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Abstract:

Functional cerebral asymmetries (FCAs) are a furesdah principle of brain organisation.
While specific patterns of asymmetry are charastierof healthy human brains, atypical or
reduced FCAs have been reported for several psgctisorders, including schizophrenia
and mood disorders. However, it is unclear whegthgpical FCAs reflect a predisposition to
psychotic disorders or a compensatory neural gfyafer the progressive structural and
functional changes in the brain associated witltipsgis. A separate stream of research has
demonstrated the antipsychotic effects of sex haswdn clinical populations. Moreover,
modern neuroscience has shown that sex hormonggupsly estrogen and progesterone,
can affect FCAs due to their organising effectg.(during prenatal development), and also
by their activating effects throughout life (e.g.yiounger women during the menstrual cycle
or in post-menopausal women as a consequence wfoner therapy). By combining these
research streams, this narrative literature revestplores the relationship between the
neuromodulatory properties of estrogen, FCAs anathastic and psychotic-like symptoms.
This research is not only of theoretical interestthe understanding of FCAs and psychotic
symptoms, but might also be of clinical relevanoethe development of stratified treatment

approaches for women and men suffering from psystaosl mood disorders.
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1. Introduction

Cerebral lateralisation is a fundamental principie functional brain organisation,
referring to the asymmetrical representation ofpacgic cognitive process in a cerebral
hemisphere (i.e., functional cerebral asymmeti&3As). Although it has been shown that
FCAs are relatively stable over time (e.g., Vingats, 2019), a number of factors have been
shown to contribute to variations in FCAs (e.g.ubtaann, 2019), including biological sex
and sex hormones (e.g., Hausmann, 2017). Moreavsignificant body of research has
demonstrated different patterns of FCAs in patiesith psychiatric conditions, primarily
psychotic disorders (i.e., schizophrenia) and madisdrders (i.e., bipolar disorder and major
depressive disorder) (Bruder, Stewart, & McGrathil 2 Ocklenburg, Gunttrkin, Hugdahl,
& Hirnstein, 2015; Oertel-Knéchel & Linden, 201BHurthermore, several clinical studies
suggest that sex hormones have therapeutic befafgsch patients. This narrative literature
review aims to synthesise the main findings froroheaf these research streams, to explore

the theoretical relationship between sex hormdr€#s, and psychiatric conditions.

2. Functional cerebral asymmetriesin psychiatric disorders

In the healthy adult human brain, the left hemisphs typically dominant for language,
while the right hemisphere is dominant for visuedssd processes (Broca, 1861; Kimura,
1967). Research in clinical populations has demmatest differences in patterns of FCAs, as
compared to healthy controls. Compared to healtimdn brains, atypical (i.e. reduced or
reversed) FCAs have been reported for disordersractaised by psychosis (e.g.
schizophrenia, Ocklenburg et al., 2015; Oertel-K@b& Linden, 2011), as well as mood
disorders (e.g. major depressive disorder, Brutlat.e2017, and bipolar disorder, Altshuler
et al., 2008; Royer et al., 2015). However, itngortant to note that no clear criterion exist

regarding the degree at which FCAs should be censithtypical as laterality index-based



cut-offs differ quite substantially across studi@dngerhoets, 2019; Hausmann, 2019).
However, the majority of studies of patients wisyghotic disorders consider FCAg/pical

when the functional difference between hemisphei@ss not approach significance (i.e.,
bilateral representation of functions, Alary et @D13; Bleich-Cohen et al., 2012; Dollfus et
al., 2005), or when they are reversed (Sommer, AlenRamsey, Bouma, & Kahn, 2001;

Sommer, Ramsey, Mandl, & Kahn, 2003).

2.1. Schizophrenia

Schizophrenia is a severe psychiatric disorderactarised by positive symptoms (e.g.
hallucinations, delusions), negative symptoms (elgnted affect, anhedonia) and cognitive
deficits (e.g. cognitive disorganisation). A plethmf evidence suggests that the brains of
patients with schizophrenia are characterised pgiel FCAs when compared to healthy
controls (Crow, Chance, Priddle, Radua, & Jame432®@cklenburg et al., 2015; Oertel-
Kndchel & Linden, 2011). One of the most extensivielvestigated FCAs in schizophrenia

are those associated with language processing.

Several studies have linked structural or morpholkigasymmetries to FCAs. For
example, in healthy participants, the planum teralgo(PT), an area in the temporal cortex
involved in language processing, is generally largehe left hemisphere when compared to
the right hemisphere (Geschwind & Levitsky, 1968jowever, in patients with
schizophrenia, this structural asymmetry is eithreduced or reversed. Evidence
demonstrating this atypical asymmetry has beendonrpost mortem studies (Falkai et al.,
1992) as well as studies that have used struciRdl (Hasan et al., 2011; Hu et al., 2013;
Kasai et al., 2003; Oertel et al., 2010). Moreosegnificantly reduced asymmetry of the PT
has been reported in two meta-analyses (Shaplésbssell, Woodruff, & David, 1999;

Sommer, Aleman, Ramsey, Bouma, & Kahn, 2001), aljhocontradictory results exist



(Smiley et al., 2013, 2011). In addition, a recetidy did not find a significant relationship
between PT asymmetry and FCAs in the functionalmatig resonance (fMRI) response of
core language areas in 287 healthy adults (Tzddameyer, Crivello, & Mazoyer, 2018),
guestioning the role of PT asymmetry as a marketanfjuage lateralisation. However,
further research has demonstrated reduced stru@syaametries in other language areas,
besides the PT. For example, in an MRI study aft-fepisode psychosis patients, Sheng et
al., (2013) demonstrated reduced grey matter volgorapared to healthy controls in a
number of language related areas (e.g. left mideheporal cortex, left insula, and left

fusiform cortex).

In line with advances in the capabilities of neoraging, more recent evidence
concerning structural asymmetries has investigatede matter structure and structural
connectivity in patients with schizophrenia. Howevadings so far are inconsistent. Miyata
et al. (2012) reported an atypical asymmetry intevhinatter integrity in patients with
schizophrenia. In this study, patients showed latwigrd shift of white matter integrity in two
regions: the external capsule and the posteridy bifthe internal capsule. Moreover, Miyata
et al. (2012) found that these atypical asymmetdeselated positively with negative
symptom severity. Similar findings were also folnydHo et al. (2017), Gomez-Gastiasoro et
al. (2019) and Joo et al. (2018), but no corretetiovith symptom measures were found in the
latter study. In contrast, Sun, Chen, Collinsonzémnos, and Sim (2017) demonstrated
reduced leftward asymmetry in the structural cotimgyg of several regions in patients with
schizophrenia, including the inferior and supefiontal gyrus and superior temporal gyrus.
Moreover, these asymmetries were positively assmtiawith severity of positive
symptomatology. However, it should be noted thaitiealictions exist, for example Takao et
al. (2010) reported no significant effect of diagisoon asymmetries in white matter integrity

or grey matter volume asymmetry.



Neuroimaging studies in schizophrenia have dematestratypical asymmetries at the
structural level and functional level, although tte¢éationship between both is not always
clear-cut. As with structural asymmetries, moseaesh to date has focused on FCAs related
to language processes. Consequently, reduced tamtivaf the left hemisphere during
language processing and/or production has beenmrated in patients with schizophrenia
across a range of studies, including fMRI (Alaryagt 2013; Bleich-Cohen et al., 2012;
Dollfus et al., 2005; Leroux, Delcroix, & Dollfug015; Oertel et al., 2010; Razafimandimby
et al., 2007; Weiss et al., 2004, 2006; Zhang.e2808) electroencephalography (Angrilli et
al., 2009; Jalili et al., 2010) and positron enmasitomography (Artiges et al., 2000).
Moreover, some of these studies have demonstratelateonship between reduced language
lateralisation and psychotic symptoms (e.g. augitoallucinations, Zhang et al., 2008).
Further studies have investigated asymmetries énftimctional connectivity of language
networks in patients using resting state fMRI. &bral. (2017) reported that schizophrenia
patients showed reduced functional connectivityhimitthe language network compared to
controls, but no difference in asymmetry (i.e. bp#tients and controls were left lateralised).
In contrast, Mueller, Wang, Pan, Holt, and Liu (8DXound reduced FCA in language
processing in patients, albeit in a different netwoAgain, it should be noted that null
findings exist suggesting no difference in FCAs leorguage between patients and controls

(Narr et al., 2001; Razafimandimby, Tzourio-Mazoydazoyer, Maiza, & Dollfus, 2011).

A number of behavioural laterality studies haveldgd evidence supporting the
notion that language FCAs are reduced in patientis schizophrenia (Hahn et al., 2011;
Hugdahl et al., 2012; Lgberg, Hugdahl, & Green, &t909gberg, Jargensen, & Hugdahl,
2004; Rossell & Boundy, 2005). The paradigm moshmonly used to assess language
lateralisation at the behavioural level is dicholigtening. This paradigm involves the

simultaneous presentation of two auditory stimafig to the left and one to the right ear.



Participants are required to verbally report whigrestimuli they heard the most clearly. In
healthy right-handed adults, this task typicallye&s a bias towards stimuli presented to the
right ear (i.e., right ear advantage), indicatieladt-hemispheric language lateralisation
(Kimura, 1967). A number of studies using this peyen have revealed reduced right ear
advantage (or a left ear advantage) in patients sahizophrenia (Hahn et al., 2011; Laberg,
Hugdahl, & Green, 1999; Lgberg, Jgrgensen, & Hulgd&®04; meta-analysis by
Ocklenburg, Westerhausen, Hirnstein, & Hugdahl,30although some contradictions exist
(Leberg, Jargensen, & Hugdahl, 2002). Interestingbme of these studies have suggested
that the right ear advantage (and language asymnreigeneral) is altered specifically in
patients with hallucinations (Hugdahl et al., 201L2perg et al., 2004; Rossell & Boundy,
2005). This suggests that reduced FCAs for languagg reflect a disposition towards

psychosis characterised specifically by auditofjulcanations.

The previous sections focused on left hemisphamguage FCAs in patients with
schizophrenia. However, it is important to notettldthough less researched, FCAs in other
functional domains are also known to be reducerteersed in patients with schizophrenia
as compared to healthy adults. Some studies havestigated FCAs for emotional
processing in patients with schizophrenia usingafaamotional recognition paradigms. For
example, Champagne, Mendrek, Germain, Hot, and iea{2014) recorded event-related
potentials (ERPs) in patients with schizophrenid &ealthy controls while they viewed
images of emotional facial expressions. The resldtaonstrated reduced right hemispheric
activation in patients with schizophrenia. Similagsults have been reported using
behavioural measures of FCAs for emotion proceségoding, Luh, & Tallent, 2001,
Gooding & Tallent, 2002; Kucharska-Pietura, Davidropko, & Klimkowski, 2002).
Moreover, language functions that are typicallgfalised to the right hemisphere in healthy

participants, such as emotional prosody processiage been shown to differ in patients



with schizophrenia, with some studies demonstratetlyiced/reversed FCAs (Alba-Ferrara,
Hirnstein, Weis, & Hausmann, 2012; Mitchell, EltiaBarry, Cruttenden, & Woodruff, 2004)
while others have demonstrated increased FCAstiaria compared to controls (Bach et al.,

2009).

In light of the considerable amount of evidencegasting an association between FCAs
and schizophrenia, a number of researchers hawenltegquestion whether atypical FCAs
reflect a genetic predisposition to psychosis @edrait marker), or a neurocompensatory
strategy for the progressive structural and fumaiochanges in the brain associated with
psychosis (i.e. state dependent). Evidence in stupgothe former hypothesis has been
provided by studies demonstrating reduced or redefanguage lateralisation in both the
relatives of patients with schizophrenia (Bhojrajaé, 2009; Hu et al., 2013; Park et al.,
2013; Qiu et al., 2009, but see Deep-Soboslay et28110), and in ‘ultra-high risk’
populations (e.g. participants potentially in thegromal phase of schizophrenia (Dean, Orr,
Newberry, & Mittal, 2016; Natsubori et al., 2014urthermore, a recent genome-wide
association study by Wiberg et al. (2019) idendifée polymorphism associated with several
psychiatric diagnoses, including schizophrenia/pegcs, as well as left-handedness and the
integrity of several white matter tracts associatgith language lateralisation. Given that a
considerable number of studies have demonstratagheer incidence of left-handedness in
patients with schizophrenia compared to healthytrots1(see meta-analysis by Hirnstein &
Hugdahl, 2014), Wiberg et al. (2019) argued tha garticular polymorphism may at least
partly represent a genotype for a range of psysbidtagnoses. On the other hand, a number
of longitudinal/cross-sectional studies have beemdacted to investigate whether atypical
FCAs are the result of progressive neural changewing diagnosis. Evidence here is
inconsistent, however, with some studies suggestiagatypical FCAs develop concurrently

with illness progression (e.g. Clark et al., 20&®)le others show them to be stable across



time (e.g., Bakalar et al., 2009). Recently, Wahglg (2019) conducted a meta-analysis on
fMRI data from a large sample of patients acrogsoua stages of illness progression (first
episode, chronic, and healthy controls). The resshiowed that males who were left
lateralised at first episode experienced a rednatioFCAs as they progressed into chronic
illness. In contrast, female patients demonstratstliced FCAs that were stable during
illness progression. Consequently, the authorsgrtithe aetiology of schizophrenia is likely

due a genetic factor located on the sex chromosdhasinfluences the development of

language lateralisation.

2.2. Mood and anxiety disorders

Disorders characterised by psychosis, such as ggiivienia, are not the only severe
mental disorders associated with atypical FCAseéul] a number of studies have suggested
that mood disorders, such as bipolar disorder (&rwat al., 1994; Caligiuri et al., 2004;
Jogia, Haldane, Cobb, Kumari, & Frangou, 2008;d¢ite, Gruber, & Yurgelun-Todd, 2008;
Najt, Bayer, & Hausmann, 2013; Najt & Hausmann, £04nd major depressive disorder
(Allen, Urry, Hitt, & Coan, 2004; Bruder et al., 2D, Gotlib, 1998; Henriques & Davidson,
1991, Stewart, Bismark, Towers, Coan, & Allen, 20&8pecially with co-morbid anxiety
disorders (Bruder, Wexler, Stewart, Price, & Quitkl999) are also associated with atypical

FCAs.

Bipolar disorder is a dynamic mood disorder chamastd by a cyclic pattern of mood
states including, mania, severe depression, hyp@amas well as mixed states. It is generally
accepted that bipolar disorder is associated wiiuhctional emotion regulation (Phillips et
al., 2008), which in turn is associated with atgbiIECAS. In particular, a number of studies
using facial emotion recognition paradigms have alestrated a reduction or reversal of the

typical right hemispheric advantage found in healfarticipants, when patients are in a



manic state (Jogia, Haldane, Cobb, Kumari, & Fran@®08; Killgore, Gruber, & Yurgelun-
Todd, 2008). Similar findings were reported in gutic patients using an emotional prosody
dichotic listening task (Najt & Hausmann, 2014) andsual line bisection task (Najt, Bayer,
& Hausmann, 2013), which are typically both latesed in healthy controls due to the
relative dominance of the right hemisphere in earoprocessing and visuospatial attention,
respectively (Broca, 1861; Hellige, 1993; Kimur®6Z). Atypical FCAs have also been
reported during depressive episodes in bipolarrdesp but these neuroimaging studies
suggest dysfunction of the left rather than rigbtisphere (Allen, lacono, Depue, & Arbisi,
1993; Altshuler et al., 2008; Lawrence et al., 200dbgether, these studies suggest that
FCAs for emotion processing in patients with bipalesorder are state dependent, and not
trait markers of the disorder, supporting the nottbat atypical FCAs, for example in
emotion lateralisation may not be the cause but dhiesequence of impaired emotion
regulation/processing. In contrast to the majoaofyfunctional data, Wang et al. (2018)
demonstrated a number of structural differencebipolar patients that were indicative of
reduced left hemispheric function, but increaseghtrihemispheric efficiency compared to
controls. Moreover, Wang et al. (2018) reported thase atypical asymmetries significantly
correlated with clinical measures of mania, sugggghat atypical asymmetries are potential

biomarkers for the clinical presentation of bipadgsorder (see also Ho et al., 2017).

A comparatively small number of studies have ingaséd FCAs for non-emotional
processes in patients with bipolar disorder. Howetlgose that have identified increased
FCAs in bipolar disorder for tasks involving thght hemisphere, such as spatial attention
(Rao, Arasappa, Reddy, Venkatasubramanian, & Géragad010) and handedness (Savitz,
Van Der Merwe, Solms, & Ramesar, 2007), comparetdalthy controls. Given that, in
practice, many clinicians conceptualise bipolarodier and schizophrenia as similar

diagnoses (Laursen, Agerbo, & Pedersen, 2009) atsudgiven the aforementioned studies
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concerning language FCAs in schizophrenia, it ipartant to consider studies of language
FCAs in bipolar disorder. However, few such studesst, and those that do suggest that
language FCAs in bipolar disorder do not diffemfirthose of healthy controls. For example,
using structural MRI (Ratnanather et al.,, 2013) destrated similar asymmetries in the
volume of the planum temporale in bipolar patiesuspared to controls. In addition, using
fMRI during a language processing task, Royer e(2015) reported that bipolar patients

show lateralised activation of the left hemisphé did not differ from healthy controls.

Similarly, studies of major depressive disordes. (unipolar depression without mania or
psychosis) have also reported atypical FCAs inep&ti compared to healthy controls. Many
studies of this population show atypical FCAs imyarily frontal areas (Bruder et al., 2017).
Studies using resting state EEG to investigatetdfoalpha asymmetry have found that
patients with major depression are characteriseetyced activity in the left hemisphere, as
compared to the right hemisphere (Allen, Urry, H8&ttCoan, 2004; Gotlib, 1998; Henriques
& Davidson, 1991; Stewart, Bismark, Towers, CoanAlden, 2010; for a meta-analysis see
Thibodeau, Jorgensen, & Kim, 2006). FurthermorégrAkt al. (2004) purport that this FCA
is stable (i.e. a trait marker), as the same pattefound regardless of whether the patient is
symptomatic or euthymic during testing. Similangsting state PET studies have reported
reduced blood flow in the left dorsolateral pretadrcortex in depressed patients (Baxter et
al., 1985; Bench, Friston, Brown, Frackowiak, & Bl 1993) but contradictory findings
also exist (Sacher et al., 2012). Bruder et al1{2Gsuggest that these inconsistencies may
reflect difference in the diagnostic subtypes ideld in each sample. Resting state fMRI
studies have also reported decreased activity e Idft hemisphere of patients with
depression, albeit across a number of cortical sutatortical regions (for review see the

meta-analysis by Fitzgerald, Laird, Maller, & Dalsikas, 2008).
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A smaller number of studies have investigated F@Ason-frontal areas in patients with
depression (Bruder et al., 2017). Moreover, a nunobdehavioural laterality studies using
the dichotic listening paradigm have yielded ingstest findings, with some studies
reporting a significantly larger right-ear advardgag patients with depression (Bruder et al.,
1989; Pine et al., 2000), and others reporting ffi@rdnce between patients and controls
(Hugdahl et al., 2003; Moscovitch, Strauss, & 0Ild981; Wale & Carr, 1990). As
previously mentioned, Bruder et al. (2017) suggéstt this inconsistency may reflect
differences between the samples with respect teergatharacteristics. Indeed, Bruder,
Wexler, Stewart, Price, and Quitkin (1999) reportiediings that suggest the REA is only
reduced in MDD patients with a comorbid anxiety odier (Bruder et al., 1999).
Consequently, Bruder et al. (2017) suggests thdabas arousal is associated with increased
right parietotemporal activity, which results inraduced left hemisphere advantage for

dichotic listening.

3. Sex hormone effects on functional cerebral asymmetries

In healthy adults, a body of research has demdssdtigex differences in FCAs in tasks
related to language (Hausmann et al.,, 1998), dpabdity (Chiarello, McMahon, &
Schaefer, 1989; Hausmann & Guntirkin, 2000), and facognition (Borod et al., 2005;
Rizzolatti & Buchtel, 1977). While contradictiongist (e.g. Boles, 2005; Frost et al., 1999;
Knecht et al., 2000; Sommer, Aleman, Bouma, & Kakd04), these studies suggest that
women show slightly reduced FCAs (i.e. increasdaltdriality) or even stronger asymmetry
(Kaiser, Kuenzli, Zappatore, & Nitsch, 2007; Ladavas, Umilta, & Ricci- Bitti, 1980), relative
to men. Several reviews, meta-analyses and lamge-studies have been conducted to
guantify the size of sex differences in FCAs acm@sange of lateralised cognitive processes
(e.g., Bless et al., 2015; Hirnstein et al., 20Hicock et al., 1994; 1995; 1999; 2001; Vogel

et al.,, 2003; Voyer, 1995). Taken together, thesgaranalyses and large-scale studies
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conclude that small but reliable sex difference§&@As exist at the population level, with

males yielding larger FCAs than women do.

Additional evidence has suggested that the distest hormonal profiles of men and
women are one important factor to the generati@hraaintenance of such sex differences in
FCAs and cognition (e.g. Hodgetts & Hausmann, 20¥8is & Hausmann, 2010). However,
sex hormone levels are not stable but fluctuatevémen both across the lifespan (e.qg.,
menopause) and across shorter time intervals (@uging the menstrual cycle). As such,
menstrual cycle related hormone fluctuations mighieast to some extent underpin the
larger degree of inter- and intra-individual vaoat in FCAs in women. Sex hormonal
fluctuations (seasonal) are also known in men bair tpotential effects on atypical FCAs

were hardly studied (e.g. Moffat & Hampson, 2000).

3.1. Organising and activating effects

Sex hormonal effects on brain and behaviour araddyocategorised as either organising
or activating effects (Phoenix, Goy, Gerall & Yourd®59). Organising effects result from
interactions between hormones and genes, and pdooarily during early ontogenesis and
puberty. These effects result in permanent sexerdiffces in brain structure (for a recent
review, see Jancke, 2018). Activating effects & result of hormonal fluctuations that
occur throughout life and, in contrast to orgargsgffects, are transient and reflect dynamic
changes in functional brain organisation (for aieey see Cohen-Bendahan, Beek, &
Berenbaum, 2005). Activating effects are typicafiyestigated in naturally cycling women,
by assessing changes in FCAs across the mensylal that occur in line with fluctuating

hormone levels.

3.1.1. Organising effects of sex hormones on FCAs
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Organising effects of sex hormones are typicallyestigated in clinical populations
affected by atypical sex hormonal conditions durigegstation or childhood. One such
condition is congenital adrenal hyperplasia (CA#)genetic condition that, in both males
and females, is characterised by an underproduabibrcortisol and a consequential
overproduction of androgens, including testosterdbile contradictions exist (Helleday,
Siwers, Ritzen, & Hugdahl, 1994; Mathews et al.0£20 several studies in CAH patients
have suggested a role for androgens in handedegsKglso, Nicholls, Warne, & Zacharin,

2000) and language lateralisation (e.g. Tirosh,,Rmhen, & Hochberg, 1993).

Additional clinical studies suggest that estrogean dnfluence FCAs during early
development (Hines & Shipley, 1984). In a behawabwstudy, Hines and Shipley (1984)
examined language lateralisation in women exposedli¢thylstilbesterol (DES) during
gestation. Diethylstilbesterol is a synthetic eg¢mm, administered to pregnant women to
lower risk of miscarriage. These authors showetll#mguage lateralisation was significantly
increased in the offspring of DES-exposed womempared to their unexposed sisters.
Although contradictions exist (e.g. Smith & Hiné€)00), this finding suggests that high
levels of prenatal estradiol may play a defemimggiole in male development (Hausmann &

Bayer, 2010).

Sex hormones have also been shown to influence R&Asin life, throughout adulthood
(Forget & Cohen, 1994). Studies on lateralizatioriranssexuals who underwent a gender-
affrming hormone therapy for several months previdn interesting opportunity to
investigate whether asymmetries are determinedemetic sex or by the current hormonal
environment (Forget & Cohen, 1994). The observati@t men and transwomen (male-to-
female) reveal differences in lateralisation stignguggests that the influence of sex
hormones on cerebral structures and functionstigxexd prenatally. Specifically, it has been

shown that women and transwomen have similar patieff FCAs (Cohen & Forget, 1995).
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However, this finding is not consistent. For exaeplsing fMRI, Sommer et al. (2008)
showed that, although cerebral activation was edl&d sex hormonal changes, lateralisation
in a verbal and spatial task was not affected bgdgeaffirming hormonal treatment.
Another study (Cohen-Kettenis, van Goozen, Doorii;dbren, 1998) investigated transmen
and transwomen, who were not yet receiving hormieeapy and found the degree of
lateralisation in both groups to be between thdsmale and female controls. This suggests
that transgender identity can affect lateralisateomd cognitive behaviour even before
hormonal treatment, perhaps as a result of orgamisd hormonal influences.

3.1.2. Activating effects of sex hormonesFDAs

A large body of evidence has developed, incorpogata range of behavioural,
electrophysiological, and neuroimaging techniqdesponstrating that FCAs fluctuate within
relatively short-term periods across different @sasf the menstrual cycle, in line with
hormone fluctuations (Alexander, Altemus, PetersoiWexler, 2002; Bayer & Hausmann,
2011; Cowell, Ledger, Wadnerkar, Skilling, & Whits, 2011; Hausmann, Hamm, Waldie,
& Kirk, 2013; Hausmann & Gunturkin, 2000; Hodgetfgeis, & Hausmann, 2015, 2017,
Weis et al.,, 2008; Weis, Hausmann, Stoffers, & 18{u2011). However, the literature is
inconsistent with respect to the direction of tlaefality change and, subsequently, the

mechanisms underlying these activating effects.

Several behavioural studies which used well-esthbtl laterality tasks, such as verbal
dichotic listening (Cowell et al., 2011; HampsoA9Qa; Hampson, 1990b; Hjelmervik et al.,
2012; Sanders & Wenmoth, 1998; Wadnerkar, Whitesgd@owell, 2008) and line bisection
(McCourt & Olafson, 1997) have shown that FCAs @éase during high hormone phases (i.e.
high estradiol and progesterone levels) relativéot® hormone phases (low estradiol and

progesterone levels). However, other studies h&esvis reduced FCAs in high-hormone
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phases, relative to low hormone phases using sitagks, including verbal dichotic listening
(Alexander et al., 2002; Altemus & Wexler, 1989;dgdetts et al., 2015; Mead & Hampson,
1996); music dichotic listening (Sanders & WenmaiB98); line bisection (Hausmann,
2005; Hausmann, Becker, Gather, & Gunturkin, 2002ical decision (Hausmann &

Gunturkan, 2000; Hausmann et al., 2002), figureetmaty (Hausmann & Gunturktn, 2000;
Weis et al., 2011), word matching (Weis et al., &0@&nd face perception (Hausmann &

Guntarkidn, 2000; Hausmann et al., 2002).

A potential mechanism of sex hormonal effects onA&Gn humans was initially
proposed by Hausmann and Gunturkin (2000). In stady, normally cycling women
completed left-hemispheric (word-matching) and tdlgbmispheric (figure-matching, face
discrimination) tasks, during both the low-hormoneenstrual phase and the high-
progesterone luteal phase. Menstrual cycle phasevergied by salivary hormone assays. In
addition, a sample of men and a sample of postnasgd women were tested at
corresponding time intervals. The authors iderdifa® interaction between cycle phase and
FCAs in all tasks, indicative of a general reduttin FCAs during the high progesterone
luteal phase. In contrast, FCAs were stable adiossin postmenopausal women and men.
Because this study (see also Hausmann et al., 20€8pnstrated a general reduction in
FCAs, for both right and left hemispheric tasks.ewhevels of progesterone were high, it
was suggested that sex hormones could not be iselganfluencing only one hemisphere.
Instead, Hausmann and Gunturkin (20p@posed that sex hormones affect FCAs by
modulating interhemispheric interaction, a physydal process that affects both

hemispheres.

In their hypothesis of progesterone-mediated imetspheric decoupling, Hausmann and
Gunturkin (2000) proposed that high levels of pstg®ne during the luteal phase leads to a

reduction of interhemispheric inhibition. This,turn, leads to a functional decoupling of the
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two hemispheres and a reduction in FCAs. Spedyictiey proposed that progesterone can
reduce interhemispheric inhibition by suppresshgexcitatory neural response to glutamate
and by increasing the inhibitory neural respons&#&BA (Hausmann & Gunturkin, 2000;
Hausmann et al., 2002; Hausmann & Bayer, 2010)s Tiew was supported by several
physiological studies demonstrating that progesersuppresses the excitatory response of
neurons to glutamate, while also increasing thebitdry response of neurons to GABA
(Smith, Waterhouse, & Woodward, 1987a, 1987b). fthier study showed that similar
effects may be obtained with combined estradiol prajesterone administration (Smith,
Waterhouse, & Woodward, 1987c). Thus, it was preddbat high levels of progesterone in
the luteal phase might lead to a transient redngtianterhemispheric inhibition and, in turn,

to a reduction in lateralisation (Hausmann & Gukiiir, 2000; Hausmann et al., 2002).

This hypothesis was further investigated in an fMRIdy (Weis et al., 2008) in which
normally cycling women completed a word-matchingktaidentical to that used by
Hausmann and Gunturkin (2000). All women were testering both the low hormone
menstrual phase and the high estradiol follicuteage; a control group of males was tested at
corresponding time intervals. Functional connettiwas assessed using psychophysical
interaction analysiPPI) to determine the inhibitory influence of tldminant left
hemisphere on the nondominant right hemisphere.adidition to a significant left
hemispheric advantage in accuracy and response foo@d in the menstrual phase, which
was reduced in the follicular phase, PPI analysigaled that the inhibitory influence of the
left hemisphere over the right hemisphere fluctateccording to estradiol levels.
Specifically, high levels of estradiol during tra@licular phase were associated with reduced
interhemispheric inhibition and, in turn, reduce@dAs. No significant changes in FCAs or

interhemispheric inhibition were found in the magatrols.
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While Hausmann & Gunturkin (2000) found that highogesterone levels (in
combination with high estradiol levels) can reduagrhemispheric inhibition, Weis et al.
(2008) showed that estradiol alone could reducerieimispheric inhibition. Similar results
were found in a transcranial magnetic stimulatibM$) study by Hausmann et al. (2006). In
this study, TMS was applied to the primary motort&o to elicit suppression of tonic
voluntary muscle activity in both the contralatemal ipsilateral side. Ipsilateral suppression
(i.e., ipsilateral silent period) is thought to d@tically mediated via excitatory transcallosal
fibres, and thus can be seen as an indirect mea$uhe connectivity between homotopic
regions of the left and right motor cortices. Haaamet al. (2006) showed that the ipsilateral
silent period fluctuates across the menstrual ¢ywiéh the largest suppression/inhibition
taking place during the luteal phase (high levélsstradiol and progesterone) compared to
the follicular phase (high levels of estradiol gnly Hausmann et al. (2013) reported
additional evidence in support of this view, in a&tectroencephalography study of
interhemispheric transfer time (IHTT). This studyowed that IHTT from right to left was
longer during the luteal phase compared to the tnealphase. Additional analyses revealed
that this effect was related to high levels of a&ditnl, as opposed to progesterone, which
suggested that the different interhemispheric @®ee are modulated by different sex

hormones (Hausmann et al., 2013).

Hjelmervik et al. (2012) investigated hormonal eféein normally cycling women on the
top-down processes related to language lateralsatising a forced-attention dichotic
listening paradigm. In this task, participants haweselectively attend to and report from
either the left or the right ear specifically. lontrast to the non-forced condition, the forced-
left condition requires a high level of cognitiventrol, as participants must override their
bias toward the dominant right ear. A cycle-relagéf@ct was found only in the forced-left

condition. Here, women demonstrated a greaterekftadvantage during the high-estradiol
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follicular phase, compared to both the menstrual lateal phases. The authors interpreted
this finding as evidence of an active role of elithon cognitive control, and not on
language lateralisatioper se (Hjelmervik et al., 2012). In contrast to Hjelminet al.
(2012), Hodgetts et al. (2015) found that languégeralisation was reduced across all
attention conditions when estradiol and progesterenels were high, suggesting that the
neuromodulatory properties of sex hormones on F@Asarily affected the bottom-up
processes, maybe via the mechanism suggested bymdan & Gunturkun (2000). In a
follow-up study, Hodgetts et al. (2017) used aisgic and an emotional prosody dichotic
listening task to investigate whether high levdlgstradiol were related to reduced dichotic
listening biases in both tasks and influenced thom-up processes of lateralisation (i.e.,
interhemispheric inhibition) in all three attentioanditions and irrespectively of the left or
right dominance of the task. Although no modulateffect of sex hormones on language
lateralisation was replicated, Hodgetts et al. @Gtbund in the right-hemispheric emotional
prosody task that high estradiol levels were as$edi with a reduction in FCAs in the
forced-right condition. This suggests that estriackm affect the top-down aspect of FCAs in
a right-hemispheric task. Although task-relatedfedénces in the degree of lateralisation
might explain some of the inconsistency betweedisfy) these studies, in conjunction with
Hjelmervik et al. (2012), suggest that estradiold@otentially progesterone) are capable of

modulating both top-dowand bottom-up processes related to FCAs.

The majority of studies investigating the relatioipsbetween FCAs and sex hormones
have been investigated samples of premenopausakmodowever, a comparatively small
number of studies have investigated the effectirgict manipulations of hormone levels on
FCAs and interhemispheric communication by focusingpost-menopausal women taking
hormone therapy (HT; for a review see Bayer & Haaism 2011). These studies typically

compare measures of lateralisation between postpaeisal women using estrogen therapy,
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combined estrogen plus progestin therapy, and thosdaking any hormonal substitution
(Bayer and Erdmann, 2008; Bayer and Hausmann, 2608)example, using the visual half-
field technigue Bayer and Erdmann (2008) and Baged Hausmann (2009a, b)
demonstrated reduced FCAs in postmenopausal wom&ng uHT, compared to

postmenopausal women without HT. Moreover, Bayer ldausmann (2009a) demonstrated
that right hemisphere processing was negativeted| to estradiol levels. As such, it was
concluded that while the effect of sex hormone$&GAs across the menstrual cycle is likely
underpinned by hormonal effects on interhemisphteaicsmission, the effect of HT on FCAs
appears to underpinned by hormonal effects on witlemisphere connectivity (Bayer &

Hausmann, 2011).

4. Sex hormonesand psychosis

So far, we have shown that (1) psychotic disordmes linked with atypical FCAS,
although causation is not entirely clear, and (@AE are affected by sex hormones during
early ontogenesis (organising effects) and latdiferdue to their neuromodulatory properties
(activating effects). A third stream of researchvoining clinical populations has
demonstrated the neuroleptic effects of sex hormoamaoss a range of psychiatric diagnoses
including psychotic disorders (primarily schizoptieg and mood disorders (bipolar disorder,
major depressive disorder). Research in this arelades a number of epidemiological and
clinical studies, indicating a higher incidencesshizophrenia in men compared to women
(Aleman, Kahn, & Selten, 2003; McGrath, Saha, Ch&n¥elham, 2008; van der Werf et
al., 2014, but also see Hafner et al., 1989; Jakient al., 1992), and an earlier onset in men
than women (Angermeyer & Kuhn, 1988; Hafner, Maukeffler, & Riecher-Rossler, 1993;
Hafner et al., 1989; Hafner et al., 1998). Moreowehile both sexes show peak incidence
rates in their 20s (men in their early 20s, wometheir late 20s), several studies revealed a

second, smaller peak of first episode incidencevamen at age 45-49 years (Hafner et al.
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1998; Kirkbride et al., 2012; Riecher-Rossler, laff & Munk-Jorgensen, 1997; Riecher-
Rossler et al., 1994), an age range consistent mighopausal onset, and a subsequent

decrease in estrogen production.

Emil Kraepelin (1893) first implicated an imbalanoé estrogens in the aetiology of
dementia praecox more than 100 years ago andktriearly a century until this idea was
reflated and a number of studies investigated ndretex hormones, particularly estrogens,
can have antipsychotic effects that reduce womenlserability to psychotic illnesses
(Riecher-Rossler & Kulkarni, 2011). Riecher-Résslad Hafner (1993) formally proposed
two separate but related hypotheses concerningpteef estrogen in schizophrenia. Firstly,
it was proposed that estrogens exert a protectffeeteagainst psychosiggtrogen protection
hypothesis Secondly, it was proposed that patients with cphegis would show
hypoestrogenism and gonadal dysfunctibippestrogenism hypothesidn fact, several
studies have shown that psychotic symptoms fluetaatoss the menstrual cycle, such that
they are more severe during low estrogen phasegé€Benn, Parzer, Runnebaum, Resch, &
Mundt, 2007a; Bergemann, Abu-Tair, & Strowitzki,0Zl; Choi, Kang, & Joe, 2001; Harris,
1997; Ko et al., 2006; Markham, 2012; Riecher-Ré&issHafner, Stumbaum, Maurer, &
Schmidt, 1994; Riecher-Rdssler et al., 1994), drad psychotic symptoms reduce during
pregnancy, when estrogen levels are high, but seldpllowing delivery, when estrogen
levels return to normal (Howard, Goss, Leese, Appl& Thornicroft, 2004; Munk-Olsen et
al., 2009; Vigod & Ross, 2010). In addition, seVestudies have demonstrated reduced
average levels of circulating estradiol and progreste levels in blood, and as opposed to
during specific cycle phases (Canuso et al., 26@®yard, 2005; Oades & Schepker, 1994;
Riecher-Rossler et al., 2013), as well as mensimggularities (e.g. anovulation and reduced
fertility, Bundy, Stahl, & MacCabe, 2011) in womaeiith psychotic symptoms. Critically,

these findings have been replicated in first-emsa@htipsychotic-naive patients (Gonzalez-
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Blanco et al., 2016; Petrikis et al., 2016; RieeRéssler et al., 2013), suggesting that
hypoestrogenism is not due to the effects of méidicaFinally, direct evidence comes from
intervention studies, showing neuroprotective effeof 1B-estradiol administration for

women with schizophrenia (Akhondzadeh et al., 2@4#,gemann et al., 2007b; Ghafari et
al., 2013; Kulkarni et al., 2001; Kulkarni, 2009ulKarni et al., 2008; Liao et al., 2002;
Riecher-Rossler, Butler, & Kulkarni, 2018, for aview see Begemann, Dekker, van
Lunenburg, and Sommer, 2012). However, as notedRiegher-Rossler et al. (2018)
postmenopausal women with schizophrenia are mdslylito benefit from estrogen

augmentation therapy, because schizophrenia anadh@sig have consistently been
associated with extensive deficits in executivectiom (Aas et al., 2014; Gold, 2004,
Johnson-Selfridge & Zalewski, 1997; Roiser et 2013; Weisbrod, Kiefer, Marzinzik, &

Spitzer, 2000) and there is some evidence showiaighigh estradiol levels can have positive
effects on executive function (Jacobs & D’esposizfll; Keenan et al.,, 2001; Maki &

Sundermann. 2009).
[TABLE 1 AROUND HERE]

In addition to the many studies implicating estroge psychosis and schizophrenia, a
small but significant body of research has invedéd the potential role of progesterone. This
is primarily due the relationship between the twarnmones; when estradiol levels are
naturally low, progesterone levels are also lowkimg it difficult to rule out an effect of
progesterone, or an interactive estrogen/progeseedfect on psychotic symptoms (Sun,
Walker, Dean, van den Buuse, & Gogos, 2016). Howestedies investigating the role of
progesterone in schizophrenia are limited (Ko et2006; Sun et al., 2016). For example,
although a number of studies have suggested tlgepterone levels are lower in women

with schizophrenia compared to healthy controlg@gBmann et al., 2005, 2007; Rubin et al.,
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2010; Thompson, Sergejew, & Kulkarni, 2000), pasen these studies were not medication

naive, and so medication effects cannot be ruléd ou

Studies investigating the role of sex hormones fineo psychiatric conditions have
focused primarily on bipolar disorder and major résgive disorder (Soria et al., 2018).
However, the number of studies here is quite lichitempared to schizophrenia (Gogos,
Ney, Seymour, Van Rheenen, & Felmingham, 2019).il&ino schizophrenia, bipolar
disorder is associated with fluctuations in symptsawerity in line with naturally occurring
hormone fluctuations, with low hormone cycle phakesg characterised by more severe
manic/depressive symptoms (Rasgon, Bauer, Glemmark|& Whybrow, 2003; Shivakumar,
Bernstein, & Suppes, 2008). Further evidence hasodstrated increased severity of manic
symptoms in the post-partum period (Heron, HaqugebOde, Craddock, & Jones, 2009),
and decreased mood stability both during and afienopause (Marsh, Gershenson, &
Rothschild, 2015; Marsh et al., 2012). As suchmatéd number of small clinical trials have
been conducted to investigate sex hormones as @djentherapies in bipolar disorder
(Meinhard, Kessing, & Vinberg, 2014). Kulkarni et #2014) demonstrated that both
adjunctive medroxyprogesterone and tamoxifen, actige estrogen receptor modulator
(SERM) that lacks the possible negative effectsstfogen on breast and uterine tissue, were
associated with greater symptom improvement, androngprogesterone was associated
with faster improvements in symptoms compared tquradive tamoxifen and mood
stabilisers alone. Other studies also found antiimeffects in women with bipolar disorder
after SERM treatment (Amrollahi et al., 2011; Y#diGuleryuz, Ankerst, Ongir, &
Renshaw, 2008; Zarate et al., 2007). A small nuntbestudies investigating the use of
estrogen as an adjunct to antidepressant theragmyfisplly for peri-menopausal women and

reported positive results (e.g., Kulkarni et al18; for a review see Worsley et al., 2012).

5. Integrating atypical asymmetries, sex hormones and psychotic symptoms.
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It has been argued that FCAs are double-coded diylestcharacteristics (traits) and
temporary situational aspects (states) (e.g., Hanan2019). Sex hormones are assumed to
contribute to the establishment of FCAs during yeadvelopment (via organising effects)
and also dynamically change FCAs in certain comgahroughout life, for example in
younger women during different cycle phases (Hamm&017), and in postmenopausal
women in response to hormone therapy (Bayer & Hansm2011). The question arising
from this, and the three research streams discusséis review, is whether there is a
functional link between the effects of FCAs, sexrrhones and psychotic symptoms.
Although it is currently not clear whether atypidaCAs are cause or consequence of
psychotic symptoms, one might speculate that semiwal modulations of FCAs will also

modulate psychotic symptoms.

One important issue in this context that has besglegted so far is that it is not always
clear whether atypical FCAs observed in schizoghrand other psychotic disorders are due
to the disorder itself or a consequence of the oleptic treatment patients with
schizophrenia receive. For example, Tomer and Henry (1989) found that neuroleptic
treatment can reverse the attention asymmetry fierga with schizophrenia; unmedicated
patients showed inattention to the right hemispharehe Mesulam Cancellation Test
(Weintraub & Mesulam, 1985), which changed to mpreminent left-sided inattention in
medicated patients. This suggests that neuroleptnzgy normalise left hemisphere
performance, at the expense of deteriorated rigimisphere performance. Other studies
have also suggested that in male and female patiefth schizophrenia, neuroleptic
medication can restore typical lateralisation (HgrviNelson, Haller, & Early, 1993; Mohr,
Landis & Brugger, 2006; Sapir, Dobrusin, Ben-BasBaHenik, 2007; Seidman et al., 1993;

Wigal, Swanson, & Potkin, 1997).
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Regarding state-trait aspects of atypical FCAscimzophrenia, it is interesting to note
that both symptomatiand non-symptomatic patients yield reduced FCAs dutivgforced-
left attention condition of the consonant-vowel Bisk (Lgberg et al., 2004). In this study,
Lagberg et al. (2004) recruited patients with scpimenia who were currently experiencing
auditory hallucinations, patients with a history adfditory hallucinations who were not
symptomatic, and a healthy control group to congpletee DL conditions. In the non-forced
attention condition, only patients currently expading hallucinations demonstrated a
reduced FCA compared to healthy controls. Non-sgmptic patients with a history of
hallucinations did not show a reduced language astny, leading the authors to conclude
that reduced language lateralisation is likely ¢oabstate marker for psychotic symptoms. In
contrast, both patient groups exhibited difficidtimodulating attention during the forced-
attention DL conditions, suggesting that attentiocantrol ability is a trait marker of

psychosis.

This is particularly interesting in the context lfelmervik et al.’s (2012) study, which
showed that attention control in healthy women owpd in line with higher levels of
estradiol, as indicated by an increase in FCA enftrced-left attention condition during the
follicular phase. Taking these research streamastheg, it is possible that the mechanism by
which sex hormones exert neuroleptic effects inzeghrenia concerns both stated trait
aspects of the disorder. Specifically, high levefsestradiol lead to improved cognitive
control by increasing activity within prefrontaleas in a compensatory manner, resulting in a
reduction of the severity of psychotic symptomsmyhigh estradiol cycle phases, as seen in
a number of clinical studies (Bergemann, Parzennebaum, Resch, & Mundt, 2007; Choi,
Kang, & Joe, 2001; Harris, 1997; Ko et al., 200@&rkham, 2012; Riecher-Réssler, Hafner,
Stumbaum, Maurer, & Schmidt, 1994; Riecher-Rossteal., 1994). This is in line with a

specific mechanism put forward in a recent revigwMcGregor, Riordan, and Thornton
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(2017). Amongst other potential mechanisms, McGreg al. (2017) purport that GABA
dysfunction localised specifically to parvalbumiPM) expressing neurons in the prefrontal
cortex and hippocampus is characteristic of thenbraf patients with schizophrenia.
Moreover, McGregor et al. (2017) argue that a l@is®V neurons underpins the cognitive
impairments consistently demonstrated by patientth wchizophrenia, including those
related to cognitive control. Amongst other actianghis level, estradiol has been shown to
exert a protective effect over PV expression inkttan, as well as increasing the number PV
expressing neurons in the prefrontal cortex. McG@regf al. (2017) go on to argue that
estradiol has been shown to increase GABA receptorber and binding affinity in several
animal models. Taken together, it is argued thatititeraction with GABAergic pathways
may be one mechanism by which estradiol exerts reeflugal effect in schizophrenia,
particularly where cognitive aspects of the disordee concerned. A recent review by
Moraga-Amaro et al. (2018) suggested that futuueies should employ positron emission
tomography (PET) in order to fully identify how emsliol interacts with other
neurotransmitter systems in order to exert its oyuatective effects. Indeed, although PET
studies of estrogen effects on monoaminergic dgtivave been conducted in samples of
patients with depression (for a review see Zsidal.e017), no such studies exist in patients

with schizophrenia (Moraga-Amaro et al., 2018).

It is also generally accepted that estradiol (amdj@sterone) can reduce left hemispheric
language asymmetries in healthy women (Alexandat.e002; Altemus & Wexler, 1989;
Hodgetts et al.,, 2015; Mead & Hampson, 1996). Whkaturrently unclear, however, is
whether the effect of sex hormones on FCAs is eddated to the antipsychotic effects of
estradiol. Bayer and Hausmann (2011) suggestec#ti@diol may produce an antipsychotic
effect in schizophrenia by modulating the atypi€&As demonstrated in such patients.

However, given that patients with schizophreniadglty demonstrate reduced FCAs (Hahn

26



et al., 2011; Lagberg, Hugdahl, & Green, 1999; Lgbdwrgensen, & Hugdahl, 2004; meta-
analysis by Ocklenburg, Westerhausen, Hirnstein, H&gdahl, 2013) and atypical
interhemispheric interaction, such as excessiviegall information (e.g., David, 1993; Narr
et al., 2003) or longer interhemispheric transfefT{) (Henshall et al., 2012), compared to
healthy controls, it seems unlikely that high levet estradiol reduce psychotic symptoms by
‘normalising’ FCAs (i.e. increasing lateralisatid a level comparable with healthy
controls). Instead, estradiol might enhance bitdarain organisation in patients with
schizophrenia and thereby increasing the differanciateralisation seen between patients
and controls. Several studies provided evidencesugggest that reduced FCAs (i.e., more
bilateral brain organisation) are a marker of neanopensatory functions in specific
populations including healthy elderly people (Braet al., 2011; Cabeza, 2002; for a review
see Wingfield & Grossman, 2006) and people withroéevelopmental conditions (e.g.
autism, Whitehouse & Bishop, 2008; dyslexia, Bisha@13; lllingworth & Bishop, 2009;
Shaywitz et al., 2007). Additionally, as women teladdemonstrate more bilateral brain
organisation compared to men, this might also exphdny women are generally less likely
to be diagnosed with a psychotic disorder suchch&aphrenia (Aleman, Kahn, & Selten,
2003; McGrath, Saha, Chant, & Welham, 2008; varvderf et al., 2014) and also show less
severe psychotic symptoms (Goldstein, Tsuang & dfega 1989). Taken together with
evidence demonstrating a beneficial effect of eadtaon prefrontal functions (Hjelmervik et
al., 2012; Jacobs & D’Esposito, 2011), this suppdine notion that there are at least two
different mechanisms by which sex hormones, anth lestfradiol levels in particular, can

exert beneficial effects in patients with psychatlisorders.

6. Conclusionsand futuredirections

Research to date supports the notion that atypaisérns of FCA in men and women are

associated with a number of psychiatric diagnosefyding schizophrenia, bipolar disorder,
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and major depressive disorder. What is less cleavhether there is a functional relationship
between of FCAs, sex hormones and psychotic syngptord, if these is, in which directions
causation flows. For example, whether atypical FG&s a cause or a consequence of
psychotic symptoms remains a matter of debate. Mervén light of the evidence presented
in this review, it seems plausible that sex hornhonadulations of FCAs can contribute to

the modulation of psychotic symptoms.
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Fig. 1 — The influence of estradiol on functional cerebral asymmetries (FCAs) and psychotic
symptoms in schizophrenia and other mental disorders, such as major depression, bipolar disorder,
anxiety and neurodevelopmental disorders. Estradiol can affect functional asymmetries and
cognitive control and can reduce psychotic symptoms. The causality of the relationship between
atypical asymmetries and psychotic symptoms is still unclear. There is empirical evidence for both
atypical asymmetries as a trait marker of the disorder and as a neurocompensatory mechanism. The
main focus of the current review is indicated by the solid arrows.

As previously mentioned, it has been suggestedR@#ts are, in general, double-coded
by both stable characteristics (traits) and temporsituational aspects (states) (e.g.,
Hausmann, 2019). Related to this notion, this rewaéso discussed the state-trait aspects of
atypical FCAs, particularly with respect to schiaggnia, in order to consider the potential
mechanisms underpinning the beneficial effect tfae#ol on psychotic symptoms. Although
limited to a relatively small number of studieserth is evidence to suggest that reduced
FCAs (e.g., for language) are a state marker ofzephrenia, while reduced cognitive
control ability is a trait maker for the disord&imilarly, findings to date support the notion

that there are at least two potential mechanismsvhigh estradiol exerts antipsychotic
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effects. Firstly, amongst other mechanisms, McGreg al. (2017) argue that schizophrenia
is associated with a loss of GABAergic PV neuranghe prefrontal cortex, and estradiol has
a protective influence over PV expression, resglima beneficial effect on cognitive aspects
of the disorder. Secondly, given that high estrialgieels are associated with reduced FCAs
(increased bilaterality), it is possible that editbh might enhance bilateral brain activity in

patients with schizophrenia, facilitating the retnent of additional brain regions in a

neurocompensatory manner. However, it should bednthtat the proposed mechanisms are

speculative, as they are yet to be directly ingaséd.

The findings presented in this review, although stmes contradictory, do at least
suggest tentative clinical implications worthy afther investigation. In particular, the idea
sex hormones may act as an antipsychotic agennstgachizophrenia (Hafner, 2005;
Kulkarni et al., 2013; McGregor et al., 2017; RieclRossler et al., 1994; Riecher-Rdssler &
Kulkarni, 2011) requires further investigation ifinccal populations in order to identify
optimal sex-sensitive treatment strategies for wowrred men. However, it is important to
note that not all clinical studies report posititierapeutic effects of adjunctive estrogen (e.g.
Louza et al., 2004) as well as experimental stutkesrting negative SERM effects on the
healthy brain. For example, Chen et al. (2017) stigated the effect of tamoxifen on
premenopausal women and found significant defiaitsworking memory and general
executive function performance and significantlywéo functional connectivity of the right
dorsolateral prefrontal cortex with the right hippmpus compared with controls. Also, this
study did not find significant changes in functibm@nnectivity in the left dorsolateral
prefrontal cortex within the whole brain betweee tamoxifen group and healthy control

women.

Most of the evidence reported in this review isdohsn sex hormonal effects in women,

with very little on men. However, we are inclinedlielieve that the mechanisms underlying
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antipsychotic effects of sex hormones and FCAs omen and men might be similar.
Unfortunately, there are only very few studies thtestigated the effects of SERMs on
brain functions in men. One of these is the fMRIdgtby Goekoop et al. (2006) who found
that raloxifene treatment in elderly men lead tdrammease in activation in bilateral parietal,
mediotemporal and prefrontal areas. The authorsledaed that a SERM-induced increase in
cortical arousal can potentially enhance activatohrain areas involved in several different
cognitive domains, including attention, working nayn executive functioning and verbal
abilities. However, the underlying neural mechammssh SERM-related effects on cognition
and functional brain organisation remain unclead darther research is needed that
investigate the suggested link between FCAs, sexntwioes, and psychotic symptoms

directly.
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Table 1 Studies investigating the direct (i.e. sex hormadsninistration) and indirect effect (i.e. compgrifferent phases of the menstrual
cycle) of sex hormones (estradiol, progesterong)sychotic symptoms.

Study Participants Mean age Cycle phases (cycle Outcome Main results
(xS.D.) days)/Hormone adjunct measures
Bergemann 125 women 35.0(8.3) Proliferative (2—-4) PANSS Significant improvement in psychotic symptoms dgrihe luteal
et al. with Peri-ovulatory (10-12) BPRS phase, relative to other phases
(2007a) schizophrenia Luteal (20-22)
Bergemann Case report, 1 51.0 Transdermal estradiol PANSS Remission of psychotic symptoms during teattnent course.
et al., women with monotherapy 5Qg
(2007b) late-onset estradiol hemihydrate, 250
schizophrenia ug norethisteronacetate,
4.80 mg
norethisteronacetate
Choietal. 24 women with 36.1(6.4) Menstrual phase (3-4) BPRS No change in psychotic symptoms across the,dyigher
(2001) schizophrenia Postmenstrual (6-7 days anxiety/depression scores in premenstrual phasepmelation with
following menstruation) estrogen levels.
Premenstrual (week before
menstruation)
Ghafari et 32 women with 34.5 (8.7) Adjunctive daily oral PANSS Significant reduction in severity of positsggmptoms, negative
al., 2013  schizophrenia conjugated estrogen 0.625 symptoms, and general psychopathology followingoggin
mg/day for 4 weeks administration
Harris 39 women with 34.8 (S.D. Premenstrual (5 days beforeBPRS Significant worsening of affective symptomsimyi menstruation
(1997) schizophrenia  not menstruation)
reported) Menstrual
Postmenstrual (5 days after
menses cessation)
Ko et al. 35 women with 34.0 (6.1) Follicular (1 — 14) SANS Significant negative correlation between SANS ssanmad estradiol
(2006) schizophrenia, Immediate Visual levels

classified as

Recognition Scale Low estradiol group showed significantly poorer cibige




high or low
estradiol post-
hoc

List Recall Scale performance compared to high estradiol group
List Acquisition

Scale

Oral Fluency Test

Trail Making Test

A and B
Wechsler Adult
Intelligence
Scale-Revised
Digit Symbol
Test
Kulkarni et 36 women with 34.0 (8.47) Transdermal estradiol PANSS Significant clinical improvement with 100mcg est@daompared to
al. (2001) schizophrenia 50mcg (n =12) 50mcg and placebo (antipsychotics only)
Transdermal estradiol
100mcg (n =12)
Placebo (n =12)
Kulkarni et 102 women 33.65 Transdermal estradiol 100- PANSS Significant clinical improvement with 100mesfradiol compared to
al. (2008) with (8.25) ug (n =56) placebo (antipsychotics only)
schizophrenia Placebo (n = 46)
Kulkarni et 51 women with 38.91 (9.6) Tamoxifen (n = 15) CARS-M MPA group showed significantly reductionssymptom severity
al. (2014) schizoaffective Medroxyprogesterone compared to both the tamoxifen and placebo groups.
disorder or acetate (MPA, n = 18)
bipolar disorder Placebo (n =18)
Liao etal. Case reports, 4 40, 35, 34, Adjunctive daily oral dose NOSIE Significant reduction of psychotic symptomgicases.
(2002) women with and 50. of conjugated estrogen
schizophrenia (Premarin 0.625 mg) for 3
months
Louza et 40 women with  32.3 (8.2)  Adjunctive doke o BPRS Similar rate of improvement in both groupsgositive, negative,




al. (2004) acute conjugated estrogens 0.625 and general symptomology.
schizophrenia mg/day (n = 21)
Adjunctive placebo (n = 19)
Riecher- 32 women with 30.5(6.5) Cycle days 2, 7, 13, 14, 21 BPRS Significant relationship between estradiol levedl agmptom
Rossler et schizophrenia 28 NOSIE severity; low estradiol levels associated with @ased symptom
al. (1994) severity
Thompson 29 women with 30.76 Cycle days 1-14, and 14-28 PANSS No change in symptom severity between the two gybkeses. Both
et al. psychosis (7.84) Arithmetic groups showed improved mental rotation when estrégeels were
(2000) 31 healthy Block design low. High estrogen levels were associated with pootor
controls Mental rotation  performance in psychotic women only.
Trail Making Test
A and B
Counting
Digit span
Digit symbol
Pegboard
composite
Tapping
composite

Note: Brief Psychiatric Rating Scale/BPRS; Clinitiddministered Rating Scale for Mania/CARS-M; Nsir€@#bservation Scale for lrpatient
Evaluation/NOSIE; Positive and Negative SyndronseedeANSS; Scale for the Assessment of Negativet@nsISANS)



