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Abstract

Past studies in rodents have demonstrated circannual variation in central dopaminergic activity as
well as a host of compelling interactions between melatonin — a scotoperiod-responsive
neurochormone closely tied to seasonal adaptation — and dopamine in the striatum and in midbrain
neuronal populations with striatal projections. In humans, seasonal effects have been described for
dopaminergic markers in cerebrospinal fluid and postmortem brain, and there exists a range of
affective, psychotic, and substance abuse disorders that have been associated with both seasonal
symptomatic fluctuations and dopamine neurotransmission abnormalities. Together, these indirect
data suggest a potentially crucial link between circannual biorhythms and central dopamine
systems. However, seasonal effects on dopamine function in the living, healthy human brain have
never been tested. Here, eighty-six healthy adults underwent 18F-DOPA positron emission
tomography (PET) scanning, each at a different time throughout the year. Striatal regions of
interest (ROIs) were evaluated for differences in presynaptic dopamine synthesis, measured by the
kinetic rate constant, K;, between fall-winter and spring-summer scans. Analyses comparing ROI
average K; values showed significantly greater putamen 18F-DOPA K; in the fall-winter relative to
the spring-summer group (p=0.038). Analyses comparing voxel-wise K; values confirmed this
finding and evidenced intrastriatal localization of seasonal effects to the caudal putamen (p<0.05,
FDR corrected), a region that receives dopaminergic input predominantly from the substantia
nigra. These data are the first to directly demonstrate a seasonal effect on striatal presynaptic
dopamine synthesis and merit future research aimed at elucidating underlying mechanisms and
implications for neuropsychiatric disease and new treatment approaches.
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Introduction

Several lines of evidence suggest an important relationship between circannual changes in
circadian rhythms and central dopaminergic systems. In rodents, striatal dopamine receptor
binding shows a season- and photoperiod-specific pattern (Naber et al., 1981). Melatonin, a
scotoperiod-responsive pineal hormone central to seasonal and circadian cycles (Wehr,
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1997) with receptors abundant in the dopaminergic midbrain and in the striatum (Uz et al.,
2005), exerts direct inhibitory effects on caudate-putamen neural activity (Castillo-Romero
et al., 1993), impacting circadian changes in striatal clock gene expression and specifically
inhibiting nocturnal cocaine sensitization behavior (Uz et al., 2003). Additionally, melatonin
selectively induces tyrosine hydroxylase protein and tyrosine hydroxylase mRNA
expression in rodent ventral mesencephalon (Venero et al., 2002), suggesting that melatonin
upregulates dopamine synthesis in neuronal populations that project to the striatum.

To what degree these animal findings are relevant to human brain physiology has not been
well studied, despite implications of circannual biorhythms in the pathophysiology and
clinical phenotypes of several major neuropsychiatric illnesses that involve the dopamine
system, including seasonal affective disorder (Rosenthal et al., 1984; Neumeister et al.,
2001), bipolar illness (Lewy et al., 1982; Rosenthal et al., 1983; Wong et al., 1997; Zarate et
al., 2004; Roybal et al., 2007), major depression (Sher et al., 2005; Cannon et al., 2008),
schizophrenia (Karson et al., 1984; Reith et al., 1994), and stimulant abuse (Huerta-Fontela
et al., 2008; Mari et al., 2009). Studies in humans have reported higher fall and winter than
spring and summer dopamine or dopamine metabolite concentrations in the cerebrospinal
fluid of healthy adults (Hartikainen et al., 1991), schizophrenia patients and Alzheimer’s
patients (Losonczy et al., 1984), as well as in the post-mortem hypothalamic tissue of
individuals without neurological or psychiatric disease and ventral striatal tissue of
schizophrenia patients (Karson et al., 1984). However, there have been no investigations of
seasonal effects on regional dopamine function in the healthy living human brain.

Using 18F-DOPA positron emission tomography (PET), a method that reliably assays
presynaptic dopamine synthesis in the striatum, we studied 86 healthy individuals, each at a
different time throughout the year, hypothesizing that striatal dopamine synthesis would be
greater during fall and winter than spring and summer.

Methods and Materials

Eighty-six healthy volunteers (ages 22—49 years, mean 32.9+8.4 years, 44 women, 8 non-
Caucasian) without psychiatric, neurological or major medical illness, as assessed by
physician-administered standardized clinical interview (First et al., 1996), medical history
and physical examination, participated after providing informed consent as approved by the
National Institute of Mental Health Institutional Review Board and National Institutes of
Health (NIH) Radiation Safety Committee. Each participant was recruited from the local
community (Washington DC metropolitan area) and completed one scanning session at the
NIH Clinical Center in Bethesda, MD as part of a separate, ongoing protocol. Sessions were
scheduled between 10:00AM and 2:00PM throughout the calendar year, and their date
relative to the autumnal and vernal equinoxes delineated whether the associated season was
“fall-winter’ or ‘spring-summer’ (Karson et al., 1984). There were 44 spring-summer (mean
32.1 £ 7.7 years, 22 women, 6 non-Caucasian) and 42 fall-winter (mean 33.8 + 9.1 years, 22
women, 2 non-Caucasian) scans. There were no significant differences between seasonal
groups in sex, age, ethnicity, or year of acquisition.

Each participant abstained from nicotine and caffeine for 4 hours and from food for 6 hours
prior to their scanning session. One hour prior to 18F-DOPA injection, they received a single
oral dose of carbidopa (200 mg) to limit peripheral tracer metabolism and augment tracer
availability to the brain. PET data were acquired with a General Electric Advance 3D PET
camera (32 planes, 6.5 mm FWHM) while volunteers were in an awake, resting state. After
an eight-minute transmission scan for attenuation correction, 8-16 mCi of 18F-DOPA were
injected, and 90 seconds after injection, a set of 25 scans was dynamically acquired over 90
minutes. There were no changes in acquisition procedures or hardware throughout the study.
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After attenuation-correction, these 18F-DOPA scans were registered to the last image and
affine-normalized to an 18F-DOPA PET template using Statistical Parametric Mapping
software (SPM99; Wellcome Department of Cognitive Neurology, London, UK;
http://www.fil.ion.ucl.ac.uk/spm/) (Friston et al., 1994). The kinetic rate constant K; for 18F-
DOPA uptake was calculated voxel-by-voxel using a linear fit based on the Patlak method
(Patlak et al., 1983), with a time activity curve in an occipital reference region as the input
function (Whone et al., 2004). All time-activity curves were visually inspected to rule out
saturation artifacts. Data were measured using 2mm isotropic voxels and smoothed with a
10 mm Gaussian kernel to improve signal to noise ratios. Two regions of interest (ROIs;
bilateral putamen and bilateral caudate) were defined using Wake Forest University
PickAtlas software (PickAtlas2.4; Wake Forest University, Winston-Salem, North Carolina;
http://fmri.wfubmc.edu/) (Maldjian et al., 2003).

To determine whether there existed a relationship between season and striatal presynaptic
dopamine synthesis, a general linear model was adopted to perform two complimentary
analyses of the calculated K; maps. First, the average K| values for each ROl were extracted
and compared across seasons using SPSS software (SPSS12.0, SPSS Inc., Chicago, Illinois).
Second, seasonal comparisons were made on a voxel-wise basis for K; values within the
striatum from fall-winter and spring-summer scans using SPM with a voxel-level false-
discovery rate (FDR; p<0.05) correction for multiple comparisons (Genovese et al., 2002).

One-sample Kolmogorov-Smirnov tests on striatal ROI values for the entire cohort and for
spring-summer and fall-winter groups separately revealed no significant differences from
the normal distribution. Bilateral putamen mean K; was significantly greater during the fall-
winter period (0.0073+0.0007) than spring-summer (0.007+0.0007; mean
difference=0.0003, t=2.10, df=84, p=0.038). When analyzed separately, both right and left
putamen mean K; showed the same effect (right putamen: mean difference=0.0003, t=2.08,
df=84, p=0.040; left putamen: mean difference=0.0003, t=2.02, df=84, p=0.046). Uptake in
the caudate (total mean=0.0055+0.0005) showed no significant seasonal effects. These
results remained significant after controlling for sex, age and ethnicity. Age and ethnicity
were not predictive of mean K; in the putamen or caudate. Both putamen and caudate mean
Kj were greater in women than men (putamen ROI: mean difference=0.0005, t=3.34, df=84,
p=0.001; caudate ROI: mean difference=0.0004, t=3.30, df=84, p=0.001) consistent with
previous reports (Laakso et al., 2002). There were no sex-by-season interactions. Voxel-wise
analysis of the striatum confirmed the seasonal findings, yielding a large cluster in the left
caudal putamen where fall-winter scans had greater K; than spring-summer scans (Figure 1;
peak voxel coordinates (Montreal Neurological Institute) -30,-6,6; k=117; p<0.05, false
discovery rate corrected for multiple comparisons). Post-hoc voxel-wise analyses also
revealed voxels in the right putamen showing the same seasonal effect (fall-winter > spring-
summer) beginning at p<0.002, uncorrected. There were no regions where spring-summer
scans had greater uptake than fall-winter scans. There were no significant associations
between the time of day that the scan was acquired and either ROI or voxel-wise measures
of striatal K;.

Discussion

Though previous studies in rodents (Naber et al., 1981; Castillo-Romero et al., 1993;
Masubuchi et al., 2000; Uz et al., 2003) and indirect evidence from humans (Karson et al.,
1984; Losonczy et al., 1984; Hartikainen et al., 1991) have suggested dopamine-biorhythm
interactions, to our knowledge, this is the first study demonstrating an effect of season on in
vivo measurements of striatal dopamine in healthy, young adults. Individuals who
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underwent 18F-DOPA PET scans during the fall and winter seasons showed higher striatal
Kj values, suggestive of greater presynaptic dopamine synthesis and storage, in the putamen.
These results could not be explained by differences in sex or age and are in agreement with
the direction of several past experimental findings using cerebrospinal fluid homovanillic
acid (Losonczy et al., 1984; Hartikainen et al., 1991) and postmortem brain tissue dopamine
and homovanillic acid (Karson et al., 1984).

As yearly fluctuations in circadian rhythms underlie circannual changes (Lewy et al., 2006),
it is notable that we found seasonal effects in the caudal putamen, a region of the striatum
that receives its dopaminergic innervation predominantly from the substantia nigra and
shows the greatest involvement in hereditary progressive dystonia with marked diurnal
fluctuation (Segawa Disease). This is an illness in which GCH1 mutations result in reduced
dopaminergic synthetic activity at nigrostriatal nerve terminals and pronounced circadian
fluctuations in motor symptomatology (Segawa, 2000). By what mechanism this region
might be particularly sensitive to chronobiological factors is not known and cannot be
directly assessed by the present data, but one possibility might lie in striatal melatonin-
dopamine interactions (Zisapel, 2001).

We found greater striatal presynaptic dopamine synthesis during the fall and winter season
when circadian cycles feature longer scotoperiods and thereby greater cumulative melatonin
release (Kiveld et al., 1988; Stokkan and Reiter, 1994; Wehr, 1997; Morera and Abreu,
2006) (though see (Sack et al., 1986)). Melatonin shows a complicated interaction with
subcortical dopaminergic systems, both directly inhibiting postsynaptic striatal
dopaminergic signaling and promoting presynaptic dopamine neuronal integrity via both
antioxidant and tissue-specific mechanisms (Zisapel, 2001; Venero et al., 2002). Thus, the
current data invite speculation that they may be a downstream melatonin effect,
compensating for the postsynaptic inhibition (Zisapel, 2001) and/or resulting from
upregulation of dopamine synthesis in midbrain dopaminergic neurons projecting to the
striatum (Venero et al., 2002). Interestingly, because sleep quality shows seasonal variation
and association with melatonin levels (Zeitzer et al., 2007; McLaughlin et al., 2008), this
may be consistent with recent evidence linking striatal Dy/3 receptor binding, measured

by 11C-raclopride PET, with sleep deprivation in healthy humans, suggesting dopaminergic
involvement in regulation of wakefulness in response to sleep-wake cycle fluctuations
(Volkow et al., 2008; VVolkow et al., 2009). Future studies designed to uncover the character
of melatonin-dopamine interactions in living humans are essential to evaluate these
hypotheses.

A longitudinal design with each participant undergoing multiple 18F-DOPA scans
throughout the year would be a preferable and more sensitive approach (albeit limited in
feasibility due to prescribed radiation limits). With future technical advances in PET,
longitudinally designed studies will be helpful to confirm and extend these initial findings.
Nonetheless, the fact that the studied seasonal groups were well-balanced for number, age
(Sack et al., 1986), and gender and were of substantial sample size, strengthens the present
results. Additionally, the fact that data were continuously acquired over several years, rather
than a single annual cycle, with the same hardware and acquisition procedures minimizes
the possibility of secular drift in the data. Finally, it is important to highlight that the
seasonal effects reported here may be a result either of climatic variables (e.g.,
photoperiodicity, temperature variation) or of unmeasured environmental (e.g., diet) or
behavioral (e.g., physical activity) factors, and future experiments aimed at delineating these
influences are necessary to better characterize the present results.

In conclusion, there exists an association between season and presynaptic striatal dopamine
synthesis in healthy humans. Future work is merited to elucidate the nature of this
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relationship in the context of other neurotransmitter systems showing circannual variation
(e.g., melatonin) and its potential implications for both the pathophysiology of and novel
treatment approaches to neuropsychiatric illnesses with cyclical phenomenology.
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Figure 1.

Statistical maps depicting results of voxel-wise analysis of striatal 18F-DOPA uptake (Fall-
Winter group > Spring-Summer group), with a threshold of p<0.05, false discovery rate
corrected for multiple comparisons, overlaid on a standard single-subject T1-weighted
anatomical magnetic resonance image provided in the SPM software package. Color legend
refers to t-values. Images are displayed using radiological conventions (cluster shown is left-
sided).
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