All 31 completed structural MR scans, 23

women also completed 1C-SB207145 PET.

MR scanned (N = 31) PET scanned (N = 23)

Antepartum Week five Antepartum Week five
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Age (years) 34 (4)° j 34 (4)° _
Parity (multiparous / -
- 16/15 11/12
primiparous)
Sex of child (male
16/15 12/11
/female)
5-HTTLPR LL/S-carrier 8/23 - 5/18 -
MDI 7.16 (4.38)° 5.59(3.24)° | 7.70?(4.52)° | 5.67(3.23)@
HAMD-17 - 0.81(1.8)@ - 1.04 (2.03)°
EPDS - 3.93 (2.73)@ - 3.71(2.8)°
E2 in pmol/L 83399 (30356)° | 106 (231)° | 85063 (30548)° 59 (57)@
-83293 -85004
AE2 in pmol/L - -
(30293)° (30550)°

5-HIAA in fmol/10pL

1071.37 (420.47)

a

1058.22 (449.49)

a

9 Mean (SD)

Figures

Figure 1.
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Supplementary materials

Model selction with AIC

Since MR imaging was often conducted on a different day than the PET scans and blood samples
(the PET and blood samples were always acquired on the same day), the time difference was
considered a potential covariate. However, it did not improve the model fit evaluated with AIC:
AIC, model without time difference: 333.6202

AIC, model with time difference: 335.5285



