1duosnuey Joyiny JHIO 1duosnuey Joyiny ¥HIO

1duasnuey Joyiny YHID

C | H R Canadian Institutes of Submitted by CIHR
& Health Research Déposé par les IRSC

(4
&

I RSC Instituts de recherche
en santé du Canada
Acta Psychiatr Scand. Author manuscript; available in PMC 2016 July 12.

Published in final edited form as:
Acta Psychiatr Scand. 2015 November ; 132(5): 379-388. doi:10.1111/acps.12424.

Light therapy and serotonin transporter binding in the anterior
cingulate and prefrontal cortex

S. J. Harrison1:2” A, E. Tyrerl” R. D. Levitan?, X. Xul, S. Houlel, A. A. Wilson?, J. N.
Nobregal2, P. M. Rusjanl, and J. H. Meyer?!

1CAMH Research Imaging Centre and Campbell Family Mental Health Research Institute, Centre
for Addiction and Mental Health and Departments of Psychiatry, Pharmacology and Toxicology,
and Institute of Medical Sciences, University of Toronto, Toronto, ON

2Behavioural Neurobiology Laboratory and Campbell Family Mental Health Research Institute
and Departments of Psychiatry, Pharmacology and Toxicology, and Institute of Medical Sciences,
University of Toronto, Toronto, ON, Canada

Abstract

Objective—To investigate the effects of light therapy on serotonin transporter binding (5-HTT
BPnD), an index of 5-HTT levels, in the anterior cingulate and prefrontal cortices (ACC and PFC)
of healthy individuals during the fall and winter. Twenty-five per cent of healthy individuals
experience seasonal mood changes that affect functioning. 5-HTT BPyp has been found to be
higher across multiple brain regions in the fall and winter relative to spring and summer, and
elevated 5-HTT BPyp may lead to extracellular serotonin loss and low mood. We hypothesized
that, during the fall and winter, light therapy would reduce 5-HTT BPyp in the ACC and PFC,
which sample brain regions involved in mood regulation.

Method—In a single-blind, placebo-controlled, counterbalanced, crossover design, [*C]DASB
positron emission tomography was used measure 5-HTT BPyp following light therapy and
placebo conditions during fall and winter.

Results—In winter, light therapy significantly decreased 5-HTT BPyp by 12% in the ACC
relative to placebo (£ g = 18.04, P=0.002). In the fall, no significant change in 5-HTT BPyp was
found in any region across conditions.

Jeffrey H. Meyer, Centre for Addiction and Mental Health, 250 College Street, Toronto, ON M5T 1R8, Canada.
jeff.meyer@camhpet.ca.

Contributed equally to this work.
Declaration of interest
Drs. Meyer, Wilson, and Houle have received operating grant funding for other studies from Eli Lilly, GlaxoSmithKline, Bristol-
Myers Squibb, Lundbeck, SK Life Science, and Johnson and Johnson in the past 5 years. With the exception of Johnson and Johnson,
Dr. Meyer has consulted to these companies, as well as Sepracor, Trius Therapeutics, Teva and Mylan Inc. None of these companies
participated in the funding, design, or execution of this study or writing the manuscript. Dr. Meyer is developing natural health
products to treat high-risk states for MDE. Dr. Meyer is applying for patents to implement measures utilizing MAQO to diagnose or
treat mood disorders and to use peripheral measures as surrogate measures for brain inflalmmation. Dr. Sarah Harrison was employed
by INC research, Forest Laboratories and Janssen, Pharmaceutical Inc., during the past 2 years. All other authors have no declaration
of interest.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

Harrison et al. Page 2

Conclusion—These results identify, for the first time, a central biomarker associated with the
intervention of light therapy in humans which may be applied to further develop this treatment for
prevention of seasonal depression.
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Introduction

In 2008, the World Health Organization (WHO) identified major depressive disorder (MDD)
as the leading cause of death and disability in moderate to high income nations (1) indicating
that new prevention methods are needed. One subtype of MDD, seasonal affective disorder
(SAD), has a 1-6% prevalence rate, depending on latitude and ethnicity (2), and 40% of
people who experience SAD eventually develop MDD, thereby further contributing to the
burden of MDD (3-5). There is additional reason to study the seasonal impact upon mood as
25% of healthy individuals experience seasonally related changes in mood, energy, appetite,
and sleep that affect daily function (6-10). Given the high prevalence of SAD, its role in
predisposing to MDD, and the common problem of impaired function from seasonal
variation in mood, it is important that better prevention and treatment strategies be
developed.

Direct investigation of prevention strategies through clinical trials is labor intensive as only a
subset of individuals develops SAD. Similarly, direct investigation of treatment strategies
with large-scale clinical trials is also difficult as these trials must be oriented to the winter
months. Hence, a valuable intermediate approach is to develop biomarkers to assess the
effect of intervention strategies. The magnitude of effect of the intervention strategy on the
biomarker may be applied to identify therapeutics that should be carried forward in
development. One candidate biomarker for this approach is the serotonin transporter binding
potential (5-HTT BPyp), as measured with carbon 11-labeled 3-amino-4-(2-
dimethylaminomethylphenylsulfanyl)-benzonitrile ([11C]DASB) positron emission
tomography (PET). 5-HTT BPpp equals the ratio of specifically bound to free and non-
specifically bound [11C]DASB in tissue at equilibrium and is an index of serotonin
transporter protein (5-HTT) levels (11-13). In addition, 5-HTT BPyp fluctuates with season
at latitudes where SAD is substantially prevalent. For example, in a study of 5-HTT BPyp
with [11C]JDASB PET in 88 healthy volunteers in Toronto, Canada, markedly elevated 5-
HTT BPyp occurred in fall/winter as compared to spring/summer in a number of affect-
modulating brain regions including the anterior cingulate and prefrontal cortices (ACC and
PFC, respectively), as well as the thalamus and midbrain (11). In a subsequent study in
Copenhagen, Denmark, Kalbitzer et al., applied [F1C]DASB PET and replicated the seasonal
variation in 5-HTT BPyp in 54 subjects (13). [11C]DASB PET has major advantages over
previous PET radiotracers used to measure 5-HTT BPyp, including excellent selectivity,
good reversibility and a better specific to free and non-specific binding ratio. Nevertheless,
similar results were also found in applications with other imaging techniques: in
Amsterdam, Ruhe et al., applied [1231]B-CIT single-photon emission tomography and noted
the same relationship between midbrain 5-HTT BPyp and season in a sample of 49 healthy
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and 49 depressed subjects (14) while Buchert et al., in Hamburg, Germany, used
[11CIMcN5652 PET in 39 subjects and reported the season-related finding in the midbrain,
but not in the thalamus (15). Collectively, these findings indicate that 5-HTT BPyp is higher
across multiple brain regions in fall/winter months compared with spring/summer.

Most 5-HTT is located at outer cell membranes, mainly perisynaptically, but also along
axons and intracellularly (16). DASB has been observed to have a strong preferential
binding to 5-HTT on outer cell membranes (12). As such, it is likely that changes in 5-HTT
binding (5-HTT BPyp) observed in vivo using [11C]DASB PET substantively reflect 5-HTT
protein levels at the cell surface where 5-HT reuptake occurs (12). The important
physiological role of 5-HTT on mood regulation is attributable to its influence on
extracellular 5-HT levels (12, 17-24): there is an inverse relationship between available 5-
HTT and clearance of extracellular 5-HT as 5-HT reuptake inhibitor antidepressants raise
extracellular 5-HT (18, 19), 5-HTT knockout mice have greater extracellular 5-HT (22, 23),
and mice with overexpression of 5-HTT have low extracellular 5-HT (24). In addition, in
humans, lowering 5-HT via acute tryptophan depletion (25) is associated with low mood,
particularly in those vulnerable to developing major depressive episodes (MDE) such as
those with family histories of MDE, or past histories of MDE (26-28). Furthermore, 5-HT
levels and/or their neuromodulatory role are strongly implicated in mood disorders, given
the many selective serotonin reuptake inhibitors (SSRIS) that raise extracellular serotonin are
associated with amelioration of depressive symptoms in individuals suffering from MDD
(29, 30). Modulators of extracellular 5-HT are important because it is well established that
5-HT plays a role in physiology and behaviours reported to change with season including
mood, sleep, appetite, and energy (31). Taken together, these findings emphasize that the
importance of the 5-HTT, in regards to affect-regulation, is its influence on extracellular
serotonin levels.

The purpose of this study was to investigate the effect of a standard intervention for SAD
treatment, light therapy (32) on a potential therapeutic biomarker, 5-HTT BPyp. In both
studies of seasonal variation in 5-HTT BPyp using [11C]DASB PET, an inverse correlation
between duration of daily sunlight and 5-HTT BPyp was found, suggesting that this might
be a promising biomarker for light therapy (11, 13). Our hypothesis was that the
administration of light therapy during the fall and winter months would reduce 5-HTT BPyp
in the anterior cingulate and prefrontal cortices (ACC and PFC). The ACC and PFC (and/or
subregions of these structures) are often activated in mood induction studies (reflecting
processes that generate sad mood) (33-35), and they also participate in cognitive functions
such as those leading to pessimism that create a sad mood (36, 37). Other regions including
the thalamus, basal ganglia, hippocampus, and midbrain were also examined because 5-HTT
density is high in these regions (38-40).

Aims of the study

Our primary aim was to investigate the effect of light therapy on serotonin transporter
binding in the anterior cingulate and prefrontal cortices of healthy individuals during the fall
and winter using a single-blind, placebo-controlled, counterbalanced, crossover design. We
used PET with the radioligand [11C]DASB to measure serotonin transporter binding, an
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index of serotonin transporter levels, in these brain regions following light therapy and
placebo conditions. We hypothesized that serotonin transporter binding would be reduced
after light therapy as compared to placebo treatment in these brain regions.

Material and methods

Participants

Twenty-one healthy volunteers [11 women and 10 men; mean (SD) age 25.8 (5.8) years; age
range 19-39] were recruited through fliers posted in community locations within the Toronto
area. We elected to study healthy volunteers, rather than SAD patients because we were
interested in investigating the potential of 5-HTT BPyp as a biomarker for light exposure, so
as to develop prevention strategies for those who had not yet developed SAD. This was
plausible because previous observations of correlations between 5-HTT BPyp and season
were in healthy samples (11, 13). For each participant, written informed consent was
obtained after the procedures were fully explained. The study and recruitment procedures
were approved by the Research Ethics Board for Human Subjects at the Centre for
Addiction and Mental Health, University of Toronto. Participants were recruited as non-
smoking healthy volunteers, with no history of major medical or psychiatric illness, no
history of alcohol or substance abuse and no recent use of prescription or over the counter
medications, including herbal supplements. Female subjects were free from oral
contraceptives. Subjects were screened using the structured clinical interview for DSM-IV-
non-patient edition to rule out psychiatric disorders (current or in remission), current suicidal
ideation, history of self-harm, anger dyscontrol or impulsive behaviour. Urinalysis and urine
drug screening were also performed to rule out recent herbal, drug, or medication use (i.e.,
within five half-lives).

Two subjects did not complete the study. One subject withdrew due to discomfort in the
scanner. A second subject had a positive urine drug screen for a recreational drug and was
subsequently withdrawn. Thus, between October 2009 and March 2010, 19 participants (10
women and nine men) completed the study.

Study design

\olunteers participated in a single-blind, placebo-controlled, within-subject,
counterbalanced, crossover design. All subjects completed two experimental conditions
separated by a 4-week washout period. In Condition 1, participants received five sessions of
daily light therapy, and in Condition 2, participants received five sessions of placebo
treatment. In each treatment condition, sessions were 30 min in length and took place
between 7:00 am and 7:30 am for five consecutive mornings. Subjects were randomly
assigned to the order in which they received each condition.

Condition 1 (light therapy)—Subjects were seated approximately 30 cm in front of a
Day-Light Classic light box (Uplift Technologies Inc., Dartmouth, NS, Canada), which
emitted broad-spectrum fluorescent white light at 10 000 lux for 30 min; the standard
treatment dose for SAD (41, 42). The height of the box was adjusted so that the subject’s
eyes were level with the center of the screen, and the box was tilted at an angle of
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approximately 15° downward. During the sessions, subjects were asked to read so that gaze
was cast downward and head position and posture were monitored by study investigator
SJH.

Condition 2 (placebo)—In a room separate from that in which subjects had undergone
the light therapy condition, subjects were tethered to an inactive negative ionization system
(Sphere One Inc., Chattanooga, TN, USA) with a Velcro wrist strap and seated
approximately 30 cm in front of the ionizer. Posture and position were monitored by study
investigator SJH. To control for expectancy bias, this intervention was described as another
active condition. Subjects were instructed to read for the duration of the 30-min session.

Mood-related symptoms were assessed at screening and on day 5 of each condition using the
Structured Interview Guide for the Hamilton Depression Rating Scale with Atypical
Depression Supplement (SIGH-ADS), Beck Depression Inventory (BDI), and the 10-cm
Visual Analogue Scale (VAS) for mood (i.e., happy—depressed), energy (i.e., most—least),
and anxiety (i.e., relaxed—tense). At the end of each condition, subjects also underwent a
[11C] DASB PET scan to measure 5-HTT BPyp.

Image acquisition and analysis

Participants underwent a [11C]DASB PET scan at the end of each treatment condition,
spaced a minimum of 4 weeks apart. All scans were scheduled for the morning and took
place at either 9:30 am or 11:30 am. Lighting conditions in the scan room were kept constant
during scanning and participants were instructed to keep their eyes closed for the scan
duration. Participants were required not to consume any caffeine or alcohol 48 h prior to
scanning. On the day of scanning, subjects also underwent laboratory tests (complete blood
cell count, plasma sampling for calcium, cotinine, and thyroid hormones) to ensure physical
health and non-smoking status and a urine drug screen to rule out recent herbal, drug, or
medication use (within five half-lives). All subjects were medication free prior to scanning,
save for three participants who tested positive for over the counter medications, none of
which seemed likely to influence the serotonin transporter (ibuprofen, aspirin, and
pseudoephedrine). In addition, removal of these subjects from analysis did not affect the
significance of the results and therefore, these data were included in the final analyses.

Synthesis and measurement of 5-HTT BPyp with [11C]DASB reported in this study are the
same as those used in previous studies (11, 43-50). Briefly, PET images were acquired using
a high-resolution research tomograph (HRRT) PET camera (in-plane resolution; full width at
half maximum, 3.1 mm; 207 axial sections of 1.2 mm; Siemens Molecular Imaging,
Knoxville, TN, USA). Prior to each scan, an intravenous bolus of 10 mCi (370 MBq) of
[11C]DASB was injected. The [11C]DASB was of high radiochemical purity (99.35

+ 0.57%) and high specific activity (84.78 + 31.14 GBg/umol) at the time of injection. The
emission scan was reconstructed in 15 frames of 1 min, followed by 15 frames of 5 min,
totaling to a scan duration of 90 min in length (43, 51). The images were corrected for
attenuation using a cesium 137-labeled transmission scan and reconstructed by filtered back
projection (Hann filter), and additional details regarding the scanning acquisition have been
previously published (50). Each participant also underwent magnetic resonance imaging
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(GE Signa 1.5-T scanner, spin-echo sequence proton-density-weighted image, X, y, zvoxel
dimensions; 0.78, 0.78, and 3 mm, respectively; GE Medical Systems, Milwaukee, WI,
USA) for the region of interest (ROI) delineation. ROIs were delineated on these magnetic
resonance images using a semi-automated method based on linear and nonlinear
transformations of an ROI template in standard space to each individual magnetic resonance
image (MRI), followed by a refinement process based upon the gray matter probability (52).
The MRI was coregistered to the summated [11C]DASB PET image using a mutual
information algorithm (53), and the resulting transformation was applied to sample the ROIs
from the PET image. The location of the ROI was verified by visual assessment on the
summated [11C]DASB PET image. The posterior half of the cerebellar cortex under
exclusion of vermis and cerebellar white matter served as the reference region. The borders
of the reference tissue were at least one full width at half maximum (5.5 mm) from the
venous sinuses and occipital cortex. At a distance of one full width at half maximum,
spillover from the occipital cortex (which has specific binding) or the venous sinuses is
negligible.

5-HTT BPyp Vvalues were determined using the non-invasive Logan method (PMOD
Technologies Ltd., Zurich, Switzerland) (54). This method provides valid and reproducible
[11C]DASB PET measurements of 5-HTT BPyp values with low between-subject variance
in 5-HTT BPyp for most brain regions (45, 47-49). A secondary analysis was conducted
using the simplified reference tissue method 2 (SRTM2) (51, 55).

Statistical analysis

Participants were divided into fall (September 22 to December 20) and winter (December 21
to March 19) groups corresponding to the season in which they were scanned. The mean
scan date (SD) of the fall group was November 17, 2009 (18.6 days), and the mean scan date
of the winter group was February 13, 2010 (16.1 days).

For each region, within each group, the Shapiro-Wilk test was applied to assess the
normality of the distribution of the difference in 5-HTT BPyp between light and placebo
conditions. PET data were also plotted as a histogram for each group and visually inspected
to ensure normality and concordance with the Shapiro-Wilk test. In the fall group, the
difference in 5-HTT BPyp between light and placebo was normally distributed across all
brain regions assayed. In the winter group, PET data were normally distributed across all
brain regions with the exception of the thalamus (Shapiro-Wilk test, W= 0.82, £=0.03).

The primary analyses were repeated-measures multivariate analyses of variance (MANOVA)
applied to each group to assess the effect of treatment (light therapy vs. placebo) on 5-HTT
BPnp (the repeated dependent variable) in the ACC and PFC within each season. Regional
univariate repeated-measures ANOVAs were applied only if there was a significant omnibus
effect in the repeated-measures MANOVA. To correct for four multiple comparisons (two
seasons, fall and winter; two a prioribrain regions, ACC and PFC), significance for each
ANOVA was set at a P-value of 0.0125. As a secondary analysis, for each group, a repeated-
measures MANOVA was applied to assess for a global effect of treatment (light therapy vs.
placebo) on 5-HTT BPpp in all brain regions assayed, with the exclusion of data from the
thalamus pertaining to the winter group, which was not normally distributed.
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In addition, for each group, exploratory two-tailed paired #tests were also performed to
examine the effects of treatment in all brain regions, with the exception of winter data from
the thalamus, for which the nonparametric Wilcoxon signed-ranks test was applied. For
these exploratory analyses, to correct for 14 multiple comparisons (two seasons, fall and
winter; seven brain regions), significance was set at a A-value of 0.0036. For each group
(with the exclusion of winter data from the thalamus), effect size (Cohen’s d) was calculated
for all regions, defined as mean difference across conditions (light vs. placebo) divided by
the standard deviation of the difference across conditions. For winter data from the thalamus,
effect size was calculated by dividing the test statistic from the nonparametric Wilcoxon
signed-ranks test by the square root of the number of observations.

As an additional exploratory measure, Pearson’s correlation coefficients were also applied to
determine whether there was a relationship between reduction in 5-HTT BPyp in the ACC, a
region heavily involved in mood regulation (56), following light therapy relative to placebo,
and improvement on scales of mood-related symptoms (BDI, VAS mood, anxiety, energy,
and SIGH-ADS). All analyses were performed using the Statistical Package for Social
Sciences version 20 (IBM SPSS Statistics, Chicago, IL, USA).

In the winter group, there was a main effect of treatment on 5-HTT BPyp in the ACC and
PFC (repeated-measures MANOVA, £, g = 19.54, P=0.001). Subsequent univariate
pairwise ANOVAs showed this treatment effect to be significant only in the ACC (£ g =
18.04, P=0.002) after correction for multiple comparisons where a decrease in 5-HTT
BPnp of 12% was observed following light therapy relative to placebo, but not in the PFC
(magnitude —1.1%, £y g = 0.23, P=0.64). As a secondary analysis, the repeated-measures
MANOVA was rerun with all ROIs, excluding the thalamus, and an effect of treatment was
observed (/46 = 14.53, P=0.01); however, as this was an exploratory analysis among a
number of such analyses, greater than 5, this was viewed as a non-significant finding.
Subsequent exploratory ttests revealed some level of reduction in 5-HTT BPyp in the
ventral striatum after light therapy compared with placebo (magnitude —9.9%, paired #test,
tg=2.85, P=0.02) and hippocampus (magnitude —10%, paired #test, Zg=1.73, £=0.12),
but the effect in the ventral striatum did not remain significant after correction for multiple
comparisons (Fig. 1 and Table 1). In addition, in the winter group, upon application of the
two-tailed nonparametric Wilcoxon signed-ranks test, we did not observed a significant
effect of treatment (light therapy vs. placebo) on 5-HTT BPyp in the thalamus (Z=-1.79, P
=0.08). In the fall group, there was no significant effect of treatment on 5-HTT BPyp
observed in the ACC and PFC (repeated-measures MANOVA, £, 7 =0.93, P=0.44) or,
upon additional comparison, in any other examined region (Table 1). Similar results were
obtained when analyzing 5-HTT BPyp Vvalues obtained from applying SRTM2. 5-HTT
BPnp Values were highly correlated across the two methods in each region, within both light
therapy and placebo conditions (Pearson’s correlation coefficient, 7= 0.90-0.99, £< 0.001
and r=0.92-0.99, P< 0.001 respectively).

An exploratory analysis was also conducted to determine whether there was a relationship
between reduction in 5-HTT BPyp in the ACC following light therapy relative to placebo
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and improvement of mood-related symptoms. As small changes in mood-related symptoms
would be expected of healthy subjects prior to and after light therapy, behavioural data were
pooled across fall and winter groups (/7= 19) to increase statistical power. Accordingly, a
modest positive, trend-level correlation was observed between reduction in 5-HTT BPyp in
the ACC following light therapy relative to placebo and improvement of scores on the BDI
(Pearson’s correlation coefficient, r=0.45, = 0.06) and VAS mood (Pearson’s correlation
coefficient, r=0.34, P=0.16). However, no significant or trend-level correlations were
observed between the other scales of mood symptoms (VAS anxiety, energy, or SIGH-ADS)
and change in 5-HTT BPyp in the ACC or PFC.

We also collected sleep data via actigraphy (Actiwatch Spectrum, Philips Respironics,
Pennsylvania, USA) because we were interested in investigating the relationship between
changes in sleep measures and in 5-HTT BPpp following light therapy. However, we did not
observe a significant correlation between change in ACC 5-HTT BPyp and any sleep
measure (time of awakening, bed-time, number of awakenings, sleep duration, sleep
efficacy, and sleep latency, r=0.20-0.04, A= 0.40-0.87) across conditions and upon further
analysis and did not find group differences in changes in these parameters (Table 2). Most
likely, the reason for this was that the sample had fairly normative levels of these measures.

Discussion

This is the first investigation to compare the effect of light therapy to placebo upon 5-HTT
BPpp in the human brain. The primary finding is that, during the winter, administration of
light therapy significantly decreased 5-HTT BPyp in the ACC of healthy humans, and this
reduction remained significant after correction for multiple comparisons. In the fall group,
no significant change was observed in any examined brain region. These results have
important implications as they suggest a novel mechanism by which light exposure may
exert an antidepressant effect and also provide a basis upon which to better develop light
therapy for prevention of SAD.

At present, there is no consensus by which light therapy facilitates amelioration of
depressive symptoms such as low mood. However, the finding that light therapy, a first-line
treatment for SAD, affects 5-HTT BPyp in the ACC is in accordance with literature
supporting the role of this brain region in regulation of mood and antidepressant response.
The ACC participates in production of sad emotions, where regional activations occur during
transient sadness and a reduction in activity follows recovery from depression (35). In
addition, activity in the ACC has been observed to decrease in response to antidepressant
drug treatment, cognitive behavioural therapy, transcranial magnetic stimulation, and deep
brain stimulation (DBS) (56). Interestingly, 5-HT function in the ACC may be important for
treatment response as, in rodent models of depressive behaviour, 5-HT depletion abolishes
the antidepressant effects of DBS in the ACC (57, 58).

One explanation for reduced 5-HTT BPyp in the ACC following light therapy is that, during
the winter, light exposure may increase signaling between the retina, dorsal raphe nucleus
(DRN) of the midbrain and ACC to influence 5-HTT BPyp in the ACC. To elaborate upon
this putative mechanism, it has been reported that retinal sensitivity, as measured by
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electroretinography, changes after light therapy in individuals with SAD (59) and also varies
seasonally in both subsyndromal and full-syndrome SAD (59, 60). In addition, in a recent
preclinical study, it was shown that, following light exposure, a distinct population of non-
visual DRN-projecting retinal ganglion cells (RGCs) was able to modulate affective
behaviour via increased input to 5-HT neurons in the DRN (61). Furthermore, in rodents,
sleep deprivation, an antidepressant treatment that increases neuronal firing in the DRN (62),
has been found to downregulate levels of monoamine transporters such as the 5-HTT and
norepinephrine transporter (NET) in efferent limbic structures (63, 64). The DRN has
projections to the ACC (65) and 5-HTT BPyp in the ACC varies inversely with duration of
daily sunshine (11). In future study, preclinical investigation would be helpful in regards to
identifying specific cellular mechanisms underlying this light-induced change in 5-HTT
BPnD.

As approximately 25% of healthy individuals experience seasonal changes in mood and
energy that impair functioning (6-10) and only 55% of individual suffering from seasonal
depressive symptoms fully remit after light therapy (66), there is an urgent need for research
to optimize this treatment for prevention of SAD. [11C]DASB PET is currently applied to
guide new antidepressant drug development for medications that bind to the 5-HTT (45-47,
67, 68). Our finding of a decrease in 5-HTT BPyp in the ACC of healthy individuals and an
associated increase in mood after light therapy represents the first central biomarker
associated with therapeutic response to light exposure. This reduction in 5-HTT BPyp in the
ACC, a brain region heavily involved in mood regulation (56), following light therapy, may
provide a means to improve the efficacy of this treatment. For example: [11C]DASB PET
could be similarly applied to determine what aspects (i.e., light color, duration, intensity,
time of day, etc.) of light exposure best reduce 5-HTT BPyp in the ACC to optimize this
treatment.

One limitation of the present study is that it may have been underpowered to detect changes
in 5-HTT BPyp in regions other than the ACC, such as the ventral striatum and
hippocampus which had similar magnitudes of change but greater variability of such change.
Second, while our cutoff between winter and fall was based on standardized definitions of
season, it is possible that the true cutoff at which 5-HTT BPyp in the ACC decreases after
light therapy might be earlier, as a cutoff of November 27 would have yielded similar results
(magnitude —12.81%, repeated-measures ANOVA, Fq 11 = 7.34, P=0.02). Third, we chose
to examine the effect of light therapy in healthy volunteers; thus, the extent to which these
findings are generalizable to a clinical population of individuals with SAD is unclear.
Another challenge in studying healthy volunteers is that they would be expected to score low
on measures of depressed mood and energy both prior to and after light therapy. This floor
effect may have limited our ability to detect significant correlations between 5-HTT BPyp
and symptom-related scales.

We studied healthy individuals in the fall and winter as the primary aim of this study was to
evaluate the potential of 5-HTT BPyp as a biomarker for light exposure to develop
prevention strategies for new-onset SAD. Nevertheless, these results suggest several future
directions: one future direction should examine the effect of light therapy on 5-HTT BPyp
in individuals with subsyndromal or full-syndrome SAD to determine whether there would
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be a greater level of response. Another interesting future direction would be to assess the
effect of light therapy on 5-HTT BPyp in the spring and summer to further characterize the
seasonal variation in response.

In summary, this is the first study to examine the effects of light therapy upon 5-HTT BPyp
in the living human brain. The main finding is that 5-HTT BPyp in the ACC was
significantly reduced after light therapy relative to placebo treatment in healthy individuals
during the winter months. These results provide evidence of a relationship between 5-HTT
binding in the ACC and light therapy and identify, for the first time, a central biomarker
associated with the therapeutic intervention of light therapy. As such, this central biomarker
represents a new approach by which, in the future, different candidate light therapy
strategies could be screened with the best-performing method upon reducing 5-HTT BPyp
in the ACC being advanced to clinical trial for preventing SAD.

Acknowledgments

Funding

This work was supported by funding from the Canadian Institutes of Health Research (CIHR) (grant number:
RN158849 — 274056) and student salary support from Brain Canada.

References

1. WHO. The global burden of disease: 2004 update. Geneva: WHO Press; 2008.

2. Magnusson A. An overview of epidemiological studies on seasonal affective disorder. Acta
Psychiatr Scand. 2000; 101:176-184. [PubMed: 10721866]

3. Wicki W, Angst J, Merikangas KR. The Zurich Study: XIV. Epidemiology of seasonal depression.
Eur Arch Psychiatry Clin Neurosci. 1992; 241:301-306. [PubMed: 1606194]

4. Sakamoto K, Nakadaira S, Kamo K, Kamo T, Takahashi K. A longitudinal follow-up study of
seasonal affective disorder. Am J Psychiatry. 1995; 152:862-868. [PubMed: 7755115]

5. Schwartz PJ, Brown C, Wehr TA, Rosenthal NE. Winter seasonal affective disorder: a follow-up
study of the first 59 patients of the National Institute of Mental Health Seasonal Studies Program.
Am J Psychiatry. 1996; 153:1028-1036. [PubMed: 8678171]

6. Rosen LN, Targum SD, Terman M, et al. Prevalence of seasonal affective disorder at four latitudes.
Psychiatry Res. 1990; 31:131-144. [PubMed: 2326393]

7. Kasper S, Wehr TA, Bartko JJ, Gaist PA, Rosenthal NE. Epidemiological findings of seasonal
changes in mood and behavior. A telephone survey of Montgomery County, Maryland. Arch Gen
Psychiatry. 1989; 46:823-833. [PubMed: 2789026]

8. Chotai J, Smedh K, Johansson C, Nilsson LG, Adolfsson R. An epidemiological study on gender
differences in self-reported seasonal changes in mood and behaviour in a general population of
northern Sweden. Nord J Psychiatry. 2004; 58:429-437. [PubMed: 16195086]

9. Perry JA, Silvera DH, Rosenvinge JH, Neilands T, Holte A. Seasonal eating patterns in Norway: a
non-clinical population study. Scand J Psychol. 2001; 42:307-312. [PubMed: 11547905]

10. Okawa M, Shirakawa S, Uchiyama M, et al. Seasonal variation of mood and behaviour in a healthy

middle-aged population in Japan. Acta Psychiatr Scand. 1996; 94:211-216. [PubMed: 8911554]
11. Praschak-Rieder N, Willeit M, Wilson AA, Houle S, Meyer JH. Seasonal variation in human brain
serotonin transporter binding. Arch Gen Psychiatry. 2008; 65:1072-1078. [PubMed: 18762593]

12. Quelch DR, Parker CA, Nutt DJ, Tyacke RJ, Erritzoe D. Influence of different cellular
environments on [3H] DASB radioligand binding. Synapse. 2012; 66:1035-1039. [PubMed:
22927261]

Acta Psychiatr Scand. Author manuscript; available in PMC 2016 July 12.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

Harrison et al.

Page 11

13. Kalbitzer J, Erritzoe D, Holst KK, et al. Seasonal changes in brain serotonin transporter binding in
short serotonin transporter linked polymorphic region-allele carriers but not in long-allele
homozygotes. Biol Psychiatry. 2010; 67:1033-1039. [PubMed: 20110086]

14. Ruhé HG, Booij J, Reitsma JB, Schene AH. Serotonin transporter binding with [1231]beta-CIT
SPECT in major depressive disorder versus controls: effect of season and gender. Eur J Nucl Med
Mol Imaging. 2009; 36:841-849. [PubMed: 19183998]

15. Buchert R, Schulze O, Wilke F, et al. Is correction for age necessary in SPECT or PET of the
central serotonin transporter in young, healthy adults? J Nucl Med. 2006; 47:38-42. [PubMed:
16391185]

16. Zhou FC, Tao-Cheng JH, Segu L, Patel T, Wang Y. Serotonin transporters are located on the axons
beyond the synaptic junctions: anatomical and functional evidence. Brain Res. 1998; 805:241-254.
[PubMed: 9733975]

17. Blier P, De Montigny C. Electrophysiological investigations on the effect of repeated zimelidine
administration on serotonergic neurotransmission in the rat. J Neurosci. 1983; 3:1270-1278.
[PubMed: 6304261]

18. Bel N, Artigas F. Fluvoxamine preferentially increases extracellular 5-hydroxytryptamine in the
raphe nuclei: an in vivo microdialysis study. Eur J Pharmacol. 1992; 229:101-103. [PubMed:
1282104]

19. Bel N, Artigas F. Chronic treatment with fluvoxamine increases extracellular serotonin in frontal
cortex but not in raphe nuclei. Synapse. 1993; 15:243-245. [PubMed: 7506449]

20. Dreshfield LJ, Wong DT, Perry KW, Engleman EA. Enhancement of fluoxetine-dependent increase
of extracellular serotonin (5-HT) levels by (-)-pindolol, an antagonist at 5-HT1A receptors.
Neurochem Res. 1996; 21:557-562. [PubMed: 8726963]

21. Moret C, Briley M. Effects of acute and repeated administration of citalopram on extracellular
levels of serotonin in rat brain. Eur J Pharmacol. 1996; 295:189-197. [PubMed: 8720583]

22. Shen HW, Hagino Y, Kobayashi H, et al. Regional differences in extracellular dopamine and
serotonin assessed by in vivo microdialysis in mice lacking dopamine and/or serotonin
transporters. Neuropsychopharmacology. 2004; 29:1790-1799. [PubMed: 15226739]

23. Mathews TA, Fedele DE, Coppelli FM, Avila AM, Murphy DL, Andrews AM. Gene dose-
dependent alterations in extraneuronal serotonin but not dopamine in mice with reduced serotonin
transporter expression. J Neurosci Methods. 2004; 140:169-181. [PubMed: 15589347]

24. Jennings KA, Loder MK, Sheward WJ, et al. Increased expression of the 5-HT transporter confers
a low-anxiety phenotype linked to decreased 5-HT transmission. J Neurosci. 2006; 26:8955-8964.
[PubMed: 16943551]

25. Young SN, Smith SE, Pihl RO, Ervin FR. Tryptophan depletion causes a rapid lowering of mood in
normal males. Psychopharmacology. 1985; 87:173-177. [PubMed: 3931142]

26. Zepf FD. Acute tryptophan depletion—a translational research method for studying the impact of
central nervous system serotonin function. Acta Psychiatr Scand. 2013; 128:105-106. [PubMed:
23829231]

27. Delgado PL, Charney DS, Price LH, Aghajanian GK, Landis H, Heninger GR. Serotonin function
and the mechanism of antidepressant action. Reversal of antidepressant-induced remission by
rapid depletion of plasma tryptophan. Arch Gen Psychiatry. 1990; 47:411-418. [PubMed:
2184795]

28. Leyton M, Ghadirian AM, Young SN, et al. Depressive relapse following acute tryptophan
depletion in patients with major depressive disorder. J Psychopharmacol. 2000; 14:284—287.
[PubMed: 11106310]

29. Owens MJ, Nemeroff CB. Role of serotonin in the pathophysiology of depression: focus on the
serotonin transporter. Clin Chem. 1994; 40:288-295. [PubMed: 7508830]

30. Owens MJ, Nemeroff CB. The serotonin transporter and depression. Depress Anxiety. 1998; 8:5—
12. [PubMed: 9809208]

31. Canli T, Lesch KP. Long story short: the serotonin transporter in emotion regulation and social
cognition. Nat Neurosci. 2007; 10:1103-1109. [PubMed: 17726476]

32. Boyce P, Hopwood M. Manipulating melatonin in managing mood. Acta Psychiatr Scand. 2013;
444:16-23.

Acta Psychiatr Scand. Author manuscript; available in PMC 2016 July 12.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

Harrison et al.

Page 12

33. Liotti M, Mayberg HS. The role of functional neuroimaging in the neuropsychology of depression.
J Clin Exp Neuropsychol. 2001; 23:121-136. [PubMed: 11320448]

34. Liotti M, Mayberg HS, McGinnis S, Brannan SL, Jerabek P. Unmasking disease-specific cerebral
blood flow abnormalities: mood challenge in patients with remitted unipolar depression. Am J
Psychiatry. 2002; 159:1830-1840. [PubMed: 12411216]

35. Mayberg HS, Liotti M, Brannan SK. Reciprocal limbiccortical function and negative mood:
converging PET findings in depression and normal sadness. Am J Psychiatry. 1999; 156:675-682.
[PubMed: 10327898]

36. Sharot T, Riccardi AM, Raio CM, Phelps EA. Neural mechanisms mediating optimism bias.
Nature. 2007; 450:102-105. [PubMed: 17960136]

37. Tom SM, Fox CR, Trepel C, Poldrack RA. The neural basis of loss aversion in decision-making
under risk. Science. 2007; 315:515-518. [PubMed: 17255512]

38. Cortés R, Soriano E, Pazos A, Probst A, Palacios JM. Autoradiography of antidepressant binding
sites in the human brain: localization using [3H]imipramine and [3H] paroxetine. Neuroscience.
1988; 27:473-496. [PubMed: 2975361]

39. Backstrom I, Bergstrom M, Marcusson J. High affinity [3H]paroxetine binding to serotonin uptake
sites in human brain tissue. Brain Res. 1989; 486:261-268. [PubMed: 2525060]

40. Laruelle M, Vanisherg MA, Maloteaux JM. Regional and subcellular localization in human brain
of [3H]paroxetine binding, a marker of serotonin uptake sites. Biol Psychiatry. 1988; 24:299-3009.
[PubMed: 2969755]

41. Terman JS, Terman M, Schlager D, et al. Efficacy of brief, intense light exposure for treatment of
winter depression. Psychopharmacol Bull. 1990; 26:3-11. [PubMed: 2371371]

42. Terman M, Terman JS. Light therapy for seasonal and non-seasonal depression: efficacy, protocol,
safety, and side effects. CNS Spectr. 2005; 10:647-663. quiz 672. [PubMed: 16041296]

43. Ginovart N, Wilson AA, Meyer JH, Hussey D, Houle S. Positron emission tomography
quantification of [(11)C]-DASB binding to the human serotonin transporter: modeling strategies. J
Cereb Blood Flow Metab. 2001; 21:1342-1353. [PubMed: 11702049]

44. Houle S, Ginovart N, Hussey D, Meyer JH, Wilson AA. Imaging the serotonin transporter with
positron emission tomography: initial human studies with [11C]DAPP and [11C]DASB. Eur J
Nucl Med. 2000; 27:1719-1722. [PubMed: 11105830]

45. Meyer JH, Houle S, Sagrati S, et al. Brain serotonin transporter binding potential measured with
carbon 11-labeled DASB positron emission tomography: effects of major depressive episodes and
severity of dysfunctional attitudes. Arch Gen Psychiatry. 2004; 61:1271-1279. [PubMed:
15583118]

46. Meyer JH, Wilson AA, Ginovart N, et al. Occupancy of serotonin transporters by paroxetine and
citalopram during treatment of depression: a [(11)C]DASB PET imaging study. Am J Psychiatry.
2001; 158:1843-1849. [PubMed: 11691690]

47. Meyer JH, Wilson AA, Sagrati S, et al. Serotonin transporter occupancy of five selective serotonin
reuptake inhibitors at different doses: an [11C]DASB positron emission tomography study. Am J
Psychiatry. 2004; 161:826—835. [PubMed: 15121647]

48. Praschak-Rieder N, Kennedy J, Wilson AA, et al. Novel 5-HTTLPR allele associates with higher
serotonin transporter binding in putamen: a [(11)C] DASB positron emission tomography study.
Biol Psychiatry. 2007; 62:327-331. [PubMed: 17210141]

49. Praschak-Rieder N, Wilson AA, Hussey D, et al. Effects of tryptophan depletion on the serotonin
transporter in healthy humans. Biol Psychiatry. 2005; 58:825-830. [PubMed: 16026765]

50. Meyer JH, Wilson AA, Sagrati S, et al. Brain monoamine oxidase A binding in major depressive
disorder: relationship to selective serotonin reuptake inhibitor treatment, recovery, and recurrence.
Arch Gen Psychiatry. 2009; 66:1304-1312. [PubMed: 19996035]

51. Ichise M, Liow JS, Lu JQ, et al. Linearized reference tissue parametric imaging methods:
application to [11C]DASB positron emission tomography studies of the serotonin transporter in
human brain. J Cereb Blood Flow Metab. 2003; 23:1096-1112. [PubMed: 12973026]

52. Rusjan P, Mamo D, Ginovart N, et al. An automated method for the extraction of regional data
from PET images. Psychiatry Res. 2006; 147:79-89. [PubMed: 16797168]

Acta Psychiatr Scand. Author manuscript; available in PMC 2016 July 12.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

Harrison et al.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

Page 13

Studholme C, Hill DLG, Hawkes DJ. An overlap invariant entropy measure of 3D medical image
alignment. Pattern Recogn. 1999; 32:71-86.

Logan J, Fowler JS, Volkow ND, Wang GJ, Ding YS, Alexoff DL. Distribution volume ratios
without blood sampling from graphical analysis of PET data. J Cereb Blood Flow Metab. 1996;
16:834-840. [PubMed: 8784228]

Wu Y, Carson RE. Noise reduction in the simplified reference tissue model for neuroreceptor
functional imaging. J Cereb Blood Flow Metab. 2002; 22:1440-1052. [PubMed: 12468889]
Ressler KJ, Mayberg HS. Targeting abnormal neural circuits in mood and anxiety disorders: from
the laboratory to the clinic. Nat Neurosci. 2007; 10:1116-1124. [PubMed: 17726478]

Hamani C, Diwan M, Macedo CE, et al. Antidepressant-like effects of medial prefrontal cortex
deep brain stimulation in rats. Biol Psychiatry. 2010; 67:117-124. [PubMed: 19819426]

Hamani C, Machado DC, Hip_olide DC, et al. Deep brain stimulation reverses anhedonic-like
behavior in a chronic model of depression: role of serotonin and brain derived neurotrophic factor.
Biol Psychiatry. 2012; 71:30-35. [PubMed: 22000731]

Lavoie MP, Lam RW, Bouchard G, et al. Evidence of a biological effect of light therapy on the
retina of patients with seasonal affective disorder. Biol Psychiatry. 2009; 66:253-258. [PubMed:
19135188]

Hébert M, Dumont M, Lachapelle P. Electrophysiological evidence suggesting a seasonal
modulation of retinal sensitivity in subsyndromal winter depression. J Affect Disord. 2002;
68:191-202. [PubMed: 12063147]

Ren C, Luan L, Wui-Man Lau B, et al. Direct retino-raphe projection alters serotonergic tone and
affective behavior. Neuropsychopharmacology. 2013; 38:1163-1175. [PubMed: 23370156]

Ursin R. Serotonin and sleep. Sleep Med Rev. 2002; 6:57-69.

Hipdlide DC, Moreira KM, Barlow KB, Wilson A, Nobrega JN, Tufik S. Distinct effects of sleep
deprivation on binding to norepinephrine and serotonin transporters in rat brain. Prog
Neuropsychopharmacol Biol Psychiatry. 2005; 29:297-303. [PubMed: 15694238]

Mogilnicka E, Arbilla S, Depoortere H, Langer SZ. Rapid-eye-movement sleep deprivation
decreases the density of 3H-dihydroalprenolol and 3H-imipramine binding sites in the rat cerebral
cortex. Eur J Pharmacol. 1980; 65:289-292. [PubMed: 7398791]

Porrino LJ, Goldman-Rakic PS. Brainstem innervation of prefrontal and anterior cingulate cortex
in the rhesus monkey revealed by retrograde transport of HRP. J Comp Neurol. 1982; 205:63-76.
[PubMed: 6121826]

Lam RW, Levitt AJ, Levitan RD, et al. The Can-SAD study: a randomized controlled trial of the
effectiveness of light therapy and fluoxetine in patients with winter seasonal affective disorder. Am
J Psychiatry. 2006; 163:805-812. [PubMed: 16648320]

Meyer JH. Applying neuroimaging ligands to study major depressive disorder. Semin Nucl Med.
2008; 38:287-304. [PubMed: 18514084]

Meyer JH. Neuroimaging markers of cellular function in major depressive disorder: implications
for therapeutics, personalized medicine, and prevention. Clin Pharmacol Ther. 2012; 91:201-214.
[PubMed: 22218074]

Acta Psychiatr Scand. Author manuscript; available in PMC 2016 July 12.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duasnuel Joymny YHID

Harrison et al.

Page 14

Significant outcomes

. Serotonin transporter binding was significantly reduced in the anterior
cingulate cortex (ACC) of healthy individuals following light therapy relative
to placebo during the winter months.

. First evidence of the involvement of the serotonin transporter in the ACC, a
brain region with a known role in antidepressant response, in the therapeutic
effects of light therapy.

. Identification of a central biomarker that could be applied in the future to
assess the effect of modifications of light therapy (i.e., modifications that lead
to greater effect on the biomarker could be selected for further investigation).
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Limitations

. Possibly underpowered to detect lesser changes in serotonin transporter
binding in regions other than the anterior cingulate cortex (ACC) and
prefrontal cortex (PFC).

. Healthy volunteers were studied which was advantageous for evaluating light
therapy as a preventative strategy. However, this was not studied in seasonal
affective disorder.

. Detection of significant correlations between change in symptom-related
scales and reduced serotonin transporter binding may have been limited by a
floor effect as would be expected when studying healthy volunteers.

Acta Psychiatr Scand. Author manuscript; available in PMC 2016 July 12.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duasnuel Joymny YHID

Harrison et al.

5-HTT BPnbp

0.8

2
)

=
w

0.0

Page 16

40 - -4 Winter group - placebo condition
’ -4 Winter group - light therapy condition
A 32 ¢ \
01} /
-
% § T
r 16 t
A/A Te} ﬁ\
— —
08 |
0.0
ACC Prefrontal cortex Ventral striatum Hippocampus Dorsal Midbrain

putamen

Fig. 1.
Serotonin transporter binding potential (5-HTT BPyp) measured across conditions in six

brain regions of interest (ROIs) during the winter (n= 10). Open (placebo) and closed (light
therapy) triangles represent individual subject 5-HTT BPyp values for each condition, and
red bars represent the group mean. ACC refers to anterior cingulate cortex. 5-HTT BPyp
was significantly decreased in the ACC of healthy individuals following light therapy
relative to placebo. Trend-level reductions in 5-HTT BPyp were also observed in the ventral
striatum and hippocampus. Error bars were omitted for clarity.
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