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Seasonal difference in brain serotonin
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Cross-sectional neuroimaging studies in non-depressed individuals have demonstrated an inverse relationship between daylight
minutes and cerebral serotonin transporter; this relationship is modiﬁed by serotonin-transporter-linked polymorphic region short
allele carrier status. We here present data from the ﬁrst longitudinal investigation of seasonal serotonin transporter ﬂuctuations in
both patients with seasonal affective disorder and in healthy individuals. Eighty 11C-DASB positron emission tomography scans
were conducted to quantify cerebral serotonin transporter binding; 23 healthy controls with low seasonality scores and 17 patients
diagnosed with seasonal affective disorder were scanned in both summer and winter to investigate differences in cerebral serotonin
transporter binding across groups and across seasons. The two groups had similar cerebral serotonin transporter binding in the
summer but in their symptomatic phase during winter, patients with seasonal affective disorder had higher serotonin transporter
than the healthy control subjects (P = 0.01). Compared to the healthy controls, patients with seasonal affective disorder changed
their serotonin transporter signiﬁcantly less between summer and winter (P 5 0.001). Further, the change in serotonin transporter
was sex- (P = 0.02) and genotype- (P = 0.04) dependent. In the patients with seasonal affective disorder, the seasonal change in
serotonin transporter binding was positively associated with change in depressive symptom severity, as indexed by Hamilton
Rating Scale for Depression – Seasonal Affective Disorder version scores (P = 0.01). Our ﬁndings suggest that the development
of depressive symptoms in winter is associated with a failure to downregulate serotonin transporter levels appropriately during
exposure to the environmental stress of winter, especially in individuals with high predisposition to affective disorders.
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Abbreviations: 5-HTTLPR = serotonin-transporter-linked polymorphic region; BMI = body mass index; BPND = non-displaceable
binding potential; MDI = Major Depression Inventory; PSQI = Pittsburgh Sleep Quality Index; SIGH-SAD = Hamilton Rating Scale
for Depression – Seasonal Affective Disorder version; SPAQ = Seasonal Pattern Assessment Questionnaire

Introduction
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In Scandinavia as well as other countries at Northern latitudes, people are subjected to long and dark winters.
Although well tolerated by most inhabitants, 5% of
the Copenhagen population experience symptoms consistent with seasonal affective disorder and an additional
10% suffer from sub-syndromal seasonal affective disorder (Dam et al., 1998), a more moderate condition
where diagnostic criteria for depression are not met.
Seasonal affective disorder is characterized by seasontriggered depression and encompasses feelings of hopelessness and blameworthiness, loss of energy, impaired
concentration, hyperphagia and hypersomnia (Rosenthal
et al., 1984). Risk factors for developing seasonal affective
disorder include being female, with females being afﬂicted
between 2–40 times more often than males (Partonen,
1995), young age (Magnusson and Partonen, 2005) and
being a serotonin-transporter-linked polymorphic region
(5-HTTLPR) short allele carrier (S-carrier) (Rosenthal et
al., 1998). There is additional evidence for seasonal affective disorder being related to serotonin dysfunction: the
disorder can be effectively treated with either bright
light therapy or with a serotonin transporter reuptake inhibitor (Thaler et al., 2011), the effects of bright light can
be reversed by lowering cerebral serotonin levels by tryptophan depletion (Lam et al., 1996; Neumeister et al.,
1997a, b, 1998), and dietary (Miller, 2005) or pharmacological (O’Rourke et al., 1989; Dilsaver and Jaeckle,
1990; Partonen and Lonnqvist, 1996) enhancement of
serotonin transmission alleviates seasonal affective disorder symptoms. Further, serotonin transporter function
in platelets is enhanced in seasonal affective disorder
(Willeit et al., 2008). Intriguingly, these risk factors are
also uniquely associated with differences in cerebral serotonin transporter levels: healthy females have higher serotonin transporter density in the midbrain than males
(Erritzoe et al., 2010), cerebral serotonin transporter density declines with age (Buchert et al., 2006; Kalbitzer et al.,
2009; Erritzoe et al., 2010), and several studies suggest
that the 5-HTTLPR genotype is related to cerebral serotonin transporter density (Willeit and Praschak-Rieder,
2010).
The season-dependent ﬂuctuation in cerebral serotonin
transporter has been examined in a number of neuroimaging studies conducted in healthy volunteers. Early single
photon emission computerized tomography (SPECT) studies using fewer serotonin transporter-speciﬁc radioligands,
were inconclusive (Neumeister et al., 2000; Koskela et al.,

2008; Cheng et al., 2011). However, PET studies of healthy
males and females consistently found higher serotonin
transporter binding in certain brain regions in the winter
than in the summer. One study examined 29 Germans with
11
C-McN5652 PET (Buchert et al., 2006) and two studies
used the selective serotonin transporter radiotracer 11CDASB [11C-labelled 3-amino-4-(2-dimethylaminomethylphenylsulfanyl)benzonitrile] and PET in 88 Canadians
(Praschak-Rieder et al., 2008) and in 57 Danes (Kalbitzer
et al., 2010). In the latter study, a signiﬁcant gene  environment interaction effect was found, with S-carriers displaying larger seasonal serotonin transporter ﬂuctuations
in putamen as compared to long allele (LA/LA) carriers,
with the peak in serotonin transporter levels around
winter solstice (Kalbitzer et al., 2010). By contrast, two
later PET studies reported no effect of season on cerebral
serotonin transporter binding, one using 11C-DASB in 63
male UK citizens (Murthy et al., 2010) and another using
11
C-MADAM
(11C-labelled-N,N-dimethyl-2-(2-amino-4methylphenylthio)benzylamine) in 40 male Swedes
(Matheson et al., 2015). In general, these cross-sectional
studies did not take relevant factors, such as S-carriers
status, sex, traveling habits, night shift work, seasonality
and mood, into account.
Surprisingly, in spite of seasonal affective disorder representing a unique model for investigating the relationship
between serotonin transporter availability in the brain
and season-related mood variations, no studies have so
far examined patients with seasonal affective disorder
both in their asymptomatic and in their symptomatic
phases. A single study investigated 11 patients with seasonal affective disorder in their symptomatic phase and
11 non-depressed healthy volunteers with the non-selective
dopamine transporter and serotonin transporter radioligand 123I-b-CIT and SPECT and reported lower thalamichypothalamic serotonin transporter binding in patients with
seasonal affective disorder compared to healthy controls
(Willeit et al., 2000).
In the present study we aimed, for the ﬁrst time in a
longitudinal study design, to characterize how patients
with seasonal affective disorder regulate the serotonin
transporter across seasons, if gender and S-carrier status
modiﬁes this regulation, and to what extent serotonin
transporter changes can predict symptom severity. We
hypothesized that in the winter, patients with seasonal affective disorder have higher cerebral serotonin transporter
levels than healthy controls, whereas the levels are comparable in the summer. Moreover, we expected a positive association between change in serotonin transporter and in
seasonal affective disorder symptom severity.

Seasonal serotonin transporter changes in patients with SAD

Materials and methods
Participants
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all had normal ﬁndings on routine blood tests and their cerebral MRI scans were without any pathological ﬁndings. To
measure seasonal ﬂuctuations in mood and sleep, participants
ﬁlled out online versions of the Major Depression Inventory
(MDI) (range: 0–50, 421 indicates depressed mood) (Bech et
al., 2001; Olsen et al., 2003) and the Pittsburgh Sleep Quality
Index (PSQI) (global scores range: 0–21, 45 indicates sleep
disturbances) (Buysse et al., 1989). Information regarding menstrual cycle length, timing of current cycle and use of hormonal contraceptives were obtained from female participants on
the day of the PET scan. There were no drop-outs in the
healthy control group, but one subject was excluded due to
technical problems with the PET image. Seven patients with
seasonal affective disorder were lost to follow-up: one individual failed to go into spontaneous summer remission and six
individuals decided to leave the study before follow-up for
various personal reasons; none of them left the study because
of the treatment restriction.
The ﬁnal sample included 23 healthy S-carriers with low
seasonality scores (13 females, GSS: 4.8  2.1, age: 26  6
years) and 17 patients with seasonal affective disorder (nine
females, 11 S-carriers, GSS: 14.1  2.2, age: 27  9 years), all
values given as mean  standard deviation (SD). The groups
were comparable with respect to age {unpaired t-test of mean
age [(agewinter + agesummer) / 2], P = 0.55}, sex (Fishers exact
test, P 4 0.99) and BMI (unpaired t-test summer: P = 0.15
and winter: P = 0.32). Detailed sample characteristics are
included in Table 1.
The study was approved by The Copenhagen Region Ethics
Committee (H-1-2010-085 with amendments and KF-012006-20 with amendment 21971/220225, H-1-2010-91 and
H-2-2010-108) and performed in accordance with the
Declaration of Helsinki II. All subjects gave informed written
consent prior to participation

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

MRI data acquisition
Participants were scanned on a 3 T Siemens Magnetom Trio
(n = 31) or Verio MR scanner (n = 9). High-resolution 3D T1weighted magnetization prepared rapid gradient echo was used
for tissue classiﬁcation and T2-weighted turbo spin echostructural
images were used for brain-masking. Images were acquired as
previously described (Madsen et al., 2011).

PET imaging
All PET scans were conducted using a Siemens ECAT HighResolution Research Tomography scanner operating in 3D list-
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Healthy volunteers and potential patients with seasonal affective disorder were recruited through advertisements posted on
the internet and in newspapers. The exclusion criteria were
smoking, past or present neurological or psychiatric (ICD-10)
disorders, use of drugs with known effects on the serotonin
system, use of recreational illegal drugs including cannabis
within the last week or more than 10 times in total (cannabis
was allowed up to 50 times in total), signiﬁcant medical history, known retinal pathology, use of photosensitizing medications, travelling to destinations with a different climate 6
months prior to any of the scans, or night shift work.
Individuals with seasonal affective disorder were required not
to have received bright light therapy or psychotropic drugs as
treatment of their seasonal affective disorder in the past year.
All participants were within a body mass index (BMI) of 19–
28 kg/m2. Subjects that met the initial screening criteria were
asked to ﬁll in the Seasonal Pattern Assessment Questionnaire
(SPAQ) (Rosenthal et al., 1984), a self-assessment questionnaire that evaluates seasonal variations in sleep, social activity,
mood, body weight, appetite and energy. The score on each
item is summed to obtain a global seasonality score, which
indexes the degree of seasonality symptoms [range: 0–24,
global seasonality score (GSS) 410 consistent with seasonal
affective disorder] (Kasper et al., 1989). Healthy volunteers
were required to have a maximum GSS of 10, reporting no
problems with seasonality, whereas those with seasonal affective disorder were required to have a GSS 5 11 and state that
seasonality was a least a moderate problem. Seasonal affective
disorder candidates were assessed by trained psychiatrists both
in summer and winter. The seasonal affective disorder diagnosis was established when subjects met the ICD-10 diagnostic
criteria for major depression and the seasonal affective disorder criteria described by Rosenthal et al. (1984). All referred
candidates underwent a Schedules for Clinical Assessment in
Neuropsychiatry (SCAN) interview (Wing et al., 1990) to exclude any other axis I or axis II disorders before ﬁnal inclusion. The Hamilton Rating Scale for Depression – Seasonal
Affective Disorder version (SIGH-SAD) (Williams et al.,
1988) was used to quantify symptom severity both in
summer and winter.
In total 36 patients were referred for psychiatric assessment.
Of these, 12 were excluded due to co-morbidity or failure to
meet diagnostic seasonal affective disorder criteria. All eligible
subjects were screened with respect to S-carrier/LA/LA carrier
status prior to inclusion. As previous data suggest a larger
seasonal change in serotonin transporter availability in healthy
S-carriers compared to LA/LA homozygotes, we chose to include only S-carriers in the healthy control group. To investigate genotype effects in seasonal affective disorder cohorts we
included an LA/LA group of six individuals in the seasonal
affective disorder group.
The scan sequence was randomized so that half of the individuals were scanned for the ﬁrst time in the summer, the
other half for the ﬁrst time in winter; deﬁned as a 12-week
interval centred around the winter or summer solstice. All participants underwent a medical and neurological examination
before each PET scan and were found to be normal. They
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Statistical analysis
Based on previous test-retest studies 11C-DASB BPND has a
variability of 3.7% and a reliability of 0.89 (Kim et al.,
2006), thus eight subjects are needed to detect a 20% deference in BPND.
Group and seasonal differences in oestradiol and progesterone levels (females only), psychometric scores, BMI, plasma
tryptophan load, k2’, non-displaceable binding (as proxy:
AUCcerebellum) and injected DASB mass/kg were tested with
paired or unpaired Students t-tests, as appropriate, two-tailed
P-values were adopted throughout all analyses. The correlation
between the psychometric scores (PSQI global score versus
MDI and SIGH-SAD versus MDI) was tested by linear correlation regression. Multicollinerity between continuous variables
in multiple regression analysis was tested by calculation of the
variance inﬂation factor (VIF) (1 / 1 – R2) with a R2 threshold of
0.75. A signiﬁcance level of P = 0.05 was adopted throughout all
analyses. All results are expressed as means  SD.
Seasonal changes in global serotonin transporter BPND were
analysed in multiple regression models of various complexities
to investigate:
(i) If global BPND differs between groups in either summer or
winter, using absolute global BPND as outcome variable and parameters known to affect SERT binding BMI (Erritzoe et al.,
2010), age (Frokjaer et al., 2009; Erritzoe et al., 2010), genotype
(Willeit and Praschak-Rieder, 2010) and sex (Kalbitzer et al.,

2009)
as
covariates:
Global
BPND
season
group  BMIseason  ageseason  genotype  sex.

(ii) If change in serotonin transporter across seasons (i.e.
BPND = BPND winter – BPND summer) differs between patients
with seasonal affective disorder and healthy controls, using
BPND as an outcome variable and group as variable of interest.
As seasonal affective disorder is more common in young individuals (Magnusson, 2000), females (Magnusson, 2000), and possibly in S-carriers (Rosenthal et al., 1998) we included age, sex,
genotype, and group  sex interaction (but not BMI, as BMI
changes is part of the seasonal affective disorder symptomatology)
as covariates: Global BPND  group  sex  sex by group 
mean age  genotype. In a post hoc analysis, we also examined
three additional brain regions of relevance for depression: the
raphe nuclei, hippocampus and anterior cingulate cortex.
(iii) If the relative BPND (rel BPND = BPND / winter BPND) adjusted for sex and genotype predicts seasonal symptom devolvement in seasonal affective disorder, deﬁning the outcome variable
as the relative difference in SIGH-SAD score [rel SIGHSAD = (winter score – summer score) / winter score]: rel BPND
 rel SIGH-SAD  sex  genotype.

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

Results
Sample characteristics
Objective ratings evaluated by the psychiatrists and subjective mood ratings reported by the participants were highly
correlated. SIGH-SAD scores and MDI scores correlated
positively for both summer: n = 17, estimate = 0.89 SIGHSAD scores per MDI score, r2 = 0.23, P = 0.05, and winter:
n = 17, estimate = 0.52 SIGH-SAD scores per MDI score,
r2 = 0.34, P = 0.01. As expected, individuals with seasonal
affective disorder had signiﬁcantly higher MDI, PSQI and
SIGH-SAD scores in the winter compared to the summer
(Table 1), but similar MDI and PSQI scores as the healthy
controls in the summer (P = 0.20 and 0.41, respectively).
The group difference in winter for PSQI and MDI scores
was large (P 5 0.0001 for both scores). Across all participants, winter and summer MDI and PSQI global score
were highly correlated, n = 40, summer: estimate = 1.2
PSQI global score per MDI score, r2 = 0.37, P 5 0.0001
and winter: estimate = 3.0 PSQI global score per MDI
score, r2 = 0.55, P 5 0.0001.
We did not observe seasonal differences in BMI, plasma
tryptophan, k2’ or non-displaceable binding in any of the
two groups (Table 1). In a subset of the female participants,
we showed that serum oestradiol and progesterone were
similar across seasons, suggesting no signiﬁcant difference in
timing of menstrual cycle in summer and winter (Table 1).
Coincidently, the healthy control group received a lower
injected DASB mass/kg bodyweight in the summer (Table
1); the maximal dose given was 0.05 mg/kg whereas the
maximal dose given in the winter was 0.13 mg/kg.
However, when tested as a covariate in the statistical
models, injected DASB mass/kg did not change the outcome
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mode. Following a 6-min transmission scan, dynamic PET
scans were acquired over 90 min after injection of 11C-DASB
[593  13 (range 536–612) MBq] over 20 s into the antecubital vein. PET acquisition and quantiﬁcation were performed as
previous described (Frokjaer et al., 2009, 2015) and 11C-DASB
radiosynthesis as described elsewhere (Lehel et al., 2009).
The quantiﬁcation of 11C-DASB was done using the
Multilinear Reference Tissue Model with a ﬁxed k2’
(MRTM2) (Ichise et al., 2003), to generate the BPND (nondisplaceable binding potential) using cerebellum as a reference
region. We chose whole brain serotonin transporter binding as
our primary outcome measure because (i) 11C-DASB binding
potentials are highly correlated across brain regions suggesting
that serotonin transporter is regulated globally putatively
through raphe nuclei serotonergic ﬁring (Erritzoe et al.,
2010); and (ii) seasonal serotonin transporter changes have
been described in various brain regions (Willeit et al., 2000,
2008; Reimold et al., 2007; Praschak-Rieder et al., 2008;
Kalbitzer et al., 2010). A volume-weighted average of whole
brain 11C-DASB binding potential (global BPND) was calculated based on 17 volume-weighted grey matter segmented
brain regions (amygdala, anterior cingulate gyrus, caudate,
entorhinal cortex, hippocampus, insula cortex, medial inferior
frontal gyrus, medial inferior temporal gyrus, occipital cortex,
orbitofrontal cortex, parietal cortex, posterior cingulated
gyrus, putamen, sensorimotor cortex, superior frontal gyrus,
superior temporal gyrus, and thalamus):
X
 X
ðBPNDx  volumex Þ =
volumex ð1Þ
Global BPND ¼

B. Mc Mahon et al.
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Table 1 Sample characteristics and radioligand variables

Healthy controls, n = 23
Clinical data
MDI score
PSQI GS
BMI (kg/m2)
Biochemistry
Tryptophan load (n = 14)
Oestradiol (nmol/l) (n = 10)
Progesterone (nmol/l) (n = 11)
Radioligand variables
Non-displaceable binding (Bq/ml)a
k2’ (per min)
Injected mass (mg/kg)

Winter

Paired t-test P-value

5.4  3.6
3.7  2.1
23.1  2.1

5.0  3.5
3.6  1.8
22.9  2.1

0.49
0.79
0.42

0.13  0.02
0.13  0.07
1.56  1.00

0.13  0.02
0.24  0.14
4.1  7.93

0.86
0.06
0.32

18634  2650
0.07  0.01
0.02  0.01

18489  3351
0.07  0.001
0.04  0.03

0.77
0.57
0.001

6.4  4.2
4.5  1.8
2.1  2.3
22.3  2.5

21.4  7.9
6.5  2.3
23.1  8.8
22.1  2.5

50.001
0.02
50.001
0.29

0.14  0.03
0.19  0.20
6.6  13.7

0.13  0.02
0.18  0.18
0.84  0.40

0.07
0.81
0.32

18516  3747
0.07  0.01
0.02  0.03

17600  3684
0.07  0.01
0.03  0.06

0.07
0.48
0.68

Data are shown as mean  SD.
a
As evaluated by AUCcerebellum.

of group differences and therefore this variable was not
included in any of the ﬁnal models.

Serotonin transporter binding
Seasonal effects across groups
In the summer, subjects with seasonal affective disorder
and healthy controls had comparable global BPND levels
[n = 40, estimate = 0.02 BPND, 95% conﬁdence interval
(CI) = 0.073 to 0.033, R2 = 0.20, df = 34, P = 0.45].
In the winter, patients with seasonal affective disorder
had higher global BPND compared to the healthy controls
(n = 40, estimate = 0.06 BPND, 95% CI = 0.013 to 0.101,
R2 = 0.27, df = 34, P = 0.01) (Fig. 1).
Group effects across seasons (BPND)
An example of a seasonal affective disorder patient’s
11
C-DASB PET image in summer and winter is shown in
Fig. 2. We found a signiﬁcant group effect when comparing
seasonal change, BPND (=BPND winter  BPND summer),
adjusted for genotype, sex, age and sex  group interaction
(n = 40, estimate = 0.10 BPND, P 5 0.001) (Fig. 3A). We
found a signiﬁcant effect of genotype (S-carriers 4 LALA,

P = 0.04) and of sex (females 4 males: P = 0.02), whereas
we did not see any effect of age (P = 0.21). The group difference in BPND was driven by the female participants,
with a signiﬁcant sex  group interaction effect (P = 0.03);
in the winter, females with seasonal affective disorder upregulate whereas healthy females downregulate the serotonin
transporter (sex-contrasts: seasonal affective disorder females versus healthy control females, estimate = 0.10
BPND, P 5 0.001, adjusted for all pair-wise comparisons
by the Tukey post hoc test procedure) (Supplementary
Table 1).
In a post hoc analysis, we examined if the differences in
global BPND could be replicated in brain regions of relevance for depression and this generated results similar to
the global BPND: raphe nuclei (P = 0.004), hippocampus
(P = 0.03), anterior cingulate (P = 0.0001).

Relation between change in relative symptom
severity and seasonal binding potential
In the seasonal affective disorder group, the relative change
in binding potential was positively correlated to relative
change in depressive symptom severity, as indexed by
SIGH-SAD scores: relative seasonal serotonin transporter
change predicted relative seasonal SIGH-SAD change
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Seasonal affective disorder patients, n = 17
Clinical data
MDI score
PSQI GS
SIGH-SAD score
BMI (kg/m2)
Biochemistry
Tryptophan load
Oestradiol (nmol/l) (n = 8)
Progesterone (nmol/l) (n = 7)
Radioligand
Non-displaceable binding (Bq/ml)a
k2’ (per min)
Injected mass (mg/kg)

Summer
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Figure 1 Seasonal effects across groups. No difference in serotonin transporter BPND was found across groups in summer (P = 0.45),

(n = 17, estimate = 0.83 SIGH-SAD score per BPND, 95%
CI = 0.28 to 1.38, R2 = 0.47, df = 13, P = 0.01) (adjusted
for genotype and sex) (Fig. 3B). In the correlation analysis,
genotype constituted a signiﬁcant covariate (PS-carriers = 0.04), whereas sex did not (P = 0.94).

Discussion
This is the ﬁrst study to compare seasonal ﬂuctuations in
cerebral serotonin transporter binding in people with and
without seasonal affective disorder. First, we found that in
the winter, but not in the summer, individuals with seasonal affective disorder have higher cerebral serotonin
transporter binding than people without seasonality symptoms. Second, seasonal affective disorder individuals regulate their cerebral serotonin transporter binding differently
than individuals without seasonality symptoms: there is a
signiﬁcant group effect when comparing BPND in seasonal
affective disorder individuals versus in healthy individuals;
having seasonality symptoms, S-carrier status and being
female makes you less likely to reduce your cerebral serotonin transporter binding in the winter. Third, among the
seasonal affective disorder individuals, a relative larger
change in serotonin transporter binding from winter to
summer is associated with relatively more depressive symptoms. Overall, our ﬁndings suggest that seasonal affective
disorder-prone individuals are unable to appropriately
adjust their serotonin transporter binding levels to accommodate the environmental stressor of winter, thereby eliciting the symptoms of seasonal affective disorder. We can of
course not rule out that the changes in serotonin transporter are appropriate adjustments to a the depressive condition, but this does not seem to be a sensible
interpretation, given that higher serotonin transporter

density generally is associated with lower serotonin levels
(Jennings et al., 2006) and given that blocking of the serotonin transporter often is used to treat seasonal affective
disorder (Pjrek et al., 2009).
As mentioned above, the only small study in patients
with seasonal affective disorder that was carried out in
the winter only, reported that as measured with a nonselective SPECT radioligand, patients had lower thalamic
serotonin transporter binding compared to non-depressed
individuals (Willeit et al., 2000). In a subsequent post
hoc analysis, we investigated this and found signiﬁcantly
higher thalamic binding potential in patients with seasonal
affective disorder in the winter compared to healthy
controls.
By DSM-IV deﬁnition, seasonal affective disorder is considered a sub-speciﬁer of major depressive disorder and
therefore, it makes sense to relate our ﬁndings to the outcome from studies in patients with major depressive disorder. In a recent review of cross-sectional molecular
neuroimaging studies of major depressive disorder patients
and healthy controls, it was established that in various
brain regions, serotonin transporter binding was higher in
patients with major depressive disorder (Savitz and Drevets,
2013). As an explanation, the authors suggest that a chronically higher expression of serotonin transporter leads to
lower serotonin levels and decreased serotonergic neurotransmission. Another two PET studies investigated symptom severity versus serotonin transporter binding: Meyer et
al. (2004) reported a positive association between serotonin
transporter binding in various brain regions and scores of
the Dysfunctional Attitudes Scale in depressed subjects, but
not in healthy controls, while Cannon and co-workers
(2007) found, in patients with bipolar disorder, that serotonin transporter binding correlated positively with anxiety
ratings in insular cortex and dorsal cingulate cortex. In the
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whereas patients with seasonal affective disorder had higher serotonin transporter compared to healthy controls in the winter (P = 0.01). Binding
potential values are adjusted for differences in age, BMI, sex and 5-HTTLPR genotype. SAD = seasonal affective disorder.

Seasonal serotonin transporter changes in patients with SAD
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Figure 3 Group effects across seasons and correlation to seasonal affective disorder symptoms. (A) Cerebral serotonin transporter change across seasons between patients with seasonal affective disorder and healthy controls adjusted for sex, age, genotype and
sex  group interaction effects. The BPND (BPND winter  BPND summer) was significantly different between groups (P 5 0.0001). (B) Relative
change in symptom severity [SIGH-SAD scores winter-summer difference relative to winter (rel SIGH-SAD)] was significantly associated with
relative difference in global cerebral serotonin transporter binding (rel BPND = BPND/BPND winter) (n = 17, estimate = 0.83, R2 = 0.47,
P = 0.01).

latter study, no correlations were found between serotonin
transporter binding and ratings derived from the Hamilton,
the Montgomery–Åsberg Depression Rating Scale or the
Inventory of Depressive Symptomatology. Notably, these
cross-sectional studies do not involve comparisons to serotonin transporter binding in the patients’ symptom-free
phase and accordingly, the ﬁndings cannot be directly compared to our longitudinal design study.
In accordance with observations from our populationbased study (Kalbitzer et al., 2010), we found a gene  environment interaction effect in this sample of patients with
seasonal affective disorder; the S-carriers had a signiﬁcantly
larger seasonal serotonin transporter binding change

compared to the LA/LA-carriers. A limitation of the study
is that it was designed to include only S-carriers in the
control group, which means that we cannot conclude anything about LALA carriers in this group. In continuation of
this, the control group was carefully selected to include
only subjects without seasonality symptoms, which means
that the control group cannot be taken as representative for
the population as a whole.
Irrespective of group, our data show that seasonal serotonin transporter ﬂuctuations are particularly prominent in
the female participants, in accordance with their higher frequency of affective disorders, compared to males
(Magnusson and Partonen, 2005). Differences in sex
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Figure 2 The 11C-DASB PET image of a patient with seasonal affective disorder in summer and in winter. Cerebral serotonin
transporter binding in a 22-year-old female S-carrier scanned symptom-free in the summer (left) and during winter when she had severe
depressive symptoms and a SIGH-SAD score of 27 (right). The quantified 11C-DASB PET image is overlaid on a T1-weighted structural magnetic
resonance image. The patient had the highest cerebral serotonin transporter in the winter.
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