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Women and men differ in serotonin associated psychiatric conditions,
such as depression, anxiety and suicide. Despite this, very few studies
focus on sex differences in the serotonin system. Of the biomarkers in
the serotonin system, serotonin1A (5-HT1A) receptor is implicated in
depression, and anxiety and serotonin transporter (5-HTT) is a target
for selective serotonin reuptake inhibitors, psychotropic drugs
used in the treatment of these disorders. The objective of the
present study was to study sex related differences in the 5-HT1A
receptor and 5-HTT binding potentials (BPNDs) in healthy humans,
in vivo. Positron emission tomography and selective radioligands
[11C]WAY100635 and [11C]MADAM were used to evaluate binding
potentials for 5-HT1A receptors (14 women and 14 men) and 5-HTT
(8 women and 10 men). The binding potentials were estimated both
on the level of anatomical regions and voxel wise, derived by the
simplified reference tissue model and wavelet/Logan plot parametric
image techniques respectively.
Compared to men, women had significantly higher 5-HT1A
receptor and lower 5-HTT binding potentials in a wide array of
cortical and subcortical brain regions. In women, there was a positive
correlation between 5-HT1A receptor and 5-HTT binding potentials
for the region of hippocampus. Sex differences in 5-HT1A receptor and
5-HTT BPND may reflect biological distinctions in the serotonin system
contributing to sex differences in the prevalence of psychiatric
disorders such as depression and anxiety. The result of the present
study may help in understanding sex differences in drug treatment
responses to drugs affecting the serotonin system.
© 2007 Elsevier Inc. All rights reserved.
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Introduction
A growing body of evidence suggests major differences in brain
structure, function and neurochemistry between healthy women
and men (Cosgrove et al., 2007). Women and men differ in
serotonin associated psychiatric conditions, such as depression,
anxiety and suicide (Gorman, 2006; Weiss et al., 2006). Epidemiological studies have reported two times higher rates of
depression in women (8%) compared to men (4%) (Kessler
et al., 1993). Similarly, it has been shown that women more often
than men suffer from anxiety disorders (Pigott, 1999) and that the
sexes differ in suicidal behavior (Lewinsohn et al., 2001).
The mechanism underlying these striking sex differences is
poorly understood. An increasing amount of animal and human
experimental data suggests a substantial influence of sex on the
serotonin system function. Sexual dimorphisms in the serotonin
system were first suggested in the early 1960s by studies using
animal models (Kato, 1960). Central serotonin levels as well as
cerebrospinal fluid (CSF) concentrations of the serotonin metabolite 5-hydroxyindole-3-acetic acid (5-HIAA) were found to be
higher in female compared to male rats (Rosecrans, 1970). In
humans, postmortem studies have revealed significant differences
between women and men in the amounts of 5-HIAA and the
cathecholamine metabolite homovanilic acid (HVA) in brain tissue
(Gottfries et al., 1974). However, these studies have certain
limitations in providing direct assessments of brain serotonin in the
living human brain. Recently, an in vivo investigation with positron
emission tomography (PET) and α-[11C]methyl-L-tryptophan
(α-[11C]MTrp) used as an index of serotonin synthesis, showed
significant differences between sexes, suggesting lower trapping of
α-[11C]MTrp in women compared to men (Sakai et al., 2006).
Among proteins of the serotonin system, the 5-HT1A-receptor
subtype is implicated in depression and anxiety, and 5-HTT is a
target for selective serotonin reuptake inhibitors (SSRI), which are
drugs used for the treatment of these psychiatric disorders. Both
5-HT1A receptor and 5-HTT are possible to quantify in vivo, in
humans by using high-resolution PET and suitable radioligands.
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The selective radioligands [11C]WAY100635 for 5-HT1A and
[11C]MADAM for 5-HTT were previously developed at our
laboratory (Farde et al., 1998; Halldin et al., 2005). The
[11C]WAY100635 labels both low and high-affinity 5-HT1A
receptors, and the [11C]MADAM is a new advance in brain
imaging with high selectivity and specificity for 5-HTT. One
example of this advancement is the signal-to-noise ratio that has
been reported by Frankle et al. (2004) to be higher for [11C]-DASB
than the previously rather widely used 5-HTT radioligand [11C]McN552. Interestingly, the comparison data from the study of
Lundberg et al. (2005) with those of Frankle et al. (2004) indicated
even higher signal-to-noise ratios for [11C]MADAM (2–3 times
higher BPindirect in most regions) when compared with [11C]DASB. Moreover, test–retest measurements of [11C]MADAM
binding to the 5-HTT has shown good to excellent reliability by
using the simplified reference tissue model (SRTM) (Lundberg
et al., 2006), suggesting the suitability of simplified approaches for
application in clinical studies such as the present study.
A few PET studies have examined the effects of sex on 5-HT1A
receptors. In a PET study of healthy human volunteers with
[11C]WAY100635, higher 5-HT1A receptor binding was found in
women compared to men (Parsey et al., 2002). In addition, Cidis
Meltzer et al. (2001) in applying a similar method demonstrated an
effect of aging on 5-HT1A receptor densities in men but not in
women. Two single-photon emission computed tomography
(SPECT) studies using nonselective radiotracer [123I]β-CIT have
shown the effect of sex on 5-HTT and dopamine (DA) transporter
availability in the human brain. In the first study, Staley et al.
(2001) have reported higher 5-HTT and DA transporter availability
in healthy women compared to men. In the second study, lower
5-HTT availability was observed in depressed women compared to
depressed men in the diencephalon (Staley et al., 2006). However,
to our knowledge, no PET studies have been published so far, of
possible differences between the sexes on 5-HTT in healthy
subjects.
Possible interaction between 5-HT1A receptors and 5-HTT has
lately been proposed by several pharmacological and genetic
studies. It has been shown that treatment with SSRI induces
desensitization of 5-HT1A autoreceptors (Blier and de Montigny,
1998) and that pindolol, a 5-HT1A receptor antagonist, accelerates
the onset of antidepressant effect of SSRIs (Artigas et al., 1996). In
human gene-linked polymorphism studies, 5-HTT polymorphisms
have been observed to influence 5-HT1A receptors availability in
subjects who are carriers of the short (S) allele of the 5-HTT gene
(David et al., 2005; Lee et al., 2005). The findings suggest an
interaction of the two biomarkers to be implicated in the regulatory
mechanisms of serotonin neurotransmission.
Since both 5-HT1A receptors and 5-HTT are implicated in
psychiatric disorders where the prevalence differs between sexes
and several previous studies reported differences in the serotonin
system with regard to gender, we undertook the present PET
imaging study to examine sex differences in the 5-HT1A receptor
and 5-HTT BPNDs. We thereby hypothesized that 5-HT1A receptor
and 5-HTT in women and men might serve as an index of
susceptibility in the serotonin system. To explore interactions of
the two biomarkers contributing sex differences in the regulatory
mechanisms of the serotonergic neurotransmission, we studied
correlations between 5-HT1A receptors and 5-HTT binding
potential in women and men. Radioligands [11C]WAY100635
and [11C]MADAM were correspondingly used to estimate 5-HT1A
receptor and 5-HTT BPNDs.
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Method
Subjects
The study was approved by the Ethics and Radiation Safety
Committee of the Karolinska Hospital. The subjects participated in
the study after giving informed consent.
Fourteen women (mean age ± standard deviation (S.D.); 27.7 ±
5.1 years; age range 23–39 years) and 14 men (25.5 ± 4.6 years;
range 21–37 years) were examined with [11C]WAY100635
for quantification of 5HT1A binding potentials and eight women
(28.3 ± 5.0 years, range 23–39 years) and 10 men (26.6 ± 5.2 years;
range 21–37 years) were examined with [11C]MADAM for determination of 5-HTT. There were no significant differences with
regard to age. Eight women and seven men were examined with
PET and both radioligands on the same day in a time span of 2 h.
Healthy women and healthy men were recruited through
advertisement. In collaboration with Department of Women and
Child Health, Karolinska Hospital, Stockholm, Sweden, women
were screened gynecologically to ensure fulfillment of the
gynecological inclusion criteria of the study. Women and men
were of similar socio-economic status. They were all Caucasian/
Swedish and right-handed. All subjects were healthy according to
medical history, physical examination, routine blood tests, liver,
kidney, thyroid function test, urine analysis and toxicology tests
and magnetic resonance imaging (MRI) of the brain. Exclusion
criteria were: 1) presence of DSM IV Axis I disorder as examined
by semistructured psychiatric interview; 2) personal history of
psychiatric disorder; 3) history reports of mood or psychotic
disorder in the first-degree relatives; 4) presence of significant
current medical condition, including history of seizure disorder and
closed head trauma; 5) alcohol and illicit drug abuse and
dependency; 6) treatment in the last 6 months with psychotropic
drugs, glucocorticoids and hormonal therapy; 7) use of any
prescription medications during the last 4 weeks; 8) current
smoking; and 9) women using oral contraceptives, women with
irregular menstrual cycles, and pregnant women.
Women enrolled in the present study were investigated in the
follicular phase of the menstrual cycle to exclude the possible
effects of the menstrual cycle phases on 5-HT1A receptors
(Jovanovic et al., 2006) and 5-HTT BPND. The menstrual cycle
phase was determined using ultrasound of the ovaries, plasma
estradiol and progesterone concentrations, and blood and urine
levels of the luteinising hormone (LH) levels to detect the midcycle
LH surge and ovulation.
MRI and PET experimental procedures
A plaster helmet was made for each subject and used with a
head fixation system during MRI and PET experiments to
standardize the head positioning in two imaging modalities and
in-between scans (Bergstrom et al., 1981). MRI scans were
performed on a 1.5 Tesla unit (General Electric, Signa) using a
three-dimensional (3D) spoiled gradient recalled (SPGR) sequence.
Two acquisitions were made in one session during 15 min. The
first was T2-weighted for clinical evaluation regarding pathology.
The second was T1-weighted for delineation of volumes of interest
(VOI).
The PET images were acquired using an ECAT Exact HR 47
scanner (CTI/Siemens, Knoxville, TN) run in 3D mode (Wienhard
et al., 1994). The transaxial resolution is 3.8 mm full width at half
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maximum (FWHM) at the center of the field of view and 4.5 mm
FWHM tangentially and 7.4 mm radially at 20 cm from the center.
Axial resolution is 4 mm FWHM at the center and 6.8 mm at
20 cm from the center. Prior to the emission scan a transmission
scan of 10 min was performed using a three rotating 68G/68Ga
source to correct for attenuation.
[Carbonyl-11C]WAY100635 was synthesized from 11C-acylation of WAY-100634 with [carbonyl-11C]cyclohexanecarbonyl
chloride (Krasikova et al., 2003) and [11C]MADAM was obtained
by methylation of the appropriate desmethyl precursor using
[11C]methyltriflate (Halldin et al., 2005). The radioligands were
administrated intravenously as a bolus for 2 s and cannula was
instantly flushed with 10 ml saline. The mean injected level of
radioactivity of [11C]WAY100635 used were 254.7 MBq (S.D. =
38.4) in women and 252.4 MBq (S.D. = 57.5) in men, and the mean
amount of [11C]MADAM injected was 258.2 MBq (S.D. = 35.4) in
women and 294.1 MBq (S.D. = 10.8) in men.
Radioactivity in brain was measured during 69 min for
[11C]WAY100635 (frame sequence: 3 × 1, 4 × 3, 9 × 6 min) and
during 93 min for [11C]MADAM (frame sequence: 3 × 1, 4 × 3,
13 × 6 min). The duration time of the scan for [11C]WAY100635
was chosen based on previous findings that [11C]WAY100635 is
rapidly metabolized with only a fraction of the parent compound
less than 10% left after 10 min (Farde et al., 1998). Taken together
with the short half-time for carbon-11, only a minor increment in
counts is expected after 69 min. The balance between this
observation and the subjects discomfort was the rationale for the
choice of study duration.
The emission data were scatter corrected and reconstructed
using filter back projection (Hanning filter with cutoff frequency of
2 mm). The reconstructed volume was displayed as 47 horizontal
sections with center-to-center distance of 3.125 mm and a pixel
size of 2.02 × 2.02 mm.
After acquisition, the MRI and PET images were transferred to
the Statistical Parametric Mapping (SPM), version 2 software for
spatial normalization and coregistration in three-dimensional (3D)
space to control for any spatial mismatch between the modalities
and allow for standardized VOIs (see VOI methods below). The
T1-images were aligned so that the horizontal plane was parallel to
the line defined by the anterior and posterior commissures (ac–pc
line) and the inter-hemispheric plane parallel to the sagittal plane.
The reoriented T1 images were resliced to 1 mm voxels in a matrix
of 256 × 256 × 144. This MR was used in the image analysis
software Human Brain Atlas (HBA) for manual delineation of
regions of interest in any of the three orthogonal projections. The
PET images were coregistrated to the MRI and resampled to a
2 × 2 × 2 mm matrix.

5649 mm3), IC (1774 mm3, 1780 mm3), HIP (1109 mm3,
1042 mm3), dorsal raphe (fixed size VOI of 6 mm3), and regions
with particularly high uptake of [11C]MADAM: nucleus caudate
(NC, 859 mm3, 874 mm3), putamen (PUT, 1747 mm3, 1729 mm3),
and thalamus (THL, 2309 mm3, 2195 mm3).
The investigator (H.J.) who was blind with regard to sex
delineated VOI according to the anatomical margins guided by
published reports (Crespo-Facorro et al., 2000) and using the
Human Brain Atlas.
The VOI for anterior cingulate contained gray matter on both
sides of the interhemispheric fissure and anterior to the genu of
corpus callosum. The frontal cortex contained parts of superior,
middle and inferior frontal gyri. The region was delineated in 5
horizontal slices corresponding to the thickness of 10 mm at the
level of which the caudate, putamen and globus pallidus were
clearly visualized. The temporal cortex included lateral parts of the
superior and middle temporal gyri and was delineated in five
horizontal slices. The cortex of insulae corresponded to 5
horizontal slices outlined from its appearance on the horizontal
plane depicted by the superior insular sulcus. Hippocampus was
traced in approximately 7 sagittal slices. Nucleus caudate, putamen
and thalamus were delineated according to previous reports
(Bremner et al., 1998). The borders of dorsal raphe are not
detectable on a conventional MR image, thus the region was
sampled directly on a summated PET image in four horizontal
sections corresponding to DR binding. A 6-mm diameter circular
VOI size was used according to previous studies to reduce possible
underestimation of binding potentials due to partial volume effects
(Rousset et al., 1998). The approach of VOI definition used in this
study could theoretically introduce a bias of BPND toward high
values and hence overlook possible differences. To reduce the
possibility of such bias, in all subjects a standard VOI of fixed
volume overlaid on the PET image was used. This VOI included
the area of highest uptake, approximately corresponding to the
specific tracer uptake in the dorsal raphe nuclei.
The cerebellar cortex was used as a reference tissue for the
quantification of 5-HT1A receptor and 5-HTT binding potentials
and was drawn as a left and right cortical gray matter excluding
the central vermis where 5-HT1A receptors have been detected in
postmortem tissue in patients with schizophrenia (Slater et al.,
1998). The VOI for the cerebellum was localized at approximately
1 cm inside the cerebellar surfaces to avoid surrounding
radioactivity spill-in (Drevets et al., 1999). Fig. 1 illustrates
delineation of VOI and regional uptake of [11C]WAY100635 and
[11C]MADAM.

Volumes of Interest

The VOIs were transferred to the series of PET images to
generate regional time–activity curves (TACs), which were pooled
for the right and left hemispheres.
The BPND was estimated using the simplified reference tissue
model (Lammertsma and Hume, 1996), which has been validated
for both [11C]WAY100635 and [11C]MADAM (Gunn et al., 1998;
Lundberg et al., 2005). In this model, R1 (K1/K1′) is the ratio of
tracer delivery to the tissue of interest (K1) relative to the reference
region (K1′), k2 is the tracer’s efflux in the vascular system and
BPND corresponds to the ratio of k3/k4, where k3 and k4 are the rate
constants for transfer between free and bound tracer in tissue. No
correction of partial volume effects was done. To control for sex
differences in volumes of the interest that could theoretically affect

Volumes of interest (VOI) included areas rich in concentrations
of both 5-HT1A receptors and 5-HTT. Six VOIs were sampled for
the estimation of 5HT1A receptor BPNDs: anterior cingulate (AC,
size as a sum of right and left, women, men; 649 mm3, 608 mm3),
frontal cortex (FC, 7030 mm3, 7355 mm3), temporal cortex
(TC, 6004 mm3, 6259 mm3), insular cortex (IC, 1851 mm3,
1917 mm3), hippocampus (HIP, 1126 mm3, 1053 mm3) and dorsal
raphe (DR, fixed size VOI of 6 mm3). For the estimation of 5-HTT
BPNDs, nine VOIs were sampled, six of which included areas with
an overlapping distribution of 5-HT1A receptors: AC (women, men;
610 mm3, 576 mm3), FC (6918 mm3, 7229 mm3), TC (5829 mm3,

Quantitative analysis
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Fig. 1. Brain volumes of interest were delineated on MRI (A and C) and transferred to the corresponding PET images. The PET images are showing regional
radioactivity after i.v. injections of [11C]WAY100635 (D–F) and [11C]MADAM (G–I). The images B, E and H are brain sections at the level of dorsal raphe
delineated on the summated PET (VOIs not shown). The projections are from top to bottom coronal, sagittal and horizontal.

the estimation of 5-HT1A receptor and 5-HTT BPNDs, the size of
each VOI was calculated (see Method section: Volumes of Interest).
SRTM is a noninvasive modeling approach that uses cerebellar
TAC as an indirect input function for the calculations of BPND,
assuming negligible radioligand binding in this region, which has
been demonstrated (Cortes et al., 1988; Hall et al., 1997; Plenge
et al., 1990) with exception for the cerebellar vermis, which was
excluded from the VOI (Parsey et al., 2005). The use of cerebellum
as an input function was ensured by comparing the ratio of area
under the curve (AUC) to the injected activity between men and
women by the two-tailed t-test.
Voxel-based analysis of binding potential
Even though the sample sizes were relatively small, a voxelbased approach was used as a complementary method to the
VOI-based method to investigate the differences in 5-HT1A
receptors and 5-HTT independent of VOI definition and as an
exploratory analysis. The parametric mapping analysis was done
according to previous literature using the same design model in
similar sample sizes (Sargent et al., 2000; Turner et al., 2005).
Recent developments in parametric imaging techniques have used

wavelet space to reduce noise and linearize the data to calculate
the binding potential by the Logan method (Cselenyi et al.,
2006).
This method was preferred to the Gunn’s basis function method
(Gunn et al., 1997) because it has been shown to provide more
reliable estimates across regions with a wide range of receptor
density (Cselenyi et al., 2006). Briefly, the PET images were
converted to parametric images by Logan analysis in wavelet
space. Because this template does not completely match the
Talairach brain, it is necessary to correct the SPM{t} coordinates.
This was achieved using the subroutine implemented by Matthew
Brett (http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html),
which gives the correspondence between SPM coordinates and
Talairach coordinates. After importing the corrected coordinates,
anatomical regions and Brodmann areas were identified by the
Talairach Daemon Database (http://www.ric.uthscsa.edu/projects/
talairachdaemon.html).
The binding potential images were then normalized to the
Montreal Neurological Institute (MNI) template in SPM2 and
smoothed using a Gaussian filter (FMHM 12 mm) before statistical
comparison between the groups, voxel by voxel using SPM 2
(Friston et al., 1995).
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set to P b 0.001 voxel level uncorrected for multiple comparisons
over whole brain with a minimal cluster size of N 50 voxels.

Statistical methods
The mean difference in 5-HT1A BPND and 5-HTT BPND
between the sexes was evaluated using linear mixed effects
models. Sex was treated as a between-subject factor in the
analyses. To account for the repeated measurements on subjects,
region was used as a within-subject factor in the analyses. No
restrictions regarding the within-subject factor variances and
covariances were assumed and an unstructured covariance matrix
was used in both models. To evaluate the homogeneity in 5-HT1A
BPND and 5-HTT BPND, mean difference between sexes, an
interaction term, sex by region, was used in the analyses. Variables
without significant main effect or interactions were dropped from
the model including age.
The parameters of the models, such as means and standard
deviations, were estimated using Restricted Maximum Likelihood
(REML). The Kenward–Roger approximation was used to produce
accurate F-tests for the model parameters. The Corrected Akaike’s
information criteria (AICC) were used as a guideline when
deciding on covariance structure. Pearson rank correlation was
used to evaluate the relationship between 5-HT1A BPND and
5-HTT BPND within the regions, neocortex (temporal and frontal
cortex), hippocampus and raphe. The produced P-values were
adjusted using the Bonferroni correction method. Cook’s distance
was used to reveal observations with high influence on the model
parameters. All parameter estimates were tested using a significant
level of 0.05. The linear mixed effects models and the t-tests
were performed using procedure Mixed in the statistical software
SAS (version 9.1.3, SAS inc., Cary, North Carolina). Pearson’s
rank correlation, graphs and tables were produced using the
statistical software Statistica (version 7.0, StatSoft).
For comparison of group differences in AUC divided by the
injected activity a two-tailed t-test was applied. The probability
value of the P b 0.05 uncorrected was selected as significant.
In the parametric analysis, voxel-based analyses were performed in SPM2 with a “one scan per subject, two-sample t-test”
design model, and significances were found for the contrast
between the sexes in each ligand. The significance threshold was

Results
VOI analysis
Fourteen women and fourteen men underwent PET examinations
with [11C]WAY100635. Individual values of [11C]WAY100635
BPND in women and men for volumes of interest are shown
in Table 1. The VOI-based analysis revealed higher mean 5HT1A BPND values in women (mean ± S.D., 4.78 ± 1.68) compared to men (mean ± S.D., 3.50 ± 0.93). A statistically
significant mean difference of 1.37 in 5-HT1A BPND between
women and men were found (F = 6.91, df = 26, P= 0.0063) and
there was no sex by region effect that could be statistically
demonstrated (F = 2.24, df = 63, P= 0.25). These results imply
that women have a higher 5-HT1A BPND than men and it was not
shown that the difference between the sexes vary depending on
region (Fig. 2). The ratio between women and men is 4.87/
3.50 = 1.39, which means that women have, in general, 39% higher
5-HT1A BPND.
As shown in Table 2, women and men differ with regard to
[11C]MADAM BPND. In women a lower mean 5-HTT BPND was
measured compared to men (sex, mean ± S.D.; women: 0.79 ± 0.38,
men: 1.12 ± 0.31). The women displayed a statistically significant
lower mean 5-HTT BPND than the men (F = 13.7, df = 16,
P= 0.0035) with a difference of 0.40. There was no significant
sex by region interaction (F = 1.44, df = 41, P= 0.47). This implies
that men have a higher 5-HTT BPND than women, regardless of
region (Fig. 3). The difference expressed as a proportion will give a
ratio of 1.12/0.72 = 1.55, which means that men have a 55% higher
mean 5-HTT BPND than women.
No significant differences in the area under the cerebellar
time activity curve divided by the activity injected were found
between women and men for the radioligands [11C]WAY100635
(P= 0.18) and [11C]MADAM (P= 0.22), as determined with a twotailed t-test.

Table 1
Individual [11C]WAY100635 binding potentials in women and men
Subject

[11C]WAY100635 BPND
Women

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Men

AC

FC

TC

IC

HIP

DR

AC

FC

TC

IC

HIP

DR

4.62
4.98
3.08
4.01
6.51
4.43
3.28
4.48
7.41
5.29
3.98
6.92
4.50
2.17

4.06
4.88
3.25
3.35
4.68
3.40
2.78
3.35
5.42
2.82
3.20
4.67
3.58
1.67

4.77
5.57
3.31
3.83
5.57
3.69
3.11
3.79
6.43
3.50
3.38
5.33
3.99
1.99

6.42
6.69
4.08
5.31
7.09
4.86
3.78
5.10
8.54
4.30
5.19
6.77
5.32
2.37

7.86
7.78
3.31
6.11
9.65
6.46
4.10
6.60
15.30
15.13
5.41
8.81
5.92
3.56

3.26
4.51
3.83
4.04
6.51
2.79
1.67
2.56
4.92
3.62
4.81
3.86
3.84
1.32

4.44
3.07
2.57
3.88
4.23
2.42
2.78
4.80
2.89
4.48
2.21
2.16
3.00
4.01

3.79
3.07
2.20
3.37
3.27
2.14
2.32
3.63
2.31
4.16
1.68
2.08
2.20
2.81

3.97
3.19
2.37
4.28
3.76
2.32
2.46
4.29
2.86
4.47
1.99
2.42
2.68
3.48

4.67
4.49
3.14
4.86
5.10
2.91
3.37
5.42
3.78
5.56
2.84
3.27
3.74
4.79

5.81
4.52
2.98
5.86
6.17
3.62
3.35
5.30
3.73
5.93
3.20
3.82
4.77
5.65

4.55
2.26
2.51
2.33
4.71
4.04
2.57
3.21
3.30
2.40
1.94
1.36
2.82
2.86

Individual values of [11C]WAY100635 binding potential (BPND) in women and men for AC (anterior cingulate), FC (frontal cortex), TC (temporal cortex),
IC (cortex of insulae), HIP (hippocampus), DR (dorsal raphe); values of BPNDs are estimated using the simplified reference tissue model (SRTM).
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Fig. 2. Column-plot demonstrating significantly higher [11C]WAY100635 BPNDs in healthy women (n = 14) compared to healthy men (n = 14) in six regions of
interest. Columns are illustration of mean [11C]WAY100635 BPND and error bars indicate standard deviation.

Also, the parametric analysis of [11C]MADAM with a threshold
of P b 0.001 uncorrected for multiple comparisons with a minimal
cluster size of N 50 voxels, showed significantly higher binding
potential values in men compared to women in several brain
regions (Table 4). The statistically significant group differences
were observed in the right caudate, putamen, ventral striatum and
left inferior frontal gyrus (Fig. 4B).

The estimated ratio of tracer delivery to the tissue of interest
relative to the reference region, was comparable between
women and men in all brain regions for both [11C]WAY100635
(sex, mean ± S.D.; women: 0.82 ± 0.06; men: 0.82 ± 0.06) and
[11C]MADAM (women: 0.96 ± 0.14; men: 0.93 ± 0.10) measurements, indicating similar regional R1 pattern in women and men.
SPM analysis

Correlation between 5-HT1A BPND and 5-HTT BPND
The parametric analysis of [11C]WAY100635 images showed
similar results to those obtained with VOI analysis. Significantly
higher binding potential values were found in women compared
to men in a wide number of brain regions (Table 3). Fig. 4A
shows the t statistic for sex differences of binding potential superimposed on the SPM T1 image. The display threshold is P b 0.001,
uncorrected for multiple comparisons over whole brain with a
minimal cluster size of N50 voxels.

In eight women and seven men that were examined with
[11C]WAY100635 and [11C]MADAM on the same day, correlation
analysis was performed to examine the co-expression levels of
5HT1A receptors and 5-HTT within the individual brain.
The only notable Pearson correlation that could be demonstrated
between 5-HT1A BPND and 5-HTT BPND was when investigating
women within the hippocampus region (Table 5). The Pearson

Table 2
Individual [11C]MADAM binding potentials in women and men
Subject

[11C]MADAM BPND
Women

1
2
3
4
5
6
7
8
9
10

Men

AC

FC

TC

IC

HIP

DR

NC

PUT

THL

AC

FC

TC

IC

HIP

DR

NC

PUT

THL

0.48
0.36
0.25
0.26
0.42
0.46
0.43
0.34
–
–

0.07
0.09
0.19
0.10
0.14
0.31
0.19
0.14
–
–

0.19
0.11
0.24
0.10
0.19
0.23
0.34
0.83
–
–

0.36
0.35
0.39
0.30
0.54
0.57
0.44
0.56
–
–

0.58
0.17
0.39
0.29
0.30
0.34
0.53
0.42
–
–

1.86
1.69
1.72
2.40
2.72
3.30
1.74
1.65
–
–

1.06
0.56
0.57
0.53
0.93
0.82
0.91
0.86
–
–

1.19
0.79
0.68
0.58
1.01
1.02
1.19
1.15
–
–

1.32
0.91
0.81
0.58
1.11
0.68
1.35
1.20
–
–

0.89
0.47
0.55
0.67
0.77
0.59
0.68
0.41
0.30
0.71

0.33
0.44
0.41
0.22
0.20
0.51
0.21
0.23
0.10
0.37

0.34
0.41
0.39
0.39
0.34
0.32
0.29
0.23
0.19
0.36

0.76
0.92
0.73
0.89
0.66
0.74
0.69
0.54
0.40
0.54

0.84
0.97
0.61
0.91
0.80
0.56
0.63
0.41
0.26
0.34

6.26
5.23
3.64
2.70
7.64
3.85
3.01
2.19
2.19
2.96

1.54
0.95
1.00
1.00
1.13
1.12
0.98
1.14
0.60
1.07

1.20
1.18
0.85
1.59
1.42
1.22
1.17
1.34
0.51
1.12

1.94
1.75
1.28
1.47
1.23
1.24
1.24
1.38
0.88
1.04

Individual [11C]MADAM binding potential (BPND) values in women and men for AC (anterior cingulate), FC (frontal cortex), TC (temporal cortex), IC (cortex
of insulae), HIP (hippocampus), DR (dorsal raphe), NC (nucleus caudate), PUT (putamen), THL (thalamus); values for BPNDs are estimated using simplified
reference tissue model (SRTM).
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Fig. 3. Column-plot illustrating higher mean [11C]MADAM BPNDs in healthy men (n = 10) compared to healthy women (n = 8). Error bars represent standard
deviation.

correlation displayed a linear relationship of 0.93 (P= 0.0009). This
could not have been confirmed when examining the other regions
in women. The result implies that the level of 5-HT1A BPND
corresponds strongly to the level of 5-HTT in the hippocampus
region in women. No significant correlation was observed between
regional 5-HT1A receptor and 5-HTT binding in men.
Discussion
The main result of the present PET imaging study with
[11C]WAY100635 and [11C]MADAM is that women and men
significantly differ in 5-HT1A receptor and 5-HTT binding

potentials. A 39% higher 5-HT1A receptor binding potential was
found in women compared to men, and a 55% higher 5-HTT
binding potential was observed in men compared to women. These
differences were demonstrated with both VOI and SPM methods.
In women, a positive correlation between 5-HT1A receptor and
5-HTT binding potentials was found for the region of the
hippocampus. To our knowledge this is the first study of sex
differences in which the 5-HT1A receptor and 5-HTT with their
possible interactions is being analyzed.
The results are consistent with the results of previous studies,
suggesting differences in the serotonin system between sexes. In
rats, higher levels of the serotonin metabolite 5-HIAA in CSF have

Table 3
Regions of significantly higher [11C]WAY100635 binding in women than in men as identified by SPM
Region

BA

Cluster level

Voxel level

P
KE
corrected
Bilateral frontal
lobe,
Temporal lobe
and Anterior
cingulate
Right temporal
lobe,
Frontal lobe
and Parietal lobe
Right parietal
lobe,
Occipital lobe
and Frontal lobe
Right occipital
lobe,
Temporal lobe
and Posterior
cingulate
Left occipital lobe
Left parietal lobe

10/11/24/32/47

b0.001

6/8/9/20/36/37/40 b0.001

5–7–31

17/18/19/23/28/31

7/18/19
7/40

0.067

0.133

0.34
0.134

P
P FWE- P FDR- T
uncorrected corrected corrected

20187 b0.001

488

157
486

Z

P
x
uncorrected

Talairach
y

z

x

y

z

0.008

0.003

5.83 4.62 b0.001

12

32

−8

12

31

−8

0.014
0.023

0.003
0.003

5.54 4.46 b0.001
5.32 4.34 b0.001

− 20
18

40
44

− 6 − 20
10 18

38
43

−7
7

0.05

0.003

4.95 4.12 b0.001

52 − 34 −28

51 − 34 − 22

0.065

0.059
0.069
0.273

0.003
0.003
0.003

4.87 4.07 b0.001
4.79 4.02 b0.001
4.07 3.54 b0.001

36 12
42 − 38
18 − 56

44
34
48

36 13
42 − 35
18 − 52

40
33
47

0.133

0.302
0.487
0.279

0.003
0.003
0.003

4.01 3.5 b0.001
3.69 3.28 0.001
4.05 3.54 b0.001

8 − 56
12 − 52
24 − 68

32
56
2

8 − 53
12 − 48
24 − 66

32
54
5

0.295
0.348

0.003
0.003

4.02 3.51 b0.001
3.92 3.44 b0.001

16 − 80
6 − 76

6
8

16 − 77
6 − 73

9
11

0.32
0.405
0.48
0.49

0.003
0.003
0.003
0.003

3.97
3.82
3.7
3.68

14518 b0.001

769

MNI

0.388
0.134

3.48 b0.001
3.37 b0.001
3.28 0.001
3.27 0.001

− 20
− 40
− 26
− 28

− 82
− 50
− 44
− 64

28
38
44
50

− 20
− 40
− 26
− 28

− 78
− 47
− 40
− 60

MNI column contains spatial coordinates in MNI canonical magnetic resonance imaging; Talairach, spatial coordinates in the Talairach atlas.
BA, Brodmann area; KE, number of voxels in the cluster; MNI, Montreal Neurological Institute; FWE, family wise error; FDR, false detective rate.

30
37
43
49
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Fig. 4. Statistical parametric maps of binding potential images. Map of t values showing the voxels with significant increase (P b 0.001, uncorrected) in
[11C]WAY100635 binding potential of women (n = 14) compared to men (n = 14) (A) and significant increase (P b 0.001, uncorrected) in [11C]MADAM
binding potential of men (n = 10) compared to women (n = 8) (B). Detected areas exceed an uncorrected P value of 0.001 with 50 or more contiguous voxels. Top
(A and B), all clusters throughout the whole brain are demonstrated in the “glass brain” in SPM2. Bottom (A and B), the t statistics for the difference of binding
potential superimposed on the SPM canonical single-subject T1 image. Color scale shows T-score.

been reported in females compared to males. Human postmortem
studies (Arango et al., 1995) provided indirect evidence of greater
5-HT1A receptor binding in women compared to men, and
decreased cortical 5-HTT binding in women (Arora and Meltzer,
1989). In addition, several human in vivo measurements of the CSF
concentrations of the 5-HIAA have shown that women and men
differ in the level of this serotonin metabolite (Agren et al., 1986;
Young et al., 1980). Recent PET study with [11C]WAY100635 used
for the assessment of 5-HT1A receptors in the living human brain,
has suggested higher 5-HT1A receptor binding potentials in women
compared to men (Parsey et al., 2002). Using SPECT and
radioligand [123I]β-CIT, Staley et al. (2001) found higher 5-HTT
availability in healthy women compared to healthy men. The
finding contrasts the results of the present study on 5-HTT BPND in

healthy women and men. There might be several reasons for this.
In the present study a highly selective radioligand [11C]MADAM
was used to estimate 5-HTT binding, while in the study of Staley
et al. (2001), radioligand [123I]β-CIT with non-selective properties
binding to both serotonin and dopamine transporter was applied. In
addition, Staley et al. (2001) did not control for the stage of the
menstrual cycle and hormone supplementation in female participants, which were important inclusion criteria in the present study.
The influences of gonadal hormones on the serotonin system in
women have been demonstrated in a significant number of studies
(Flugge et al., 1999; Pecins-Thompson et al., 1998; PecinsThompson and Bethea, 1999; Moses et al., 2000). In addition,
variations in female sex hormones during the menstrual cycle have
been suggested to influence brain neurochemistry and metabolism
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Table 4
Regions of significantly lower [11C]MADAM binding in women than in men as measured by SPM
Region

BA

Cluster level
P
corrected

Right inferior
frontal gyrus
Left caudate,
putamen and VST

Voxel level

KE

MNI

P
uncorrected

P FWEcorrected

P FDRcorrected

T

Z

P
uncorrected

x

Talairach
y

z

x

y

z

2–16–00

0.24

97

0.168

0.06

0.081

5.79

4.19

b0.001

30

16

− 20

30

15

− 18

–

0.035

305

0.022

0.159

0.081

5.13

3.89

b0.001

− 12

20

−6

− 12

19

−6

MNI column contains spatial coordinates in MNI canonical magnetic resonance imaging; Talairach, spatial coordinates in the Talairach atlas.
BA, Brodmann area; KE, number of voxels in the cluster; MNI, Montreal Neurological Institute; FWE, family wise error; FDR, false detective rate.
VST; ventral striatum.

(Epperson et al., 2002; Reiman et al., 1996) highlighting the
importance for studies to control for the menstrual cycle phase. Our
finding of lower 5HTT binding and higher 5-HT1A receptor
binding in women is however in agreement with postmortem data
and the previous PET study.
Epidemiological studies have reported significant differences
between women and men in depression: (i) women have two times
higher prevalence of depression compared to men, (ii) women have
higher rates of recurrent depression compared to men, (iii) women
are more likely than men to develop depression in response to
stress (Ernst and Angst, 1992; Kendler et al., 2000; Kessler et al.,
1993). Several clinical PET studies have examined 5-HT1A
receptors in depression. The results of these investigations are
however discrepant. Some studies reported lower 5-HT1A receptor
[11C]WAY100635 binding potential (Drevets et al., 1999; Sargent
et al., 2000), while others reported higher 5-HT1A binding potential
(Parsey et al., 2006b; Parsey et al., 2006c) in depression. This
might be explained by differences in clinical characteristics of
depressed patients. In some studies in which lower 5-HT1A binding
was measured (Drevets et al., 1999), patients with both major
depression and bipolar disorder were included. In addition, the
depressive patients examined had a previous history of medication,
with the exception of those in the study by Parsey et al. (2002).
Parsey et al. (2006c) examined patients with major depression who
had never been exposed to medication and found higher 5-HT1Areceptor binding in these patients compared to lower 5-HT1A
binding of the depressed patients with a history of previous
medication and controls, suggesting the 5-HT1A receptors binding
potential to be affected by medication. For 5-HTT, both
postmortem and in vivo human studies reported lower 5-HTT
densities in subjects with major depressive disorder (Parsey et al.,

Table 5
Pearson correlation between [11C]WAY100635 BPND and [11C]MADAM
BPND, by sex and overall
Region

Comparison

Pearson rank
correlation

Adjusted
P-value

Neocortex

Women
Men
All
Women
Men
All
Women
Men
All

0.25
−0.34
−0.13
0.93
0.73
0.07
−0.06
0.74
0.07

N0.05
N0.05
N0.05
b0.001
N0.05
N0.05
N0.05
N0.05
N0.05

Hippocampus

Dorsal raphe

2006a). A [123I]β-CIT SPECT study showed more prominent
decrease in [123I]β-CIT uptake in diencephalon of depressed
women (22%) compared to depressed men (1%) (Staley et al.,
2006). According to these lines of observations, the extended
interpretation of the present results could be that the higher 5-HT1A
receptor and lower 5-HTT density in women compared to men
designates the trait sensibility of women sustaining the higher
tendency to develop depression.
A possible interpretation of the sex differences found in 5-HT1A
receptor and 5-HTT binding can be searched in differences related to serotonergic neuronal activity. In a PET study using
α-[11C]MTrp as a proxy for the serotonin synthesis, lower cortical
trapping of the α-[11C]MTrp was found in women compared to
men (Sakai et al., 2006). It can be thus assumed that there is lower
activity of the serotonin system in women associated with lower
levels of the synaptic serotonin than in men. Low levels of synaptic
serotonin have been found to facilitate 5-HTT internalization
(Ramamoorthy and Blakely, 1999), while an inhibition of serotonin
neuronal activity has been suggested as a result of stimulation of
postsynaptic 5-HT1A receptors as shown by animal models
(Pugliese et al., 1998). According to these lines of observations,
lower synaptic serotonin levels in women could relate to the lower
5-HTT and higher 5-HT1A availability found in the present study.
Contrarily in men, the higher rates of serotonin synthesis might
coincide with higher levels of synaptic serotonin. Higher functional
demands in terms of higher reuptake capacity to adjust for
relatively higher serotonin synaptic levels might contribute to a
higher 5-HTT density in men. Similarly, higher availability of
synaptic serotonin can be a mechanism for reduction in expression
levels of 5-HT1A receptors (Aznavour et al., 2006) measured as a
low 5-HT1A receptor BPND in men in the present study.
A relationship between 5-HT1A receptors and 5-HTT contributing to the regulatory processes of the serotonergic neurotransmission has been suggested in previous PET studies in humans,
examining the 5-HT1A receptor binding and functional polymorphisms in the 5-HTT gene (SLC6A4) (David et al., 2005). It has been
shown that the short (S) allele of 5-HTT gene could be associated
with a higher frequency of mood and anxiety disorders in humans
(Caspi et al., 2003; Lesch et al., 1996). Additional observations
have shown, that female carriers of the short (S) allele of the
5-HTT gene (SLC6A4) have higher 5-HT1A receptor binding
measured by [11C]WAY100635 PET (Lee et al., 2005). Interestingly, in a SPECT [123I]β-CIT study by van Dyck et al. (2004), it
has been shown that homozygotic carriers of the short (SS) and
long allele (LL) of the 5-HTT gene (SLC6A4) have a higher
serotonin transporter availability compared to hetorozygotes (LS),
while no difference was found in the serotonin transporter
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availability between carriers of the SS and LL alleles of the 5-HTT
gene. This suggests a complex relationship between SLC6A4
genotype and 5HTT availability, which might be assumed to affect
the functional relationship between 5-HTT and 5-HT1A receptors.
To address a possible relationship between 5-HT1A receptors and
5-HTT in light of potential sex specific influences on the
serotonergic neurotransmission we studied the correlation between
these two biomarkers in women and men, using both [11C]
WAY100635 and [11C]MADAM on the same day. Although in this
sample (8 women and 7 men) no correlation between 5-HT1A
BPND and 5-HTT BPND was observed in most of the regions, this
observation does not preclude the existence of such an interaction
which could be shown in a larger sample. A significant positive
correlation between 5-HT1A BPND and 5-HTT BPND was found in
the region of the hippocampus in women but not in men. This
supports differences in neurochemical regulatory mechanisms
related to the serotonin system, previously shown in the anatomical
structure and reactivity to stressful events between women and men
in the region of the hippocampus (Madeira and Lieberman, 1995).
With regard to methodological limitations of the present study
there are several issues to be discussed. The first is the use of the
cerebellum as an appropriate reference region for 5-HT1A and
5-HTT BPNDs estimation by using the SRTM. An assumption of
the method is the absence of specific binding in the reference
region. With regard to [11C]WAY100635, postmortem studies in
humans have found no evidence for 5-HT1A receptor binding in the
cerebellum (Hall et al., 1997). Other studies have shown higher
5-HT1A receptor density in the cerebellar vermis compared to
cerebellar hemispheres (Parsey et al., 2005; Slater et al., 1998). In
the present study, to avoid any interference of specific binding in
the cerebellum, the VOIs were drawn only on cerebellar
hemispheres excluding the vermis (see Method). A second
issue could be related to sex differences in the volume of
distribution of the nondisplaceable compartment that could affect
the estimation of BPND by SRTM. Parsey et al. (2002) found
higher [11C]WAY100635 cerebellar volumes of distribution in
women compared to men, using two-tissue kinetic modeling
(2TKM) but no significant difference of BPND measured with
SRTM. The results of the present study show significantly higher
5-HT1A BPND in women than men, suggesting that even if the
volume of distribution of the cerebellum were higher in women,
the difference in BPND would still be due to a higher specific
distribution volume in this group. In addition, we assessed the
differences in AUC divided by activity injected between women
and men as an indicator of non-displaceable binding in the cerebellum. No significant difference between the sexes with regard
to these values was found, suggesting that the results of our study
were not influenced by differences in cerebellar kinetics.
With regard to 5-HTT, in vitro studies have reported a
negligible density of 5-HTT in the cerebellar tissue. In monkeys,
pretreatment with citalopram leads to a decrease in [11C]MADAM
binding to the level of cerebellar TACs in the regions with higher
serotonin transporter density (Halldin et al., 2005). A previous
[11C]MADAM PET study showed that cerebellar TAC can be
described by a one-tissue compartment model which is a valid
assumption for the use of SRTM (Lundberg et al., 2005). In the
present study we found no difference in the cerebellar AUC
normalized by the injected activity for [11C]MADAM. Therefore,
we can reasonably assume that the differences in BPND between
women and men reflect differences in specific distribution volume
between the two groups.
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In conclusion, women and men differ with regard to binding
potentials for both 5-HT1A receptors and 5-HTT. The findings
indicate higher 5-HT1A receptor densities and lower 5-HTT
densities in women compared to men. This suggests that
brain serotonergic neurotransmission differ between women and
men. These differences may reflect biological distinctions in the
serotonin system contributing to sex differences in the prevalence
of psychiatric disorders such as depression and anxiety.
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