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SUMMARY 

 

BACKGROUND   

Several studies on rodents and non-human primates indicate an influence of steroidal hormones on 

serotonergic neurotransmission. Despite these findings little is known about their effects on the 

human brain, in particular only a few studies were conducted investigating their influence on 

serotonin-1A receptors (5-HT1AR), the main inhibitory receptors of the serotonergic system.  

This study aimed to depict the effect of menopausal status (“premenopausal” vs. “postmenopausal”) 

on the nondisplaceable binding potential (BPND) of the serotonin-1A receptor in pre- and 

postmenopausal women by means of positron emission tomography (PET). Additionally, this study 

investigated if a correlation between plasma levels of steroid hormones and the 5-HT1A receptor 

binding potential can be traced in a subject sample of healthy pre- and postmenopausal women. 

 

METHODS 

A total of 43 healthy women (premenopausal n=18, 24.11 ± 2.58 years [mean ± SD]; postmenopausal 

n=25, 55.36 ± 4.76 years [mean ± SD]) underwent a PET scan with the highly selective radioligand 

[carbonyl-11C]WAY100635. Quantification of the 5-HT1A binding potential (BPND) was done in 14 a 

priori defined regions of interest (Superior temporal gyrus, Middle temporal gyrus, Inferior temporal 

gyrus, Insula, Fusiform gyrus, Olfactory cortex, Gyrus rectus, Caput hippocampi, Amygdala, 

Hippocampus, Parahippocampal gyrus, Anterior cingulate cortex, Dorsal raphe nucleus, Median 

raphe nucleus) and cerebellum as reference region using PMOD 3.1 and applying the Simplified 

reference tissue model 2 (SRTM2). Blood samples of the steroidal hormones 17ß-estradiol, 

progesterone, testosterone as well as bioavailable testosterone were collected prior to PET 

measurement. 

 

RESULTS 

A mixed model ANOVA could not trace a significant effect of menopausal status on the dependent 

variable 5-HT1A BPND in this subject sample of 43 females [F (1, 41,756) =.078, p=.0781]. The post-

hoc analysis in each region of interest (ROI) by means of t-tests and applying Bonferroni correction 

for multiple comparisons with an adjusted p=.003 did not reveal significant differences in BPND 

between pre- and postmenopausal women. In the group of postmenopausal women an inverse 

relationship between plasma levels of bioavailable testosterone and 5-HT1A BPND in all investigated 

ROIs was detected. Ten out of fourteen ROIs survived the Bonferroni correction for multiple 

comparisons (adjusted p=.003), namely olfactory cortex (r= -0.604, p=.002), fusiform gyrus (r= -0.604, 

p=.002), superior temporal gyrus (r=-0.613, p=.002), anterior cingulate cortex (r=-0.635, p=.001), 

hippocampus (r=-0.596, p=.003), parahippocampal gyrus (r=-0.584, p=.003), insula (r=-0.604, p=.002), 

amygdala (r=0.590, p=.003), dorsal raphe nucleus (r=-0.618, p=.002) and median raphe nucleus (r=-

0.652, p=.001). Correlations between testosterone and BPND were also significant in all investigated 

regions, but only the dorsal raphe nucleus survived the Bonferroni correction (r=-0.577, p=.003). 

 

CONCLUSION 

The validity of the result of the mixed model ANOVA is limited due to the fact that “age” could not be 

partialled out as a covariate and should be interpreted with caution. 
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Apart from that this study provides the first evidence of a suppressive effect of testosterone and 

bioavailable testosterone on 5-HT1A RBP in humans. However, this finding stands in contrast to a 

study in premenopausal women which detected a positive correlation between these two variables. 

Considering diverging animal study results as well, this question needs to be reexamined. 

Longitudinal studies with steroid hormone administration should be conducted to elucidate these 

interrelations. There is a definite need for future trials that take into account the causation of large 

inter-subject variabilities by means of identification of subgroups (e.g. differences due to genetic 

polymorphisms). A separate comparison of these subjects would help us to establish a greater 

degree of accuracy on this matter and will add substantially to our understanding of the influence of 

steroidal hormones on serotonergic neurotransmission. 
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ZUSAMMENFASSUNG 

 

HINTERGRUND 

Eine Vielzahl von Studien an Nagetieren und nicht-menschlichen Primaten deutet darauf hin, dass 

Steroidhormone Einfluss auf das serotonerge System haben. Trotz dieser Erkenntnisse ist über deren 

Wirkung auf das menschliche Gehirn nur wenig bekannt, im Besonderen wurden nur wenige Studien 

durchgeführt, die deren Wirkung auf Serotonin-1A-Rezeptoren (5-HT1AR) untersuchen. 

Das Ziel dieser Studie war es zu untersuchen, ob die Zugehörigkeit zu einer der beiden Lebensphasen 

„prämenopausal vs. „postmenopausal“ einen Effekt auf das Bindungspotential (BPND) der 5-HT1A-

Rezeptoren in einem Probandenkollektiv von prä- und postmenopausalen Frauen hatte. Zusätzlich 

wurde untersucht, ob die Höhe der Plasmaspiegel von Steroidhormonen der Probandinnen mit der 

Höhe des 5-HT1AR-Bindungspotentials korrelierte. 

 

METHODEN  

Die Studiengruppe umfasste insgesamt 43 gesunde Probandinnen (prämenopausal n=18, 24.11 ± 

2.58 Jahre [Mittelwert ± Standardabweichung]; postmenopausal n=25, 55.36 ± 4.76 Jahre [Mittelwert 

± Standardabweichung]). Alle Probandinnen unterzogen sich einer Positronen-Emissions-

Tomographie-Untersuchung unter Anwendung des selektiven Radioliganden [carbonyl-
11C]WAY100635. Die Quantifizierung des 5-HT1AR-BPND erfolgte in 14 a priori festgelegten 

Zielregionen (Gyrus temporalis superior, Gyrus temporalis medius, Gyrus temporalis inferior, Insula, 

Gyrus fusiformis, Olfaktorischer Kortex, Gyrus rectus, Caput hippocampi, Amygdala, Hippocampus, 

Gyrus parahippocampalis, anteriorer Gyrus cynguli, Nucleus raphe medianus, Nucleus raphe dorsalis) 

und dem Cerebellum als Referenzregion mittels PMOD 3.1 und unter Anwendung des „Simplified 

Reference Tissue Model 2“ (SRTM2). In den vor der PET-Messung entnommenen Blutproben wurden 

die Plasmaspiegel der Streoidhormone 17ß-estradiol, Progesteron, Testosteron, als auch 

bioverfügbares Testosteron bestimmt.  

 

ERGEBNISSE 

Anhand des gemischten Modells der ANOVA konnte kein signifikanter Effekt der Zugehörigkeit zu 

einer der beiden Lebensphasen „prämenopausal vs. „postmenopausal“ auf die Höhe des 5-HT1A-BP 

in dieser Stichprobe von 43 weiblichen Probanden nachgewiesen werden [F (1, 41,756) =.078, 

p=.0781]. Jede ROI wurde post-hoc mit Hilfe von t-Tests untersucht und es wurde eine Bonferroni-

Korrektur bei multiplen Paarvergleichen mit einem angepassten Signifikanzniveau von p=.003 

angewendet. Es konnten keine signifikanten regionalen Unterschiede im BPND zwischen prä- und 

postmenopausalen Frauen gefunden werden. In der Gruppe der postmenopausalen Probandinnen 

konnte eine negative Korrelation zwischen der Höhe der Plasmaspiegel von bioverfügbarem 

Testosteron und dem 5-HT1ARBP in allen untersuchten Regionen nachgewiesen werden. Zehn von 

vierzehn dieser Regionen bestanden die Bonferroni-Korrektur (adjustiertes p=.003), darunter 

Olfaktorischer Kortex (r= -0.604, p=.002), Gyrus fusiformis (r= -0.604, p=.002), Gyrus temporalis 

superior (r=-0.613, p=.002), anteriorer Gyrus cynguli (r=-0.635, p=.001), Hippocampus (r=-0.596, 

p=.003), Gyrus parahippocampalis (r=-0.584, p=.003), Insula (r=-0.604, p=.002), Amygdala (r=-0.590, 

p=.003), Nucleus raphe dorsalis (r=-0.618, p=.002), als auch der Nucleus raphe medianus (r=-0.652, 

p=.001). Auch die Plasmaspiegel von Testosteron und die 5-HT1A Bindungspotentiale wiesen eine 

http://dict.tu-chemnitz.de/deutsch-englisch/Gyrus.html
http://dict.tu-chemnitz.de/deutsch-englisch/temporalis.html
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signifikante negative Korrelation in allen untersuchten Regionen auf, jedoch blieb nach Bonferroni-

Korrektur nur der Nucleus raphe dorsalis significant (r=-0.577, p=.003). 

 

SCHLUSSFOLGERUNG 

Die Aussagekraft des Ergebnisses der Gemischte-Modelle-ANOVA ist limitiert durch die Tatsache, 

dass das „Alter“ nicht als Kovariate herausgerechnet werden konnte und sollte deshalb mit Vorsicht 

interpretiert werden. 

Abgesehen davon liefert diese Studie erstmals einen Hinweis auf einen suppressiven Effekt von 

Testosteron und bioverfügbaren Testosteron auf das 5-HT1A RBP beim Menschen. Dieses Ergebnis 

steht jedoch im Widerspruch zu einer Studie an prämenopausalen Frauen, in der ein positiver 

Zusammenhang zwischen diesen zwei Variablen gefunden wurde. In Anbetracht ebenfalls 

widersprüchlicher Ergebnisse in Tierstudien muss diese Fragestellung in weiteren Untersuchungen 

nachgeprüft werden. Longitudinale Studien mit Administration von Steroidhormonen sollten 

durchgeführt werden, um diese Wechselbeziehungen aufzuklären. Es gibt definitiv  Bedarf an 

Studien, die die Ursachen der hohen Intersubjektvariabilität, mittels Identifikation von Untergruppen 

(z.B. Unterschiede auf Grund von genetischen Polymorphismen), berücksichtigen. Ein getrennter  

Vergleich dieser Probanden würde zu einer präziseren Einschätzung betreffend dieser Fragestellung 

führen und schließlich zu einem besseren Verständnis des Einflusses von Steroidhormonen auf die 

serotonerge Neurotransmission beitragen. 
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1. INTRODUCTION 

The serotonergic system is involved in the regulation of mood and affective states, appetite, sexual 

behavior and sleep and plays also a role in memory and learning. Dysfunctions in serotonergic 

neurotransmission are considered to be linked to manifestations of various psychiatric disorders like 

depression (Owens and Nemeroff, 1998, Drevets et al., 1999, Meltzer et al., 2004, Parsey et al., 2006, 

Drevets et al., 2007, Hirvonen et al., 2008, Parsey et al., 2010), schizophrenia (Burnet et al., 1997, 

Kasper et al., 1999, Stockmeier, 2003), or anxiety disorders (Kasper, 2001, Neumeister et al., 2004, 

Lanzenberger et al., 2007) and also affective states like fear or aggression (Baldwin and Rudge, 1995, 

Witte et al., 2009). In most studies of these disorders a decrease of 5-HT1A binding potential has 

been shown.  

 

Due to the fact that suffering from major depression and anxiety disorders is two times more 

prevalent in women than in men (Alonso et al., 2004) it has been assumed that this could be a result 

of hormonal caused differences in the serotonergic system.  Some of the serotonin receptors, like the 

main inhibitory 5-HT1A and the excitatory 5-HT2A receptor or the serotonin transporter, have been 

reported to be modulated by steroid hormones (Moses et al., 2000, Bethea et al., 2002b, Stockmeier, 

2003, Lanzenberger et al., 2005, Lanzenberger et al., 2007, Lanzenberger et al., 2010, Moser et al., 

2010).  

 

Several studies on rodents or non-human primates have been conducted revealing influence of sex 

hormones on serotonergic transmission (Pecins-Thompson and Bethea, 1999, Lu and Bethea, 2002, 

Le Saux and Di Paolo, 2005). Also post mortem studies delivered insight into their effects, but only a 

few PET studies have been conducted regarding the interaction between gonadal hormones and the 

serotonergic system in vivo in the human brain.  

 

Moses et al. investigated the influence of estradiol and progesterone administration on the 5-HT2A 

receptor distribution in postmenopausal women which increased the binding potential in widespread 

areas of the cerebral cortex (Moses et al., 2000). These findings were consistent with those in a 

second study, performed three years later (Moses-Kolko et al., 2003). Kugaya et al. could confirm 

those results for estrogen, but only for the right prefrontal and the anterior cingulate cortex (Kugaya 

et al., 2003).  

 

Jovanovic et al. examined the 5-HT1A receptor binding potential in women with premenstrual 

dysphoric disorder compared with asymptomatic controls at two different phases of the menstrual 
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cycle by using PET and the selective radioligand [carbonyl-11C]WAY100635 (Jovanovic et al., 2006).  In 

5 healthy controls the 5-HT1A receptor BP values in the dorsal raphe nuclei were lower in the 

follicular and higher in the luteal phase of the menstrual cycle, but this difference was not statistically 

significant. In 2009 the same group investigated 13 healthy women to explore the effects of the 

menstrual cycle phases on 5-HT1A receptor and 5-HTT binding potentials. Again they showed that the 

binding potentials did not differ significantly between follicular and luteal phases (Jovanovic et al., 

2009). However, these studies have to be interpreted with caution due to the small sample size and 

short observation periods. 

 

2. OBJECTIVES 

The analysis aims to depict if there is a difference in 5-HT1A receptor binding potential in pre- and 

postmenopausal women.  

 

For this purpose data of the 5-HT1A receptor binding potential measured using positron emission 

tomography, as well as blood samples of premenopausal women that have been recruited for the 

study “In vivo imaging of 5-HT1A receptors using PET in patients with anxiety and healthy controls” 

(EK 318/2002) and data of postmenopausal women recruited for the study “The influence of 

hormone replacement therapy on the cerebral serotonin-1A receptor distribution and mood in 

postmenopausal women” (EC 593/2007) were analyzed.  

 

3. HYPOTHESIS 

1. The menopausal status of pre- and postmenopausal women will have a significant effect 

on the nondisplaceable binding potential of the 5-HT1A receptor. 

2. Sex hormone plasma levels will be significantly correlated with regional 5-HT1A receptor 

binding potential in healthy women.  

4. BACKGROUND 

4.1. THE SEROTONERGIC SYSTSTEM 

Serotonin is known to play a central role in several cerebral functions and affective states such as 

mood, anxiety, cognition, eating behavior and stress response (Aghajanian, 2002).  
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5-hydroxytryptamine (5-HT) is a small indolealkylamine, identified initially because of its 

cardiovascular effects. First it was named enteramine due to the fact that it was discovered in 

enterochromaffin cells (Erspamer, 1940, Erspamer and Boretti, 1950, Erspamer and Asero, 1952, 

Dalgliesh et al., 1953). Rapport et al. isolated this substance from the serum of cattle, hence this 

substance was named “serotonin” afterwards (Rapport et al., 1948a, b). Later on, the existence of 

serotonin and its activity as a neurotransmitter in the central and peripheral nerve system could be 

shown (Twarog and Page, 1953, Amin et al., 1954, Brodie et al., 1955). 

  

1-2% of the serotonin can be found in the brain tissue, but in a large part it is located in platelets, 

mast cells and enterochromaffin cells (Gershon et al., 1985, Matzel and Kolata, 2010). 

 

4.1.1.  Structure, synthesis and metabolism of serotonin 

 

 

 

 

 

 

 

 

 

 

 

 

L-tryptophan-5-monooxygenase, also termed tryptophan hydroxylase (TPH), performs the first step 

of serotonin synthesis by converting tryptophan (TRP) to 5-hydroxytryptophan (5-HTP). Two forms of 

tryptophan hydroxylase are known. Tryptophan hydroxylase 2 (TPH2) seems  to appear only in  5-HT 

synthesizing neurons in the brain tissue and is the predominant isoform in the central nervous 

system (Duncan et al., 2000, Walther and Bader, 2003, Jacobsen et al., 2011), whilst TPH1 can be 

found in peripheral tissues and in the pineal gland (Gutknecht et al., 2009). The next step is 

conducted by L-amino acid decarboxylase (AADC) which is also present in catecholaminergic neurons 

and involved in dopamine synthesis. It decarboxylates 5-HTP to serotonin.  

 

Due to its hydroxyl group in the 5 position of the indole nucleus 

and nitrogen as a proton acceptor, at physiological pH 5-HT is a 

hydrophilic substance and therefore does not pass the lipophilic 

blood-brain barrier without an active-transport mechanism (Siegel 

GJ, 1999). Compared to platelets that accumulate 5-HT from 

plasma by means of an active transport mechanism, cells in brain 

tissue synthesize 5-HT in the cytoplasm of serotonergic neurons 

from the amino acid L-tryptophan which is being transported 

through blood-brain barrier by the same carrier that also serves 

other neutral amino acids, the large neutral amino acid transporter 

LNAAT (Narr et al., 2007). 

Figure  1 3D model and chemical 
structure of serotonin (adapted from 
Siegel et al. 2008) 
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The first step appears to be the rate-limiting. Inhibition of this reaction by parachlorphenylalanin 

(PCPA) results in a marked depletion of the 5-HT levels in the brain while in general  5-HTP is only 

found in trace amounts in the brain, assumedly because it is decarboxylated about as rapidly as it is 

formed. Figure 2 shows the synthesis and metabolism of serotonin. 

 

 

 

 

 

 

 

 

 

 

 

 

To protect the fresh synthesized serotonin from degradation, 5-HT binding proteins (SBP) attach with 

high affinity to this indolealkylamin. The vesicular monoamine transporter proteins VMAT1 and 

VMAT2 (which is primarily expressed in the CNS) use the electrochemical gradient of H+-ATPase to 

drive the transport of serotonin into storage vesicles. Recently, a vesicular-filling synergy of VMAT2 

and VGLUT3 in serotonergic neurons lacking SERT was reported, which could also play a role as a 

regulatory mechanism in serotonin neurotransmission (Amilhon et al., 2010). In response to an 

action potential, the neurotransmitter serotonin can be released by exocytosis into the synaptic cleft.  

This process is accompanied by a quick influx of Ca2+. The vesicle membrane fuses with the 

presynaptical plasma membrane of the nerve terminal resulting in discharge of the vesicle content.  

 

The released serotonin either binds to pre- and postsynaptic serotonin receptors or exerts its 

influence by means of non-synaptic neurotransmission, also termed as diffuse or volume 

transmission (Descarries et al., 1975, Descarries and Mechawar, 2000, Agnati et al., 2010). The 

serotonin transporter (SERT) disrupts the effect of serotonin by reuptake of the released 5-HT into 

Figure  2 Synthesis and degradation of 
serotonin (adapted from Siegel et al. 
1990) 
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the presynaptic neuron. There it can be either repackaged into storage vesicles or degraded by 

means of MAOA into 5-hydroxyindole acetic acid (5-HIAA). In the pituitary gland serotonin is 

metabolized to melatonin. The primary degradation product of serotonin, 5-HIAA, can be measured 

in the lumbar cerebrospinal fluid or as a urinary metabolite, indicating either the turnover in brain 

tissue or amount of serotonin in the human body in general.  Figure 3 shows the transportation of 

tryptophan through the blood-brain barrier, as well as the synthesis, reuptake and degradation of 

serotonin. 

 

 

 

4.1.2. Pathways of the serotonergic system in the human brain 

The 5HT neurons share a firing pattern which is high during the day and very low at night during 

sleep. Therefore the highly regular pacemaker activity of serotonin neurons is considered to be 

dependent on the waking state (Jacobs and Azmitia, 1992, Azmitia, 1999, 2007).   

Figure  3 Synthesis and metabolism of serotonin; this is a schematic, the SERT molecules are 
not expressed at the synapses (adapted and modified from www.cnsforum.com, Lundberg 
Institute) 

http://www.cnsforum.com/
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The organization of the serotonin neurons is more evolved in the primate, where highly myelinated 

fibers are common compared to the rodents where highly myelinated axons are rare. In rodents thin, 

highly branched, and unmyelinated axons are the predominant form (Azmitia, 2007). 

Several authors describe the distribution of 5-HT cell bodies in the human brain as restricted to the 

brain stem (Baker et al., 1991a, Baker et al., 1991b, Hornung, 2003). These are approximately 350 

000 cells and a majority of them is concentrated along the midline in the raphe nuclei.  

5-HT neurons from the raphe nuclei make connections innervating the entire brain and spinal cord 

(Azmitia, 2007). 

According to cell body localization and their projections, 5-HT neurons can be separated into two 

groups (Charnay and Leger, 2010): 

 

 

 

 

 

 

 

 

 

 

 

Rostral (or superior) group: 

 located in the mesencephalic and rostral pons 

 sending axons to the forebrain (cerebral cortex and limbic system) 

 approximately 85% of the 5-HT neurons 

 composed of neurons located in four nuclei: 

- interpeduncular, caudal linear, dorsal and median raphe nuclei 

Figure  4 Projections of the serotonergic system in human brain, 
sagittal section (adapted and modified from Kriegebaum et al. 2010) 
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 additional area is the caudal mesencephalic and rostral pontine reticular formation 

Caudal group: 

 located in rostral pons and medulla oblongata 

 sending axons to brainstem and spinal cord 

 approximately 15% of the 5-HT neurons 

 composed in three raphe nuclei: 

- raphe magnus, raphe obscurus, raphe pallidus 

    additional area is ventral medullary reticular formation 

 

A detailed Figure showing the raphe nuclei in a sagittal section can be found in the annex (Annex 
13.1, Fig. 5). 

 

4.1.3. Serotonergic receptor subtypes 

The serotonin receptors were described first in the guinea-pig ileum during the 1950s. They were 

called M and D receptors due to their sensitivity to morphine or dibenzyline (Gaddum and Picarelli, 

1957). Later on electrophysiological, pharmacological and binding experiments followed.  

To date more than 15 5-HT receptors, grouped into seven families (5-HT1-7), were discovered by 

means of various cloning strategies. They mainly appear as postsynaptic receptors. To date the 5-

HT1A and 5-HT1B receptors were identified as presynaptic autoreceptors modulating serotonin release 

in a negative feedback manner.  

The 5-HT receptors are G-protein coupled (i.e. metabotropic) receptors activating various signaling 

pathways (Fig. 6). 5-HT3 receptors (Barnes et al., 2009) are an exception and belong to ionotropic 

receptors. There is evidence that the receptor density (i.e. the number of receptors expressed on the 

surface of neurons) vary due to sustained stimulation by agonists or endogenous 5-HT resulting in 

attenuated receptor responsiveness (desensitization), intracellular sequestration (internalization) 

and recycling back to the membrane (Idkowiak-Baldys et al., 2009). Also the crosstalk with other 

receptors, homodimerisation, heterodimerisation, as well as a variety of proteins including for 

example ß-arrestins,  influence the activity of 5-HT receptors, but are described elsewhere (for 

further details see Gonzalez-Maeso et al. 2007, Allen et al. 2008).  
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Figure  6 G-protein coupled 5-HT receptors - Signaling pathways; AC – adenylyl cyclase; DAG – diacylglycerol; ERK – 
extracellular signal regulated kinase; IP3 – inositol triphosphat; MEK – mitogen and extracellular signal regulated 
kinase; PKC – protein kinase C (taken from Roth et al. 2006) 

 

4.2. THE 5-HT1A RECEPTOR 

4.2.1.  Structure and function of the 5-HT1A receptor 

The 5-HT1 receptors are divided into five subfamilies, termed 5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E and 5-

HT1F receptors. The former 5-HT1C receptor has been reclassified as the 5-HT2C receptor due to 

similarities to other 5-HT2 receptors.  

The 5-HT1A receptor, as the main inhibitory serotonergic receptor, is involved in diverse processes 

such as neuroendocrine regulation, vasoreactive headaches, thermoregulation, sexual behavior, food 

intake and appetite, memory, depression, aggression, anxiety, and immune function (Roth, 2006). 

Activation of 5-HT1A receptors reduces cell firing in hippocampus (Kasamo et al., 2001), forebrain 

(Ashby et al., 1994) and raphe nuclei (Haddjeri et al., 2004).  

This inhibitory receptor is found on both, the presynaptic as well as the postsynaptic neuron. 5-HT1A 

receptors are G-protein coupled (GPCR) and consist of seven hydrophobic transmembrane domains 

connected by three intracellular and three extracellular loops with an amino terminus orientated 

toward the extracellular space and a carbonyl terminus oriented toward the cytoplasm (Fig. 7). They 

have been characterized biochemically and electrophysiologically as Gi/o receptors since they are 

sensitive to inactivation through pertussis toxin (PTX).  
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These GPCRs couple to multiple secondary signaling pathways, which vary depending on for example 

location or cell type. In the brain tissue there are mainly two relevant effector systems:  

 inhibition of adenylyl cyclase (AC) and  

 the opening of K+ channels (GIRK) 

The effector of the Gαi/o pathway is the cyclic-adenosine monophosphate (cAMP) generating 

enzyme adenylyl cyclase (AC). Gαi/o inhibits AC and therefore prevents AC from producing cAMP. 

 

 

 

 

 

 

 

The activation of the second effector system results in neuronal hyperpolarisation, thus inhibiting 5-

HT cell firing and reducing serotonin release in the cell soma and in projection structures (Sinton and 

Fallon, 1988, Adell et al., 1993, Penington et al., 1993). 

Both effector systems occur in terminal field areas of the serotonergic system such as hippocampal 

(De Vivo and Maayani, 1986), cortical and various other cultured neuronal cells (Siegel GJ, 1999), 

whereas in the dorsal raphe nucleus 5-HT1A receptors are coupled only to GIRKs, G protein-gated 

inwardly rectified K+ channels (Innis and Aghajanian, 1987, Clarke et al., 1996).  

Moreover there is evidence that 5-HT1A receptors activate extracellular signal regulated protein 

kinase (ERK) by means of ßγ-subunits (Cowen et al., 1996, Della Rocca et al., 1999, Adayev et al., 

2003, Crane et al., 2007). Some authors report that 5-HT also inhibits calcium current through G 

protein coupling to voltage-dependent calcium channels in the dorsal raphe nucleus and the 

hypothalamus (Penington and Kelly, 1990, Penington et al., 1991, Rhee et al., 1996). However, some 

pathways are not mentioned here and there are still definitely more to discover (Cowen et al., 1996, 

Mannoury la Cour et al., 2006, Gu et al., 2007). 

Figure  7  5-HT1A receptor – major signaling linkages 

 (taken from Roth et al. 2006) 

 

http://en.wikipedia.org/wiki/Cyclic_amp
http://en.wikipedia.org/wiki/Adenylyl_cyclase
http://www.ncbi.nlm.nih.gov/books/n/bnchm/A3974/def-item/A4229/
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4.2.2.  Distribution of the 5-HT1A receptor in the human brain 

A clear distinction should be drawn between presynaptic and postsynaptic receptors due to their 

differences in localization and final function.  

The raphe nuclei containing serotonergic neurons demonstrate high presynaptic 5-HT1A autoreceptor 

densities (Siegel GJ, 1999, Hornung, 2003, Charnay and Leger, 2010) while postsynaptic 

heteroreceptors are known to be located on glutamatergic and GABAergic neurons in the prefrontal 

cortex in humans (de Almeida and Mengod, 2008) and rodents or non-human primates (Santana et 

al., 2004, Palchaudhuri and Flugge, 2005, de Almeida and Mengod, 2008, Andrade, 2011). 

Post-mortem human studies investigating the regional distribution of postsynaptic 5-HT1A 

heteroreceptors are consistent with studies in vivo showing very dense binding in hippocampus as 

well as other limbic structures and insula, a slightly lower binding in neocortex, in particular frontal, 

temporal and limbic cortical structures, low binding in amygdala, septum and claustrum and 

negligible binding in basal ganglia (nucleus caudatus, putamen), brainstem (except raphe nuclei), 

pallidum, thalamus and cerebellum (Hall et al., 1997, Andree et al., 2002, Moller et al., 2007, Moller 

et al., 2009).  

Sustained administration of 5-HT1A receptor agonists or an increased serotonin availability induced by 

serotonin reuptake inhibitors (SSRI) were shown to lead to internalization of the 5-HT1A 

autoreceptors in the serotonin containing neurons, but not of hippocampal postsynaptic 5-HT1A 

receptors (Haddjeri et al., 1999, Riad et al., 2004, Zimmer et al., 2004). This different desensitization 

pattern is thought to add to the antidepressant or anxiolytic effects of various pharmaceuticals 

(Haddjeri et al., 1999, Blier and Ward, 2003). 

Fig. 14 shows a schematic, illustrating pre- and postsynaptic 5-HT1A receptors, while Fig. 8 provides 

PET images in a single subject of the current study of both, presynaptic and postsynaptic receptors. 
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Figure  8 5-HT1A receptor binding potential in a single subject, transaxial slices; red – high 5-HT1A RBP, blue – low 5-HT1A 
RBP
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4.3. THE STEROID HORMONES PROGESTERONE, ESTRADIOL AND 

TESTOSTERONE 

Cholesterol is the precursor of the steroid hormones progestagens, glucocorticoids, 

mineralocorticoids, androgens, and estrogens (Fig. 9). Nuclear receptors for steroid hormones are 

members of a superfamily of ligand-dependent transcription factors. Considering the focus of the 

current study this chapter will give a review on progesterone, estradiol as well as testosterone and 

their respective nuclear receptors. For a review on membrane steroidal receptors the reader is 

referred to a paper published by Ramirez et al. (Ramirez and Zheng, 1996). 

 

 

 
 

Figure  9  Biosynthetic relations between progestagens, androgens  

and estrogens (taken from Berg et al. 2002) 

 

4.3.1.  Structure, synthesis and effects of progesterone 

Progesterone is synthesized in the ovary, testis, as well as the adrenal gland and during pregnancy 

also in the placenta. Progestins enhance differentiation and oppose the cell proliferation effects of 

estrogen, are involved in processes like ovulation, implantation, maintenance of pregnancy, 

mammary gland development and beside its hormonal effects progesterone serves as a precursor in 

the synthesis of other steroids like estrogens and androgens.  

In the central nervous system progesterone appears to have depressant and hypnotic effects (Lu et 

al., 2006). It acts through regulation of gene expression, modulation of neurotransmitter systems as 

well as activation of signaling cascades and is involved in regulation of memory and neuronal 



Serotonin-1A receptor distribution in pre- and postmenopausal women quantified by PET and [carbonyl-
11

C]WAY100635 

 

 

21 

 

excitability as well as neurogenesis. Data from several sources indicate also neuroprotective actions 

(Brinton et al., 2008). 

As shown in Fig. 10 progesterone is synthesized from pregnenolone which itself is synthesized from 

the steroid hormone precursor cholesterol. 

 

Figure  10  Progesterone synthesis. The 3-hydroxyl group of pregnenolone is oxidized to a 3-keto group. The Δ
5
 double 

bond is isomerized to a Δ
4
 double bond (Taken from Berg et al. 2002) 

 

4.3.2. The progesterone receptor 

The progesterone receptor (PR) was detected in the female reproductive tract, mammary gland and 

the brain tissue (Mangal et al., 1997). In humans PRs were traced in the hypothalamus, frontal 

cortex, hippocampus and amygdala (Sarrieau et al., 1986) by means of autoradiography, while in 

rodents the highest expression of PRs was found in the hypothalamus, medial preoptic area, 

cingulate cortex, the hippocampus and the medial amygdala (Levine et al., 2001).  

 

Two isoforms of the progesterone receptor were identified, called PRA and PRB, which are 

transcribed from different promoters in the same gene. PRB seems to be a much stronger 

transcription activator than PRA. (Giangrande and McDonnell, 1999, Richer et al., 2002, Leonhardt et 

al., 2003). As shown in Fig. 11, binding of progesterone to a progesterone receptor is followed by 

homodimerisation and binding to DNA by means of progesterone response element resulting in 

increased or decreased target gene transcription. For detailed information regarding the 

progesterone receptor the reader is referred to an extensive review conducted by Brinton et al. 

(Brinton et al., 2008).  
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Figure  11 Activation of PR by progesterone binding; PG – progesterone, PR – progesterone receptor, PRE – 
progesterone response element (taken from Leonhardt et al. 2003) 

 
 
 

4.3.3.  Structure, synthesis and effects of estrogen 

Three types of estrogen are produced in the ovaries:  

- estrone, E1 

- 17 beta-estradiol, E2 

- estriol, E3 

 

 

 

Figure 12 Chemical structure 17 beta-estradiol E2 and estrone E1 (taken from Czajka et al. 2006) 

 

The predominant estrogen in premenopausal women is estradiol. Estrone is also produced in the fat 

tissue and therefore a common estrogen in postmenopausal women due to the fact that the ovarian 

steroid production ceases in this phase of life. E2 is converted to E1 and vice versa. Both steroidal 

hormones are equivalent in their level of estrogenic activity. Their chemical structure is shown in 

Figure 12. Estriol, E3, is made in the placenta during pregnancy and has the weakest effects of the 

three estrogens (Berek and Novak, 2007). 
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Synthesis of estrogens 

Estradiol biosynthesis in human brain tissue is catalyzed by the enzyme aromatase (Fig. 13) which is 

expressed in cerebral cortex, basal forebrain, hippocampus, thalamus, cerebellum, brainstem 

hypothalamus, amygdala and preoptic/septal areas (Azcoitia et al., 2011).  

 

 

 

 

 

 

 

 

Figure 13 Aromatization of precursor androgens by aromatase enzyme. Three possible aromatase catalyzed 
reactions are depicted. (taken from Azcoitia et al. 2011) 

 

Effects of estrogens 

The growth, differentiation and function of tissues of the female reproductive system as well as non-

reproductive tissues such as the cardiovascular system, bones and the brain are influenced by 

estrogens. Estradiol prevents neuronal cell death, promotes the formation of synapses and 

modulates learning and memory (Wilson et al., 2011). 

Estrogens increase tryptophan hydroxylase (TPH) 1 and 2 expression in rodent and primate raphe 

nuclei (Bethea et al., 2000, Gundlah et al., 2005, Sanchez et al., 2005, Donner and Handa, 2009, 

Osterlund, 2010)  and downregulate MAO mRNA in non-human primates and rats (Ortega-Corona et 

al., 1994, Gundlah et al., 2002). This downregulation can be reversed by progesterone (Luine and 

Rhodes, 1983). The 5-HT transporter also appeared to be downregulated in animals (Pecins-

Thompson and Bethea, 1999) but a more recent finding traced this effect only in female rats 

(Benmansour et al., 2009). All this actions result in increased 5HT availability. It is assumed that this 

processes account for the serotonin system stimulating effects. Fig. 14 summarizes these effects in 

an example of presynaptic 5HT neurons and postsynaptic target neurons, but it has to be noted that 

previous research is still inconclusive and the effects differ based on region and involved cell type. 

Also differences between species could be traced and therefore, as long as research data for humans 
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are scarce, these findings cannot be generalized. A detailed review on effects of steroid hormones on 

5-HT1A BP can be found in the discussion of the current study. 

 

 

Figure 14 Exemplary illustration of estrogen effects on serotonergic neurotransmission 

(A) Estrogens bind to nuclear ERs. Together with EREs the ERs act as transcription factors altering the 
expression of a number of genes related to serotonergic neurotransmission. (B) The resulting alterations in 
protein expression i.e. SERT, TPH and MAO-A proteins lead to a changed 5-HT concentration. Increased 5HT 
levels subsequently desensize 5-HT1A receptors. (C) 5-HT1A receptor function is modified by mERs trough 
uncoupling of G-proteins resulting in deactivation of 5-HT1A (D) 5-HT2A receptors have been shown to be 
increased after estrogen administration. ER – estrogen receptor, ERE - estrogen response element, MAO-A - 
monoamine oxidase A, SERT – serotonin reuptake transporter, TPH - tryptophan hydroxylase (taken and 
modified from Hildebrandt et al. 2010) 

 

In terms of other transmitter systems estrogen treatment reduces tyrosine hydroxylase activity and 

therefore catecholamine synthesis but increases choline acetyltransferase and acetylcholinesterase 

activity (Luine and McEwen, 1983). The latter effects may also be a part of the antidepressant effect 

of estrogen (Rossmanith and Scherbaum, 1992).  

Effects of estrogens on 5-HT1A mRNA expression, the 5-HT1A receptor distribution and 5-

HT1A receptor function 

In rodents Lakoski et al. demonstrated that estrogen administration reduces the ability of the 5-HT1A 

agonist [3H]8-OH-DPAT to decrease firing at dorsal raphe neurons, indirectly indicating reduced 

[3H]8-OH-DPAT binding sites of this autoreceptors (Lakoski, 1988). Another study conducted by 

Birzniece et al. revealed a decrease of 13% in the 5-HT1A mRNA expression in the ventrolateral part 
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of the DRN of rats after two weeks of estrogen and progesterone treatment, while no change was 

found in the median raphe nucleus (Birzniece et al., 2001).  

Ovarectomy and hence hormone withdrawal provoked an increase of BP and receptor function in 

the dorsal raphe of rats which could be corrected by E2 administration (Le Saux and Di Paolo, 2005). 

Pecins-Thompson and Bethea et al. investigated the influence of estrogen, as well as estrogen and 

progesterone administration in non-human primates and demonstrated similar findings to studies in 

rodents with a decrease of 5-HT1A receptors and 5-HT1A mRNA in the dorsal raphe nucleus (Bethea et 

al., 1998, Pecins-Thompson, 1998, Bethea et al., 2002a). The addition of progesterone during 28 days 

of estrogen treatment further reduced 5-HT1A gene expression (Pecins-Thompson and Bethea, 1999). 

A recent study in rhesus macaques revealed that the suppressive effect of estrogens on 5-HT1A 

protein levels in DRN seen after one month of estrogen administration diminished after five months 

of treatment with estrogen. An additional administration of progesterone counteracted this effect 

resulting in significantly decreased 5-HT1A receptor protein levels even after five months of hormone 

replacement (Henderson and Bethea, 2008). However, there is also some evidence that estrogen 

replacement does not change BP or mRNA levels in DRN of rats (Landry and Di Paolo, 2003).  

 

Surveys regarding postsynaptic receptors such as these conducted by Mize, Alper et al. (2000, 2000) 

showed that estrogen decreases 5-HT1A function (e.g. acute E2 administration reduced agonist-

stimulated [35S]GTPgammaS binding by ca. 25% in the hippocampus, cortex and amygdala of rats in 

vivo) . Several similar studies by the same group, with different focus or design, indicated this rapid 

effect of estrogen on phosphorylation of the 5-HT1A receptor resulting in uncoupling from the G 

protein (Mize et al., 2001, Mize and Alper, 2002, Mize et al., 2003).  

On mRNA level Österlund et al. reported a reduction of 5-HT1A mRNA after short-term administration 

of E2 in medial amygdala, piriform cortex and perirhinal cortex, while no change appeared in 

hippocampus and retrosplenial cortex in the brain tissue of rats, showing a region specific alteration 

in limbic related areas (Osterlund et al., 1998). In a second study they investigated 5-HT1A mRNA 

alterations after long-term administration of E2 and no change in 5-HT1A mRNA levels was shown. 

Österlund suggests that the acute alteration diminishes with chronic treatment (Osterlund et al., 

2000). 

In contrast, two weeks of estradiol application decreased 5-HT1A receptors in amygdala, 

hippocampus, perirhinal and motor cortex of ovarectomized rats. The influence of estradiol seems to 

be region specific also in case of postsynaptic 5-HT1A receptors, since no alteration appeared in other 

regions investigated, like piriform and retrosplenial cortex (Osterlund et al., 2000).  



Serotonin-1A receptor distribution in pre- and postmenopausal women quantified by PET and [carbonyl-
11

C]WAY100635 

 

 

26 

 

A constant receptor density in hypothalamus-preoptic area and hippocampus of rodents was 

reported despite E2 administration (Clarke and Maayani, 1990, Jackson and Etgen, 2001). The 

anterior prefrontal and cingulate cortex 5-HT1A BPs remained unaffected by estrogen fluctuation due 

to the fact that neither ovarectomy nor estrogen administration altered the [3H]8-OH-DPAT-specific 

binding of this postsynaptic receptors in rodents. Data from the same investigation revealed that 

ovarectomy had no effect on hippocampal 5-HT1A receptor binding and estrogens decreased BP only 

in a subregion of the CA3 (Le Saux and Di Paolo, 2005). Some other studies also reported missing 

alterations of BP in rats after estrogen replacement therapy. Landry et al. did not find changes in the 

subregions of the hippocampal formation, prefrontal cortex or cingulate cortex (Landry and Di Paolo, 

2003) and Flügge et al. reported unchanged BP in medial preoptic area, stria terminalis, lateral 

septum, cingulate cortex, amygdala, hippocampal region and occipital cortex. In the ventromedial 

hypothalamic nucleus they even found an increase in BP during oestrus compared to dioestrus cycle 

phase of rats (Flugge et al., 1999).  

 

4.3.4.  The estrogen receptor 

 

 

 

 

 

4.3.5.  Structure, synthesis and effects of testosterone 

Testosterone is synthesized from the steroid precursor cholesterol. Fig. 16 shows the involved 

enzymes and relation to other steroidal hormones.  

Figure  15 Estrogen 
receptor (taken 
from RCSB Protein 
Data Bank 
www.pdb.org,  

PDB ID 1hcq) 

 

The estrogen receptor (ER) belongs to the nuclear receptor 

superfamily for steroid and thyroid hormones, vitamin D, retinoids and 

prostanoids (Parl, 2000). The two known receptors ERalpha and ERbeta 

were cloned 1986 (Green et al., 1986, Greene et al., 1986) and 1996 

(Kuiper et al., 1996), respectively. They both act as dimers to regulate 

transcriptional activation. There is 96% amino acid identity between 

the two receptors in the DNA-binding domain, whereas the ligand-

binding domain is homologous in only 5% (Weihua et al., 2003, 

Dahlman-Wright et al., 2006). In the human and rodent brain ERs can 

be found in limbic-related areas such as limbic cortices, amygdala, 

hippocampus and hypothalamus (Osterlund, 2010). 

 

 

http://www.pdb.org/
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Figure  16 Testosterone synthesis pathway -  3βHSD - 3β hydroxysteroid dehydrogenase, 17βHSD - 17β-
hydroxysteroid dehydrogenase, CYP17 -  Cytochrome P450 (adapted and modified from Handa et al. 2008) 

 

 

Testosterone can either bind directly to the androgen receptor, is locally metabolized in neural tissue 

to E2 and DHT by the enzymes aromatase and 5α-reductase, respectively, or is converted into an 

androgenic metabolic form that binds to neither the AR nor the ER (Kawata, 1995, Lephart et al., 

2001). 

Beside its influence of intermale aggressive behavior (Simon et al., 1998) testosterone and its 

metabolites showed rewarding properties (Frye et al., 2002), as well as anti-anxiety and analgesic 

effects (Edinger and Frye, 2005) in rodents and a negative feedback regulation of gonadotropin 

secretion (Urban et al., 1991). It was proven that they have an impact on sex differences in the 

morphology of particular brain regions, on size and number of neurons and glial cells or the number 

of synapses (Panzica et al., 1995, Cooke et al., 1998, Fernandez-Guasti et al., 2000, Melcangi et al., 

2011). 
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4.3.6.  The androgen receptor 

The research to date regarding the distribution of androgen receptors has tended to focus on 

rodents, non-human primates or other species, whilst human studies are scarce.  ARs in the human 

brain tissue have been traced in the hypothalamus (Fernandez-Guasti et al., 2000) and temporal 

cortex (Sarrieau et al., 1990, Puy et al., 1995). A preliminary study conducted by Bezdickova et al. 

showed nuclear expression of ARs within the hippocampus, precentral gyrus and the mamillary body 

in males but not in the brain tissue of the female subject. Cytoplasmic ARs were more widespread 

showing positivity in males and females in parts of the archi-cortex (Bezdickova et al., 2007). 

In rats androgen receptors could be found in the hypothalamus, preoptic area, cortical structures and 

amygdala (Naess, 1976, Menard and Harlan, 1993, Lynch and Story, 2000, Fernandez-Guasti et al., 

2003). Sheng et al. identified ARs in the DRN of male rats, but could not trace them in females (Sheng 

et al., 2004). 

 In addition to effects via gene transcription, androgen receptors activate membrane and cytoplasmic 

signaling pathways (DonCarlos et al., 2006).  

 

4.4. PREMENOPAUSE 

4.4.1.  Definition 

The WHO defines premenopause as the whole of the reproductive period prior to menopause (WHO 

research group, no authors listed 1996). 

Approximately  two third of adult women have menstrual cycles that last from 21 to 35 days, 

therefore many  women experience anovulatory or irregularly timed cycles during reproductive life. 

On average the menstrual bleeding lasts 2 to 6 days with a blood loss of 20-60 mL (Berek and Novak, 

2007).  

The ovarian cycle can be divided into follicular and luteal phases: 

1) Follicular phase - The average length ranges from 10 to 14 days. A single dominant follicle 

develops by means of hormonal feedback and is usually mature and prepared for ovulation at 

midcycle. 

2) Luteal phase - The average length is 14 days and includes the time from ovulation to the onset of 

menses. 
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4.5. POSTMENOPAUSE 

4.5.1.  Definition 

Menopause is not a central event, but primary ovarian failure, even though it is associated with 

changes in the hypothalamic and pituitary hormones. A depletion of ovarian follicles occurs and 

therefore the ovary is no longer able to respond to the pituitary hormones, follicle-stimulating 

hormone (FSH), and luteinizing hormone (LH). Ovarian estrogen and progesterone production ceases. 

Menopause is defined retrospectively as the time of the final menstrual period followed by 12 

months of amenorrhea (Fig. 17).  

Postmenopause is defined as the period following the final menses (Berek and Novak, 2007).  

 

Figure  17 Different time periods surrounding the menopause 
(adapted and modified from WHO research group, no authors listed 

1996) 

 

Most commonly noted complaints by perimenopausal woman include hot flushes, muscle and joint 

pain, weight gain, fatigue, headaches, irritability, low mood, and insomnia (Stuenkel, 1989), but only 

35% of women seek medical treatment because of this symptoms (Backstrom, 1995). 

 

4.6. POSITRON EMISSION TOMOGRAPHY  

4.6.1.  Physical principles and technology of PET imaging 

Positron emission tomography (PET) is a radionuclide imaging procedure. It uses radiolabels and 

electron-positron annihilation reaction-induced gamma rays to locate incorporated radioligands 

which, like in case of 5-HT1A receptors, bind to selected targets.  
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A radiotracer (also termed radiopharmaceutical or radioligand) consists of two components: 

 

(1) a molecular structure (vector, vehicle, ligand) and 

(2) a positron emitting radionuclide.  

 

The molecular structure determines the distribution of the radiotracer within the organism due to 

pharmacokinetics and their pharmacodynamic properties. The radioactive nuclide is responsible for 

the signal which is detectable outside of the organism. Since radiotracers are chemically 

indistinguishable from their non-radioactive counterparts they serve as substitutes without altering 

biochemical processes (Wadsak and Mitterhauser, 2010) 

 

The emitted signals resulting from processes mentioned above can be detected outside the subject’s 

body and finally converted into an electronic representation or image of kinetic processes (regional 

blood flow, fatty acid or glucose metabolism). Also quantifications of molecules (receptors, 

transporters, antigens, enzymes and other proteins) are possible and can be visualized by this means 

in vivo.  

 

The positron emitting isotopes are generated by means of a cyclotron and serve as a label on a 

specific tracer which gets incorporated by a subject for example through injection. The tracer 

disperses via blood stream and in case of [carbonyl-11C]WAY100635 it penetrates the blood-brain 

barrier. The radionuclide in the tracer decays and the released positrons subsequently annihilate (Fig. 

18) when converging with electrons after travelling a short distance of approximately 1 mm within 

the body (Cherry, 2006). This distance, also called positron range, leads to spatial uncertainty in the 

annihilation localization and is a limiting factor of the detection precision of the scanner (i.e. PET 

spatial resolution).  
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Figure  18 Positron emission and annihilation process (taken from Badawi 1998) 

 
The emitted gamma rays get registered simultaneously by electronically linked detectors surrounding 

the subject. Those high sensitive scintillation detectors convert the gamma rays into visible light and 

the optically coupled photomultiplier tube (PMT) hence generates an electric signal for each event 

which is considered as “coincident” when occurring within a certain time window (Fig. 19). The 

imaginary line that joins the two opposite detectors that register the coincidence event is defined as 

Line of Response (Badawi, 1999).  

 

 

 

Figure  19 Coincidence detection in a PET camera (taken from Badawi 1998) 
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4.6.2.   [Carbonyl-11C]WAY100635 

N-[2-[4-(2-Methoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyridinylcyclohexanecarboxamide 

(WAY100635) is a highly specific antagonist of the serotonin-1A receptor with a dissociation constant 

KD of 0.2nM. After labeling with carbon-11 in its carbonyl position the new reversibly binding 

radioligand [carbonyl-11C]WAY100635 emerged in 1996 (Pike et al., 1996). Its chemical structure is 

shown in Fig. 20. As an advantage to previous tracers targeting 5-HT1A receptors its metabolite 

WAY100634 is non-radiolabeled and therefore [carbonyl-11C]WAY100635 is the only source of 

radioactivity that can be traced during PET measurement. To date [carbonyl-11C]WAY100635 is the 

most commonly used ligand for in vivo human studies for quantification of 5-HT1A receptors.  

 

 

 

 

 

Figure  20 Chemical structure [carbonyl-
11

C]WAY100635 (taken from Saigal et al. 2006) 

 

4.6.3.  General definition of binding potential 

Mintun et al. defines the term binding potential BP as the ratio at equilibrium between the 

specifically bound tracer and the free plus nonspecifically bound tracer and can be expressed as the 

ratio between receptor density Bmax (concentration of receptors that are available for binding) and 

dissociation constant KD (Mintun et al., 1984, Wu and Carson, 2002) which aims to depict 

quantification of radiolabeled and specifically bound receptors or proteins in a defined brain tissue 

region. For a review on further definitions the reader is referred to Gjedde et al. (2005). 

 

Equ. 1     BP = 
    

  
 

 

4.6.4.  Compartment model, Simplified reference tissue model (SRTM) and Simplified 

Reference Tissue Model 2 (SRTM2) 

The compartment model, originated from the field of pharmacokinetics, is a basic concept 

for the analysis and the quantitative evaluation of dynamic PET data. 
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A compartment describes for example an area of the body where the radiotracer is assumed 

to be homogenous and is a hypothetical apportionment which helps distinguishing between 

different conditions of the radiotracer and describing relations of these conditions by 

equations.  

The simplest compartment model corresponds to a direct interaction of radiotracer with 

target tissue in vitro, a reaction described by Michaelis and Menten (Michaelis L, 1913), 

where the ligand L interacts with the receptor R and forms a complex RL (Fig. 21). A detailed 

description of equations needed for calculation of BP by means of this two compartment 

model can be found in a publication of Ichise et al. (Ichise et al., 2001) 

 

Figure  21 Two compartment model in vitro. L – concentration of unbound radioligand in 
buffer solution (Bq/mL), RL – concentration of bound radioligand (Bq/mL), kon and koff – 
association and dissociation kinetic rate constant, respectively (taken from Ichise 2001) 

 

The derivation of the values for Bmax and KD in experiments in vivo is more complex due to 

increasing compartment quantity and to the fact that, unlike in the in vitro system, the in vivo system 

has an open first compartment (the radioligand is administered intravenously and travels through 

the heart into the arterial blood system). The radioligand can appear to be freely distributed in the 

arterial blood plasma, as well as in the brain tissue (i.e. extracellular space), or showing specific 

(receptor of interest) and non-specific binding (other proteins, fatty acids, etc.). Several tracer kinetic 

modeling procedures, which provide a mathematical description of radioligand behavior over time, 

are based on different modifications of the compartment model (Mintun et al., 1984, Frankle et al., 

2005, Heiss and Herholz, 2006). The Simplified Reference Tissue Model 2 (SRTM2) was used in this 

study (Wu and Carson, 2002), which is a further development of the Simplified Reference Tissue 

Model (SRTM) introduced by Lammertsma et al. in 1996 (Lammertsma and Hume, 1996).  The SRTM 

and SRTM2 models are based on the assumptions of one tissue compartment.  The influx and efflux 

to the tissue ROI with specific and non-displaceable (i.e. free plus nonspecific) binding can be 

described by the rate constants K1 and k2 and the influx and efflux to reference region is denoted as 
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K’1 and k’2. In SRTM three parameters have to be estimated, namely  R1, k’2 and k2. R1 (“relative 

delivery”) is the ratio of K1 in the region of interest to K1 in the region of reference (i.e. R1= K1 / K’1).  

Furthermore binding potential can be obtained through the equation: 

 

 

 Equ. 2  

 

 

A detailed description of both models was conducted by their authors (Lammertsma and Hume, 

1996, Wu and Carson, 2002) and is mentioned in other publications (Frankle et al., 2005, Heiss and 

Herholz, 2006).  

 

5. METHODS 

5.1. Subject characteristics 

A total of 43 subjects were analyzed in this study. 18 of them were premenopausal women that have 

been recruited via advertisements for the study “In vivo imaging of 5-HT1A receptors using PET in 

patients with anxiety and healthy controls” (EK 318/2002) and 25 postmenopausal women recruited 

for the study “The influence of hormone replacement therapy on the cerebral serotonin-1A receptor 

distribution and mood in postmenopausal women“ (EC 593/2007) of the Functional, Molecular and 

Translational  Neuroimaging – PET & MRI Group at the Department of Psychiatry and Psychotherapy, 

Medical University Vienna, Head: A/Prof. PD Dr. Rupert Lanzenberger, MD. 

The following inclusion criteria for all subjects were required:  

 Signed informed consent form 

 Consent not to participate in a study with exposure to radiation within 6 months following 

the final assessment in this study 

 

Exclusion criteria for all subjects: 

 Concomitant major illness 

 Concomitant neurological illness 

 Current substance abuse 

 History of any malign illness 

 Implant or stainless steel graft 

http://www.meduniwien.ac.at/psychiatrie
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 Steroid hormone treatment within 3 months prior to the inclusion 

 Clinically relevant abnormalities on a general physical examination and routine laboratory 

screening 

 Any exposure to artificial radiation within 3 months prior to the inclusion into the present 

study 

 

Additional inclusion criteria for premenopausal women: 

 age of 18 to 55 years  

 

Additional exclusion criteria for premenopausal women: 

 Positive pregnancy test 

 Clinically relevant disturbances of the menstrual cycle 

 

The 18 postmenopausal women recruited for the study “The influence of hormone replacement 

therapy on the cerebral serotonin-1A receptor distribution and mood in postmenopausal women“ 

also had to prove that they were physically healthy by a general physical examination including 

neurological status, electrocardiogram and a routine laboratory screening.  

 

Additional inclusion criteria for postmenopausal women comprised: 

 Age of 45 to 65 years.  

 Duration of over 14 months of amenorrhea  

 

Further exclusion criteria for postmenopausal women: 

 Concomitant psychiatric disorder as assessed by the Structured Clinical Interview for DSM 

Disorder (SCID), except anxiety disorders or depression 

 Treatment with a psychotropic agent targeting 5-HT1A and 5-HT2A receptors or the serotonin 

transporter 

 Concomitant major illness, especially  liver disease, disorder of the endocrine system, 

osteoporosis (when treated with vitamin D) 

 Clinically relevant vascular or heart diseases 

 Endometriosis 

 Cervical smear test PAP > II 

 Extensive obesity 
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 Investigations using PET or SPECT within 10 years prior to the inclusion 

 

All of the subjects had to consent not to participate in PET or SPECT studies with an added 

equivalence dose of over 15 mSv within 10 years. 

 

5.2. Data acquisition 

5.2.1.  Image acquisition - Positron Emission Tomography (PET) 

Subjects were measured using an ADVANCE full-ring PET scanner (General Electric Medical Systems, 

Milwaukee, WI, USA) at the Department of Nuclear Medicine, Medical University of Vienna. For 

quantification of the 5-HT1A receptor binding potential, the radioligand [carbonyl-11C]WAY100635 

was chosen. Dynamic PET scans were acquired in 3D mode. The tracer was prepared in a fully 

automated PET synthesizer (GE Healthcare, Uppsala, Sweden) at the Cyclotron Unit of the PET centre 

at the Medical University of Vienna. The measurements started simultaneously with the intravenous 

bolus injection of [carbonyl-11C]WAY100635 in phosphate-buffered saline (injected dose 

premenopausal subjects 4,7MBq/kg body weight, postmenopausal subjects 3MBq/kg body weight). 

For premenopausal women a series of 30 successive time frames (15×1 min, 15×5 min) and for 

postmenopausal women 50 successive time frames (12x5s, 6x10s, 3x20s, 6x30s, 4x1min, 5x2min, 

14x5min)  have been performed, each resulting in a total acquisition time of 90 min. Data were 

reconstructed in a 128×128×35 matrix, with a slice thickness of 4.25 mm using an iterative filtered 

back-projection algorithm (FORE-ITER). The spatial resolution of the scanner was 4.36 mm full-width 

at half maximum (FWHM) at the centre of the field of view (FOV). 

 

Only data from the first scan (baseline) without medication from the study “The influence of 

hormone replacement therapy on the cerebral serotonin-1A receptor distribution and mood in 

postmenopausal women” were used for the current analysis.  

 

In both groups an automated delineation method of regions of interest as described in Stein et al. 

has been used (Stein et al., 2008). In short we used a region of interest template based on the 

anatomical AAL atlas implemented in the SPM8 software (Tzourio-Mazoyer et al., 2002) that has 

been normalized to a 5-HT1A distribution map in the stereotactic space of the MNI/ICBM brain 

(Montreal Neurologic Institute/International Consortium for Brain Mapping) and PMOD 3.1 (Meyer 

et al., 1999). The 5-HT1A distribution map generated by our group represents the mean serotonin-1A 
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receptor binding potential of 33 healthy subjects (18 females, 15 males) and can be found on the 

website http://www.meduniwien.ac.at/neuroimaging/mf54_downloads.html.  

 

5.2.2. Quantification of 5-HT1A receptor binding potential 

PET data of pre- and postmenopausal women has been normalized to this 5-HT1A distribution map. 

Decay-corrected time activity curves of 14 a priori defined regions of interest (listed in Table 3, first 

column) have been used for quantification in PMOD 3.1 [PMOD Technologies Ltd., Zurich, 

Switzerland (Mikolajczyk et al., 1998)]. The binding potential values of the ROIs were calculated by 

applying the Simplified Reference Tissue Model 2 (Lammertsma and Hume, 1996, Wu and Carson, 

2002) and the kinetic modeling tool of PMOD 3.1. The cerebellar grey matter without the vermis was 

defined as reference region due to its low binding of [carbonyl-11C]WAY100635 (Hall et al., 1997). 

 

5.2.3.  Hormone assays 

The analysis of plasma levels of estrogen, progesterone, testosterone, cortisol, DHEA, follicle 

stimulating hormone (FSH) and luteinizing hormone (LH) from blood samples collected prior to the 

PET-scans was done by the KIMCL/MUW (Klinisches Institut für Medizinische und Chemische 

Labordiagnostik).  

 

Blood samples of premenopausal women were collected in follicular phase, i.e. within the first 3–10 

days of the menstrual cycle, to ensure exclusion of effects of the menstrual cycle on the 5-HT1A 

binding potential.  

 

6. STATISTICAL ANALYSIS 

The statistical analysis was carried out using the software PASW (SPSS) Statistics 18.0 (SPSS Inc., 

Chicago). Kolmogorov-Smirnov test was used as a normality test and Levene’s test was performed to 

check for homogeneity of variances. In case that the Bonferroni correction for multiple comparisons 

had to be applied, an adjusted p-value of 0.0035 was used, otherwise a p-value less than 0.05 was 

considered as significant. All tests were two-tailed. Mann-Whitney-U tests were performed to 

investigate if premenopausal women differed from postmenopausal women regarding age, BMI or 

radiochemical variables.  

A mixed model analysis was conducted with the independent variables “menopausal status” and 

“region of interest”, with repeated measures on 14 different ROIs and the dependent variable “5-

http://www.meduniwien.ac.at/neuroimaging/mf54_downloads.html
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HT1A receptor binding potential” to investigate if a significant effect of “menopausal status” on the 

dependent variable could be detected. Toeplitz covariance structure was used.  

A Spearman's Rank Order correlation was run to determine the relationship between the variables 

“age”, “BMI”, radiochemical variables (“injected dose”, “specific activity”), steroid hormones 

(“testosterone”, “bioavailable testosterone”, “progesterone”, “estrogen”) and the 5-HT1A receptor BP 

of all subjects taken together.  A separate investigation of premenopausal women was carried out by 

means of Pearson’s correlation coefficient between the variables steroid hormones (“testosterone”, 

“bioavailable testosterone”, “progesterone”, “estrogen”) and the 5-HT1A receptor BP. This was also 

done for postmenopausal subjects, except for the dorsal raphe nucleus, where a non-parametric 

Spearman's Rank Order correlation had to be applied. 

Partial correlations with plasma steroid hormone levels and the 5-HT1A receptor BP were conducted 

(with different covariates for each investigation). 

7. RESULTS 

7.1. DESCRIPTIVE STATISTICS  

7.1.1. Age, body mass index, injected dose and specific activity of [carbonyl-

11C]WAY100635  

Premenopausal women were significantly younger and had a significantly lower BMI.  The injected 

dose of [carbonyl-11C]WAY100635 was significantly higher in premenstrual woman, whereas the 

specific activity was significantly lower (Table 1).  

 

 Premenopausal Postmenopausal Mann-Whitney U-test 
        U            Exact Sig.  Mean  ±  SD Mean  ±  SD 

     

Age (years) 24.11 ± 2.58 55.36 ± 4.76 0 0.000 
     

BMI (kg/m²) 22.65 ± 3.93 25.86 ± 4.31 97 0.001 
     

Injected dose  
(MBq/kg body 
weight) 

365.54 ± 13.60 210.98 ± 43.32 1 0.000 

     

Specific activity  
(MBq/kg) 

177.32 ± 131.17 391.07 ± 281.42 89 0.001 

     

 

Table 1 Mean values and standard deviation (Mean ± SD) for age, body mass index (BMI) and 

radiochemical variables of premenopausal and postmenopausal women.  
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7.1.2. Plasma levels of steroidal hormones 

Blood samples of 14 premenstrual women were collected prior to the PET scan within the follicular 

phase. For the remaining 4 subjects blood samples collected in follicular phase were not available.  

 

In all 25 postmenopausal subjects blood samples were collected prior to the PET scan. Table 2 shows 

the mean steroid hormone plasma levels for each group and reference ranges defined by KIMCL. One 

postmenopausal subject showed a higher estrogen level than defined as reference range for 

postmenopausal women due to residual ovarian activity.  

 

 

Premenopausal   n=14 Mean  ±  SD Range Reference 
range*

1
 

    
Progesterone (ng/ml)  0.77 ± 0.23 0.46 - 1.13 0.5 - 1.0 
    
17ß-Estradiol (pg/ml) 47.78 ± 24.15 20 - 96 22 - 215 
    
Testosterone (ng/ml) 0.51 ± 0.18 0.19 - 0.94 0.08 - 0.48 
    
Testosterone bioav.*

2
 (ng/ml) 0.12 ± 0.01 0.04 - 0.24 0.02 - 0.22  

    

Postmenopausal  n=25 Mean  ±  SD Range Reference 
range 

    
Progesterone (ng/ml) 0.22 ± 0.13 0.10 - 0.60 0.1 - 0.8 
    
17ß-Estradiol (pg/ml)   12.44 ± 6.70 10 - 40 <25 
    
Testosterone (ng/ml) 0.14 ± 0.08 0.03 - 0.36 0.08 - 0.48 
    
Testosterone bioav.*

3
 (ng/ml) 0.04 ± 0.00 0.00 - 0.09 0.01 - 0.12  

    
 
Table 2 Steroid hormone plasma levels of premenopausal women obtained in 
follicular phase (n=14); *

1
 Reference range for follicular phase of the cycle; *

2
 

Bioavailable testosterone (n=12); reference range defined by KIMCL refers to woman 
in the age range 20-50a; Steroid hormone plasma levels of postmenopausal women 
obtained prior to PET scan (n=25). *

3
 Bioavailable testosterone (n=23); reference 

range defined by KIMCL refers to woman aged 50 and over. No bioavailable estrogen 
plasma levels could be obtained.  

 

 

 

7.1.3.   Distribution and range of the 5-HT1A receptor binding potential in pre- and 

postmenopausal women 

As shown in Table 3, in the second column, the highest 5-HT1A receptor binding potentials occurred in 

limbic and cortical brain regions, similar to previous studies (Hall et al., 1997, Hornung, 2003, Varnas 
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et al., 2004, Moller et al., 2009). The mean BP values plus standard deviation and the ranges of the 5-

HT1A binding potential of 14 a priori defined regions of interest in pre- and postmenopausal women 

due to region of interest template (Stein et al., 2008) are illustrated in the third and fourth column. 

The large between-subject variability 5-HT1A binding potential was similar to those reported in 

Rabiner et al. and Lundberg et al. (Rabiner et al., 2002, Lundberg et al., 2007).  

 

5-HT1A 
BP 

BP (n=43) Premenopausal (n=18) Postmenopausal (n=25) 
Mean ± SD Mean ± SD Range Mean ± SD Range 

PHG 5.22 ± 1.41 5.18 ± 1.41 2,05 - 7,72 5.25 ± 1.44 2,75 - 7,42 

MTG 4.68 ± 1.34 4.74 ± 1.40 1,56 - 6,31 4.64 ± 1.32 1,98 - 5,28 

STG 4.62 ± 1.30 4.62 ± 1.31 1,35 - 5,79 4.61 ± 1.33 1,77 - 4,94 

Ins 4.54 ± 1.21 4.65 ± 1.19 1,90 - 7,23 4.45 ± 1.24 2,29 - 6,10 

FuG 4.52 ± 1.22 4.60 ± 1.19 1,80 - 6,69 4.45 ± 1.26 2,25 - 6,39 

OC 4.51 ± 1.27 4.39 ± 1.15 2,14 - 6,88 4.59 ± 1.37 2,28 - 7,09 

ITG 4.38 ±  1.22 4.52 ± 1.24 1,73 - 6,73 4.28 ± 1.21 2,23 - 6,13 

GRe 4.25 ± 1.23 4.36 ± 1.25 1,71 - 7,12 4.17 ± 1.23 2,17 - 6,05 

CHPC 4.16 ± 1.23 4.19 ± 1.22 1,55 - 5,98 4.13 ± 1.25 1,99 - 5,89 

AMY 4.15 ± 1.16 3.90 ± 1.12 1,46 - 6,28 4.33 ± 1.17 2,12 - 5,90 

HPC 3.63 ± 1.04 3.82 ± 1.07 1,31 - 5,44 3.49 ± 1.10 1,84 - 5,01 

ACC 3.50 ± 1.01 3.62 ± 1.04 1,30 - 5,74 3.43 ± 1.00 1,66 - 4,95 

DRN 2.34 ± 1.02 2.15 ± 0.62 1,08 - 3,67 2.48 ± 1.23 1,08 - 5,84 

MRN 2.19 ± 0.78 2.19 ± 0.78 0,73 - 3,88 2.19 ± 0.80 1,01 - 3,98 

Table  3 First column 14 a priori defined regions of interest listed in descending order according 
to 5-HT1A BP value. Second column Mean regional 5-HT1A BP of pre- and postmenopausal 
women taken together (SD – standard deviation). Third and fourth column mean 5-HT1A BP 

value ± SD and range is given for each subject group;   parahippocampal gyrus (PHG), middle 

temporal gyrus (MTG), superior temporal gyrus (STG), insula (Ins), fusiform gyrus (FuG), olfactory 
cortex (OC), inferior temporal gyrus (ITG), gyrus rectus (GRe), caput hippocampi (CHPC), amygdala 
(AMY), hippocampus (HPC),anterior cingulate cortex (ACC), dorsal raphe nucleus (DRN), median raphe 
nucleus (MRN). 

 

7.2. ANALYTICAL STATISTICS  

7.2.1.  Effect of menopausal status on the 5-HT1A RBP of pre- and postmenopausal women 

Contrary to expectations, the conducted mixed model ANOVA did not reveal a significant effect of 

menopausal status on 5-HT1A receptor BP, F(1, 41,756)=.078, p=.0781. The main effect of region of 

interest (ROI) was significant F(13, 117,764)=107.746, p=.000.  The interaction term menopausal 

status by region of interest was significant, F(6, 143.764)=2.449, p=.028, therefore posthoc t-tests in 

each region of interest were performed.  
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Figure  22 Comparison of the median 5-HT1A RBPs of pre- and postmenopausal woman - 
boxplot The boxplot shows an approximately equal median of 5-HT1A BP in the two defined 
groups.  

 
7.2.2. Regional differences in 5-HT1A RBP between pre- and postmenopausal women 

Regional differences in BP between pre- and postmenopausal women by means of independent 

samples t-tests were performed in each region of interest. No significant differences in any 

investigated region were found (see Table 7 in the annex).  

 
 

 



Serotonin-1A receptor distribution in pre- and postmenopausal women quantified by PET and [carbonyl-
11

C]WAY100635 

 

 

42 

 

 

 

Figure  23 Comparison of mean 5-HT1A RBP of pre- and postmenopausal 
women in each region of interest; Gre – gyrus rectus, OC – olfactory cortex, ITG 
– inferior temporal gyrus, FuG – fusiform gyrus, STG – superior temporal gyrus, 
MTG – middle temporal gyrus, ACC – anterior cingulate cortex, HPC – 
hippocampus, CHPC – caput hippocampi, PHG – parahippocampal gyrus, Ins – 
insula, AMY – amygdala, DRN – dorsal raphe nucleus, MRN – median raphe 
nucleus 
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7.2.3.   Correlation of 5-HT1A RBP with age, body mass index and radiochemical variables in 

pre- and postmenopausal women 

 
In contrast to earlier findings no evidence of a relationship between age and 5-HT1A BP was detected 

by means of Spearman’s rank correlation coefficient of both groups taken together. A recent 

investigation by Erritzoe et al (2010) demonstrated an inverse relationship between 5HTT and body 

mass index. In the current study no relationship between BMI and BP nor between the radiochemical 

variable “injected dose” was traced.  Table 8 in the annex contains results for each investigated 

region of interest. 

 

7.2.4. Correlation of 5-HT1A RBP and steroid hormone plasma levels in pre- and 

postmenopausal women 

All 14 ROIs were investigated separately by means of Spearman’s rank correlation coefficient in pre- 

and postmenopausal women taken together. In the amygdala a medium effect of progesterone 

[r(41)= -0.346, p=0.031], testosterone [r(41)= -0.405, p=0,011] and bioavailable testosterone [r(41)= -

0.443 p=0.008] on BP was detected. A negative correlation with bioavailable testosterone was also 

shown in the olfactory cortex and the raphe nuclei, but those effects disappeared after Bonferroni 

correction for multiple comparisons (adjusted p<0,0035). For detailed information see Table 9 in the 

annex. 

 

7.2.5. Correlation of 5-HT1A RBP and steroid hormone plasma levels in premenopausal 

woman 

Pearson's product moment correlation did not reveal any relationship in the investigated regions of 

interest. Detailed results can be found in Table 10 in the annex. 

Partial correlations of steroid hormone plasma levels and 5-HT1A BP did not reach the level of 

significance, therefore the detailed results are not shown in the result section. 

 

7.2.6.   Correlation of 5-HT1A BP and steroid hormone plasma levels in postmenopausal 

woman 

Interestingly a negative correlation between testosterone, as well as bioavailable testosterone 

plasma levels, and binding potential in all investigated regions of interest occurred in 

postmenopausal subjects. In case of testosterone, only the binding potential in the dorsal raphe 
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nucleus survived the Bonferroni correction of multiple comparisons. As Table 4 shows, in case of 

bioavailable testosterone, ten out of fourteen investigated ROIs remained significant (adjusted 

p<0.0035).  

      

ROI 

 

Estrogen Progesterone Testosterone BAT 

r p r  p r p r p 

         

GRe 0.129 0.538 -0.060 0.775 -0.450* 0.024 -0.532** 0.009 

OC 0.050 0.811 -0.162 0.439 -0.502* 0.010 -0.604**    0.002*
2
 

ITG 0.048 0.819 -0.108 0.608 -0.472* 0.017 -0.573** 0.004 

FuG 0.137 0.515 -0,163 0.435 -0.506* 0.010 -0.604**    0.002*
2
 

STG 0.120 0.567 -0.146 0.486 -0.525** 0.007 -0.613**    0.002*
2
 

MTG 0.103 0.624 -0.135 0.521 -0.482*
 

0.015 -0.574** 0.004 

ACC 0.064 0.762 -0.112 0.594 -0.539** 0.005 -0.635**    0.001*
2
 

HPC 0.121 0,564 -0.216 0.300 -0.500* 0.011 -0.596**    0.003*
2
 

CHPC 0.164 0.433 -0.197 0.345 -0.485* 0.014 -0.579** 0.004 

PHG 0.166 0.427 -0.235 0.259 -0.509** 0.009 -0.584**    0.003*
2
 

Ins 0.112 0.593 -0,137 0.515 -0.509** 0.005 -0.604**    0.002*
2
 

AMY 0.117 0.577 -0.240 0.249 -0.551** 0,004 -0.590**    0.003*
2
 

DRN*
1
 0.120 0.567 -0.364 0.074 -0.577**  0.003*

2
 -0.618**    0.002*

2
 

MRN -0.104 0.622 -0.162 0.438 -0.532** 0.006 -0.652**   0.001*
2
 

Table 4 Correlation of 5-HT1A BP in postmenopausal women and steroidal hormones by means of 
Pearson product moment correlation. BAT – bioavailable testosterone; gyrus rectus (GRe), olfactory 
cortex (OC), inferior temporal gyrus (ITG), fusiform gyrus (FuG), superior temporal gyrus (STG), middle 
temporal gyrus (MTG), anterior cingulate cortex (ACC), hippocampus (HPC), caput hippocampi (CHPC), 
parahippocampal gyrus (PHG), insula (Ins), amygdala (AMY), dorsal raphe nucleus (DRN), median raphe 
nucleus (MRN). *

1 
Spearmen’s rank correlation coefficient, *

2 
survived the Bonferroni correction for 

multiple comparisons with an adjusted p<0.0035, * correlation is significant at the 0.05 level (2-tailed), 
** correlation is significant at the 0.01 level (2-tailed) 

 

In order to assess the impact on 5-HT1A binding potential that can be solely attributed to 

testosterone and bioavailable testosterone, respectively, the variables estrogen and progesterone 

were partialled out. Table 5 presents results obtained from partial correlation of testosterone, as 

well as bioavailable testosterone, with the covariates estrogen and progesterone included into the 
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model. Only in bioavailable testosterone analysis seven ROIs survived the Bonferroni correction, 

namely the orbitofrontal cortex, inferior temporal gyrus, fusiform gyrus, superior temporal gyrus, 

anterior cingulate cortex, insula and the median raphe nucleus. Figure 24 shows a partial regression 

plot in anterior cingulate cortex, further partial regression plots can be found in the annex (section 

13.5). Partial correlations of other steroidal hormones were not significant therefore the detailed 

results are not shown in the result section. 

 

   

ROI Testosterone BAT 

 r p r p 

GRe -0.504* 0.014 -0.594** 0.004 

OC -0.503* 0.014 -0.612**     0.003*
1
 

ITG -0.499* 0.015 -0.612**     0.003*
1
 

FuG -0.507* 0.014 -0.622**     0.003*
1
 

STG -0.540** 0.008 -0.644**     0.002*
1
 

MTG -0.494* 0.017 -0.597** 0.004 

ACC -0.579** 0.004 -0.680**     0.001*
1
 

HPC -0.469* 0.024 -0.569** 0.007 

CHPC -0.461* 0.027 -0.550* 0.010 

PHG -0.469* 0.024 -0.570** 0.007 

Ins -0.564** 0.005 -0.633**     0.002*
1
 

AMY -0.519* 0.011 -0.552** 0.009 

DRN -0.476* 0.022 -0.559** 0.008 

MRN -0.540** 0.008 -0.674**     0.001*
1
 

Table 5 Partial correlation of 5-HT1A BP and testosterone, 
as well as bioavailable testosterone, in postmenopausal 
women after controlling for estrogen and progesterone, 
*

1 
survived the Bonferroni correction for multiple 

comparisons with an adjusted p<0.0035; * correlation is 
significant at the 0.05 level (2-tailed), ** correlation is 
significant at the 0.01 level (2-tailed) 
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8. DISCUSSION 

Contrary to expectations, this study did not reveal differences of 5-HT1A BP due to menopausal status 

in pre- and postmenopausal women. To date no other study focussing on the comparison of 5-HT1A 

BP in pre- and postmenopausal women in vivo has been published.  In addition, no human post 

mortem surveys regarding this issue are available.  

Despite the common prescription of steroidal hormones, either in the context of contraception or 

hormone replacement therapy, little is known about their effect on serotonergic neurotransmission 

in humans, in particular only a few studies are available regarding the main inhibitory 5-HT1A receptor 

in women. More recently, literature emerged that offers contradictory findings compared to existing 

studies in rodents or non-human primates. Our group observed a positive correlation of 5-HT1A BP 

Figure  24 Partial regression plot of the 5-HT1A BP in anterior cingulate 
cortex of postmenopausal subjects and bioavailable testosterone adjusted 
for estrogen and progesterone  
Note:   

Y.[i] = residuals from regressing Y (the response variable 5-HT1A BP) against 

independent variables estrogen and progesterone except Xi 
bioavailable testosterone;  

Xi.[i] = residuals from regressing Xi bioavailable testosterone against the 

independent variables estrogen and progesterone 
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and 17ß-estradiol plasma levels in the raphe nuclei (Witte et al., 2009) whereas Moses-Kolko et al. 

demonstrated a positive relationship in postsynaptic brain areas in females (Moses-Kolko et al., 

2011). Progesterone was shown to act suppressive on the 5-HT1A BP, but this strong relationship was 

solely true for human males (Lanzenberger et al., 2011). Only one observer identified an interrelation 

of testosterone plasma levels in several cortical brain areas of premenopausal women (Witte et al., 

2009). 

Three human studies should be mentioned at this point which are not directly related to 5-HT1A BP in 

pre- or postmenopausal women but giving an insight into steroidal hormone influences on 

serotonergic transmission in general. 

Jovanovic et al. examined patients suffering from premenstrual dysphoric disorder and observed a 

non-significantly lower 5-HT1A receptor BP in the DRN in the follicular phase in healthy controls 

(Jovanovic et al., 2006) compared to the luteal phase of the menstrual cycle. A second investigation 

by the same group three years later again traced a non-significant trend in the same brain region. 

The author suggests, as an explanation for it, the absence of influences of menstrual cycle phases on 

5-HT1A receptors.  

The third one, a recent survey of a similar study design to the current investigation, was conducted 

focussing on 5-HT2A receptors. At the 25th International Symposium on Cerebral Blood Flow, 

Metabolism, and Function and 10th International Conference on Quantification of Brain Function with 

PET in May 2011 Kroll et al. presented a poster of a comparison of cortical [18F]altanserin binding 

potential between pre- and postmenopausal women. In a sample of 16 premenopausal and 8 

postmenopausal women no significant differences in 5-HT2A receptor BP in cortical brain regions 

were detected. It would have been more interesting to include an investigation of the influence of 

steroidal hormone plasma levels on 5-HT2A receptor BP in this subject sample. However, only 

prolactin plasma levels were available and they were not correlated to cortical 5-HT2A RBP in pre- and 

postmenopausal women.  

In addition, the 5-HT2A BP was investigated in premenopausal women (follicular phase n=9, luteal 

phase n=7), similar to Jovanovic et al., throughout the menstrual cycle. Progesterone plasma levels 

were significantly higher in the luteal phase, and a slight increase of [18F]altanserin binding potential 

in luteal phase of the menstrual cycle was shown but did not reach the level of significance (Kroll, 

2011).  

However, these three studies have to be interpreted with caution due to the small sample sizes and 

since no further study regarding this issue in an adequate sample was published, the influences of 

menstrual cycle phases on 5-HT1A receptor BP, as well as the impact of menopausal status on 5-HT2A 

BP, remain unclear. 
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Hence, possibilities of further comparison to publications in the past are restricted to studies in 

rodents or non-human primates. The research to date has tended to focus on rats rather than on 

humans, non-human primates or mice. 

A consolidated view on these research findings indicates that presynaptic 5-HT1A receptors and 

mRNA levels were mostly decreased by estrogen administration in rats and non-human primates. 

This stands in contrast to studies in humans which show either a positive relationship between these 

two variables in raphe nuclei of premenopausal women (Witte et al., 2009) or no correlation (Moses-

Kolko et al., 2011). The present study did not trace this positive interrelation, neither in 

premenopausal women, nor in the study sample of postmenopausal woman. The sample size of 

premenopausal woman was exactly the same compared to Witte et al., the age range was very 

similar and in both surveys the subjects were measured in follicular phase of the menstrual cycle and 

had to meet the same inclusion criteria. One possible explanation for these diverging results would 

be a mismatch in proportion of subjects measured in early follicular to late follicular phase where 

estradiol increases to periovulatory levels. 

Previous animal studies regarding postsynaptic 5-HT1A receptors have provided no definitive answer 

to the question of whether estrogens act suppressive or stimulating since the receptor density was 

either decreased (Osterlund et al., 2000, Le Saux and Di Paolo, 2005), no alteration could be 

detected (Flugge et al., 1999, Jackson and Etgen, 2001, Landry and Di Paolo, 2003, Le Saux and Di 

Paolo, 2005) or even increased receptor binding has been demonstrated (Flugge et al., 1999, Moses-

Kolko et al., 2011). A recent human study revealed a positive correlation with greatest associations 

in lateral orbitofrontal, occipital and pregenual cortices (Moses-Kolko et al., 2011). The absence of a 

relationship of estradiol and 5-HT1A BP in the current study is in line with Witte et al. 2009 (Witte et 

al., 2009) and several animal examinations (Flugge et al., 1999, Jackson and Etgen, 2001, Landry and 

Di Paolo, 2003, Le Saux and Di Paolo, 2005).  

 

This study could not confirm findings of a decreased BP due to increased progesterone plasma levels 

in females as seen in males (Lanzenberger et al., 2011), in non-human primates (Henderson and 

Bethea, 2008) or rodents (Lu et al., 1999), hence the absence of an effect attributed to progesterone 

in females supports previous research in non-human primates (Gundlah et al., 1999) or humans 

(Moses-Kolko et al., 2011). 

 

In contrast to the findings of Witte et al. where a positive correlation between BP and testosterone 

plasma levels appeared in frontal cortices and the anterior cingulate cortex of premenopausal 

women (Witte et al., 2009) the current study traced an inverse relationship in cortical as well as 
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limbic brain regions and the median raphe nucleus in women after menopause. Due to the fact that 

the current study revealed this effect in postmenopausal woman, when plasma levels of estrogen 

and progesterone cease and therefore the interrelation of other steroidal hormones is extenuated, 

these findings are more likely to accurately reflect the influence of testosterone on 5-HT1A receptors. 

Corresponding studies in rats indicated that testosterone is capable to either increase 5-HT1A BP 

(Flugge et al., 1999) or to decrease 5-HT1A mRNA (Zhang et al., 1999). 

 

If it is assumed that premenopausal women show increased estrogen, progesterone and 

testosterone plasma levels (E↑, P↑, T↑) compared to postmenopausal women, several different 

explanations can be considered for the results of the current study. 

When assuming that the recent study findings regarding the effect of estrogen on 5-HT1A receptors  

are correct and in addition increased estrogen plasma levels lead to an increased  BP (Moses-Kolko et 

al., 2011), no significant effect of progesterone in females has to be considered (Moses-Kolko et 

al.,2011, Witte et al., 2010, current study), it is assumed that testosterone decreases BP (current 

study) and no age effect is presumed, the net impact on 5-HT1A receptors remains balanced  (see 

Table 6, 1 - premenopausal).  

A similar situation would occur in the case that progesterone is not only negatively correlated with 5-

HT1A BP in animals (Lu et al., 1999, Bethea et al., 2002a, Henderson and Bethea, 2008) or in males 

(Lanzenberger et al., 2011), but also in females and if additionally an inverse relationship of age and 

BP (Tauscher et al., 2001, Costes et al., 2005, Moller et al., 2007, Moller et al., 2009) is assumed (see 

Table 6, 2 - premenopausal). 

If estrogen is negatively correlated to 5-HT1A BP, or when assuming that the testosterone effect can 

be seen equal to an estrogen effect due to conversion of testosterone into estrogen in the brain 

tissue (E=T → ↓BP) a third explanatory model is most probable where an additional unknown 

positive correlated covariate finally balances out all the effects taken together (see Table 6, 3 - 

premenopausal). 

 

 

 

1) premenopausal  

      

     E↑ →   ↑BP 

     P↑ →  ↔BP 

     T↑ →   ↓BP 

  age↓ →   ↔BP 

 

 

postmenopausal 

      

     E↓ →    ↓BP 

     P↓ →   ↔BP 

     T↓ →    ↑BP 

  age↑ →   ↔BP 
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2) premenopausal  

    

     E↑ →   ↑BP 

     P↑ →   ↓BP 

     T↑ →   ↓BP 

  age↓ →    ↑BP 

 

 

postmenopausal 

      

     E↓ →    ↓BP 

     P↓ →    ↑BP 

     T↓ →    ↑BP 

  age↑ →    ↓BP 

 

3) premenopausal  

    

     E↑ →  ↓ BP 

     P↑ →  ↓ or ↔ BP 

     T↑ →  ↓ BP 

  age↓ →  ↑ or  ↔ BP 

       ?  →  ↑ 

 

postmenopausal 

      

     E↓ →  ↑ BP 

     P↓ →   ↑ or ↔ BP 

     T↓ →   ↑ BP 

 age↑  →   ↓ or ↔ BP 

       ?  →   ↓ 

 

Table 6 Explanatory models for balanced BP in the comparison of pre- and postmenopausal women 

 
One question that needs to be asked, however, is whether the extent of detected differences in 

steroid hormone plasma levels is capable of indicating alterations. PET scans and blood samples of 

premenopausal women were  conducted or collected in follicular phase of the menstrual cycle, when 

estrogen and progesterone are usually lower than in luteal phase or during periovulatory period. To 

date only two human studies were conducted which examine effects of menstrual cycle phases on 

serotonin receptors and both could not trace significant differences (Jovanovic et al., 2009, Kroll, 

2011).  

 

8.1. Limitations 

8.1.1.  Inter-subject variability 

In this sample of subjects a large inter-subject variability in 5-HT1A BP occurred (see Table 3), similar 

to other human PET studies (Rabiner et al., 2002, Lundberg et al., 2007, Moller et al., 2007). This 

phenomenon complicates an appropriate interpretation of results from studies which are not based 

on a longitudinal design. Under these circumstances hormonal influences on serotonergic 5-HT1A 

receptor BP could be disguised because all premenopausal women with a large inter-subject 

variability in 5-HT1A BP as one group are opposed to a group of postmenopausal women in a cross-

sectional study design.  Due to high costs of PET measurements and ethical considerations this study 
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design is still commonly used (Parsey et al., 2002, Stein et al., 2008, Martinez et al., 2009, Moses-

Kolko et al., 2011).   

 

8.1.2. Age effect on 5-HT1A receptors 

A further limitation is the difference in age of these two defined groups. Several studies suggest an 

age effect on 5-HT1A receptors. Tauscher et al. demonstrated a global decrease of BP by 10% per 

decade (Tauscher et al., 2001), Möller et al. found a decrease of only 3-4% per decade (Moller et al., 

2007) and in 2009 his group again showed a regional decrease of 5-HT1A receptors (Moller et al., 

2009). Similar results have been reported by Costes et al. (53 subjects, age range 20-70 years, 27 

females) with a decrease of 3.6% per decade (Costes et al., 2005), but this was only true for females, 

whereas Meltzer et al. found a decrease of 5-HT1A receptor BP only in male subjects (Cidis Meltzer et 

al., 2001). Another study with a large sample size was conducted by Rabiner et al. 2002 (61 subjects, 

age range 24-53 years) who investigated only male subjects revealing no difference in 5-HT1A BP with 

increasing age (Rabiner et al., 2002). Recently Moses-Kolko et al. published data with the largest 

group of subjects available to date (71 subjects, age range 20-80 years, 34 females) showing a small 

inverse relationship between postsynaptic BP and age in men and an unanticipated small to medium 

increase in postsynaptic BP with age in women (Moses-Kolko et al., 2011).  

In the current study no correlation of age and BP in a sample of 43 females was detected which is 

consistent with the findings of Meltzer et al. 2001 (11 female subjects) and Parsey et al. (12 female 

subjects) who did not identify significant relationships between these two variables (Cidis Meltzer et 

al., 2001, Parsey et al., 2002). Therefore it was not possible to partial this potentially confounding 

variable out. However, it cannot be ruled out that age did have an impact on 5-HT1A receptor BP and 

obscured the influence of the other covariates. 

 

These considerations, however, remain speculative since discrimination between the separate 

effects of each hormone is not feasible in a cross-sectional study design. The interplay of steroidal 

hormones becomes even more complex when considering that in the brain tissue testosterone is 

converted by P450-aromatase to 17ß-estradiol (Lephart, 1996, Mukai et al., 2006) or by 5α-reductase 

to dihydrotestosterone DHT (Lephart et al., 2001). Also dehydroepiandrosterone sulfate DHEAS, a 

precursor of estrogen and testosterone, was identified to be connected to hypothalamic–pituitary–

adrenal (HPA) axis and serotonergic neurotransmission, in particular a positive correlation to 5-HT1A 

receptors in hypothalamus was shown (Moser et al., 2010). Beside the suppressive effect of cortisol 

(Flugge et al., 1998) other covariates might have an influence that were not  identified to date and 

also genetic polymorphisms and epigenetics, as suggested by Parsey et al. (Parsey, 2010), as well as 
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many other authors, have to be taken into account in future studies. The net effect of steroids on 

serotonergic neurotransmission is also dependent on many other factors not mentioned in detail in 

the current study (e.g. the presence of enzymes involved in synthesis and degradation of hormones 

and corresponding receptors, and hence the resulting available endogenous ligand and receptor 

distribution). These are already discussed elsewhere (Ramirez and Zheng, 1996, Simon et al., 1998, 

Bethea et al., 2002a, Le Saux and Di Paolo, 2005, Lundberg et al., 2007, Feng et al., 2010, Grassi et al., 

2010, Parsey, 2010).  

 

9. CONCLUSION 

Returning to the hypotheses posed at the beginning of this study, it is now possible to state that in 

our sample of 43 subjects menopausal status had no effect on 5-HT1A BP. A post-hoc analysis in each 

investigated region of interest revealed no significant differences in 5-HT1A BP between pre- and 

postmenopausal women. However, these findings are limited by the use of a cross-sectional study 

design and the large inter-subject variability in 5-HT1A receptor binding potential. Identification of 

subgroups (e.g. genetic polymorphisms leading to diverging BP; a possible cause of the inter-subject 

variability) and a separate comparison of these subjects would help us to establish a greater degree 

of accuracy on this matter.  

 

The same limitations are source of weakness in the current study when investigating influences of 

steroidal hormone plasma levels on 5-HT1A RBP. A negative correlation of 5-HT1A RBP and 

testosterone was traced in the dorsal raphe nucleus of postmenopausal women. In ten regions of 

interest (olfactory cortex, fusiform gyrus, superior temporal gyrus, anterior cingulate cortex, 

hippocampus, parahippocampal gyrus, insula, amygdala, dorsal raphe nucleus, median raphe 

nucleus) an inverse relationship of bioavailable testosterone and 5-HT1A BP in the same subgroup was 

shown. Given the fact that plasma levels of estrogen and progesterone disguise the impact of 

testosterone on 5-HT1A RBP and correlations of testosterone were shown in postmenopausal 

subjects, in which estrogen and progesterone plasma levels declined, the present study provides 

additional evidence with respect to testosterone effects that might be more accurate compared to 

previous studies. However, since this is the first evidence of a suppressive effect of testosterone in 

humans this issue needs to be reexamined. 

 

When assuming that testosterone is converted into estrogen in the brain tissue and they both have a 

suppressive effect, an increase of these hormones leads to decreased presynaptic and postsynaptic 
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receptors resulting in decreased autoinhibition and increased serotonergic firing rate, as well as a 

region specific modulation of glutaminergic neurons, with an excitatory net effect on the 

serotonergic system. 

 

As mentioned above there is a definite need for future trials that take into account the causation of 

large inter-subject variabilities. A longitudinal study design, as used in the ongoing study of our 

group, where the influence of hormone replacement therapy on 5-HT1A RBP in postmenopausal 

subjects is being investigated, will add substantially to our understanding of the influence of steroidal 

hormones on serotonergic neurotransmission, and hence further elucidate the suggested link 

between steroidal hormones and psychiatric diseases, like depression.  
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13. ANNEX 

13.1. Serotonin system, sagittal section  

 

 

 

 

 

 

 

 

 

 

Figure 5 Serotonin system, sagittal section showing raphe nuclei (purple, located in 
brain stem) and projections (axons illustrated red) to cortical, limbic brain areas, 
cerebellum and spinal cord. Colored boxes denote densities of serotonergic axonal 
networks. 

 
X - dorsal motor nucleus of the vagus nerve; ACN - nucleus accumbens; Amy - amygdala; 
cc - corpus callosum; Ce - cerebellum; Cpu - caudate-putamen; Cx - cortex; DH - dorsal 
horn spinal cord; DRN - dorsal raphe nucleus; Fcx - frontal cortex; Hip - hippocampus; 
Hyp - hypothalamus; IPN - interpeduncular nucleus; LC - locus coeruleus; LS - lateral 
septum; MRN -  median raphe nucleus; NTS - nucleus of the solitary tract; OB - olfactory 
bulb; PAG -  periaqueductal gray; RMg – nucleus raphe magnus; RO -  nucleus raphe 
obscurus; Rpa - raphe pallidus; Rpo - nucleus raphe pontis; SN -  subtantia nigra; Tha -  
thalamus; VH -  ventral horn; VTA - ventral tegmental area (Taken from Charnay et al. 
2010) 
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13.2. Regional differences in 5-HT1A receptor BP between pre- and postmenopausal 

women 

Region of interest 
Premenopausal 

Mean  ±  SD 
Postmenopausal 

Mean  ±  SD 

           t-test 

t Sig. 

     

Gyrus rectus 4.36   ±   1.25 4.17   ±   1.23 0.51 0.62 

Olfactory cortex 4.39   ±   1.15 4.59   ±   1.37 -0.50 0.62 

 Inferior temporal gyrus 4.52   ±   1.24 4.28   ±   1.21 0.64 0.53 

 Fusiform gyrus 4.60   ±   1.19 4.45   ±   1.26 0.41 0.69 

 Temporal pole:  sup. temporal gyrus 4.62   ±   1.31 4.61   ±   1.33 0.04 0.97 

 Temporal pole: middle temporal gyrus 4.74   ±   1.40 4.64   ±   1.32 0.26 0.80 

 Anterior cingulate cortex 3.62   ±   1.04 3.43   ±   1.00 0.62 0.54 

 Hippocampus 3.82   ±   1.07 3.49   ±   1.102 1.03 0.31 

 Caput hippocampi 4.19   ±   1.22 4.13   ±   1.25 0.17 0.87 

 Parahippocampal gyrus 5.18   ±   1.41 5.25   ±   1.44 -0.15 0.88 

 Insula 4.65   ±   1.19 4.45   ±   1.24 0.54 0.59 

 Amygdala 3.90   ±   1.12 4.33   ±   1.17 -1.22 0.23 

 Median raphe nucleus 2.19   ±   0.78 2.19   ±   0.80 -1.05 0.30 

 Dorsal raphe nucleus 2.15   ±   0.62 2.48   ±   1.23 219 0.88* 

 
Table 7 Regional differences in 5-HT1A BP between pre- and postmenopausal women. The 
independent-samples t-tests revealed no significant regional differences between pre- and 
postmenopausal woman. *Mann-Whitney-U test was chosen for DRN due to its deviation from 
normal distribution in postmenopausal women. 
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13.3. Correlation of 5-HT1A BP with age, body mass index and radiochemical variables in 

pre- and postmenopausal women 

    

Region of interest 

 

Age BMI Injected dose 

r p r  p r p 

       

Gyrus rectus -0,003 0,986 -0,004 0,980 0,172 0,301 

 Olfactory cortex 0,111 0,508 0,071 0,672 0,086 0,608 

 Inferior temporal gyrus -0,057 0,733 -0,037 0,827 0,201 0,227 

 Fusiform gyrus -0,039 0,816 -0,015 0,930 0,164 0,324 

 Superior temporal gyrus 0,000 1,000 0,016 0,926 0,150 0,368 

 Middle temporal gyrus 0,049 0,771 0,033 0,842 0,164 0,326 

 Anterior cingulate cortex -0,073 0,665 -0,024 0,887 0,212 0,201 

 Hippocampus -0,170 0,308 -0,073 0,665 0,246 0,136 

 Caput hippocampi -0,071 0,674 0,023 0,892 0,119 0,477 

 Parahippocampal gyrus 0,090 0,593 0,068 0,683 0,079 0,636 

 Insula -0,074 0,661 -0,070 0,677 0,144 0,387 

 Amygdala 0,275 0,095 0,207 0,213 -0,093 0,580 

 Dorsal raphe nucleus 0,072 0,666 -0,114 0,496 0,080 0,631 

 Median raphe nucleus 0,052 0,757 -0,055 0,745 0,030 0,859 

 

Table  8 Correlation of BP and age, BMI or injected dose of [carbonyl-
11

C]WAY100635 
and 5-HT1A receptor BP by means of Spearmen’s rank correlation coefficient in both 
groups taken together. 
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13.4. Correlation of 5-HT1A BP and steroid hormone plasma levels in pre- and 

postmenopausal women 

       

ROI 

 

Estrogen Progesterone Testosterone BAT 

r p r p r p r p 

         

GRe 0.060 0,715 0,002 0,993 -0,086 0,601 -0.209 0.229 

OC -0.114 0,491 -0,194 0,238 -0,268 0,099 -0.387 0.022* 

ITG 0.064 0,733 -0.002 0,988 -0,059 0,720 -0.169 0.330 

FuG 0.069 0,675 -0,013 0,937 -0,096 0,562 -0.216 0.213 

STG 0,014 0.933 -0.069 0,677 -0,170 0,300 -0.267 0.121 

MTG -0,019 0,906 -0.076 0,647 -0,163 0,322 -0.283 0.100 

ACC 0.013 0,935 -0,035 0,834 -0,137 0,406 -0.208 0.230 

HPC 0.108 0,514 -0,005 0,978 -0,049 0,769 -0.214 0.217 

CHPC 0.040 0,809 -0,082 0,618 -0,115 0,487 -0.236 0.173 

PHG -0.060 0,717 -0.171 0,299 -0,226 0,167 -0.315 0.066 

Ins 0.032 0.846 -0,042 0,800 -0,128 0,437 -0.203 0.242 

AMY -0.232 0,155 -0.346* 0,031 -0.405* 0,011 -0.443 0.008** 

DRN 0.025 0,880 -0,169 0,305 -0,243 0,137 -0.384 0.023* 

MRN -0.102 0,535 -0.180 0,273 -0,284 0,080 -0.334 0.050* 

 

Table 9 Correlation of 5-HT1A BP of both, pre- and postmenopausal women and steroidal hormones 
by means of Spearman’s rank correlation coefficient. BAT – bioavailable testosterone 

*Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-
tailed). No region survived Bonferroni correction for multiple comparisons (adjusted p<0.0035) 
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13.5. Correlation of 5-HT1A BP and steroid hormone plasma levels in premenopausal 

woman 

     

ROI 

Estrogen Progesterone Testosterone BAT 

r p r  p r p r p 

         

GRe -0.024 0.934 -0.120 0.682 0.057 0.846 0.237 0.458 

OC -0.077 0.793 -0.141 0.631 0.184 0.530 0.324 0.304 

ITG -0.006 0.983 -0.156 0.595 0.153 0.602 0.300 0.344 

FuG 0.007 0.982 -0,116 0.693 0.183 0.531 0.309 0.329 

STG -0.047 0.872 -0.179 0.540 0.066 0.822 0.237 0.459 

MTG 0.020 0.946 -0.181 0.536 0.092 0.754 0.280 0.378 

ACC 0.021 0.944 -0.147 0.617 0.227 0.436 0.376 0.229 

HPC -0.073 0,805 -0.122 0.678 0.283 0.327 0.296 0.350 

CHPC -0.098 0.738 -0.187 0.522 0.283 0.327 0.318 0.314 

PHG 0.033 0.912 -0.128 0.662 0.217 0.456 0.300 0.344 

Ins -0.044 0.882 -0,144 0.624 0.194 0.507 0.312 0.324 

AMY -0.105 0.720 -0.100 0.733 0.042 0,886 0.273 0.391 

DRN 0.011 0.970 -0.083 0.777 0.096 0.745 0.158 0.624 

MRN 0.093 0.753 0.091 0.758 0.091 0.758 0.107 0.740 

 

Table 10 Correlation of 5-HT1A BP in premenopausal women and steroidal hormones by means of 
Pearson product moment correlation. BAT – bioavailable testosterone; gyrus rectus (GRe), olfactory 
cortex (OC), inferior temporal gyrus (ITG), fusiform gyrus (FuG), superior temporal gyrus (STG), middle 
temporal gyrus (MTG), anterior cingulate cortex (ACC), hippocampus (HPC), caput hippocampi (CHPC), 
parahippocampal gyrus (PHG), insula (Ins), amygdala (AMY), dorsal raphe nucleus (DRN), median raphe 
nucleus (MRN) 
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13.6. Partial regression plots of 5-HT1A BP of postmenopausal subjects and bioavailable 

testosterone adjusted for estrogen and progesterone  

Note:   
Y.[i] = residuals from regressing Y (the response variable 5-HT1A BP) against independent variables 
estrogen and progesterone except Xi bioavailable testosterone;  
Xi.[i] = residuals from regressing Xi bioavailable testosterone against the independent variables 
estrogen and progesterone 
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