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Serotonin (5-HT) is a neurotransmitter critically involved in a broad range of brain functions and implicated in
the pathophysiology of neuropsychiatric illnesses including major depression, anxiety and sleep disorders. De-
spite being widely distributed throughout the brain, there is limited knowledge on the contribution of 5-HT to
intrinsic brain activity. The dorsal raphe (DR) andmedian raphe (MR) nuclei are the source of most serotonergic
neurons projecting throughout the brain and thus provide a compelling target for a seed-based probe of resting-
state activity related to 5-HT.Herewe implemented a novelmultimodal neuroimaging approach for investigating
resting-state functional connectivity (FC) between DR and MR and cortical, subcortical and cerebellar target
areas. Using [11C]DASB positron emission tomography (PET) images of the brain serotonin transporter (5-HTT)
combined with structural MRI from 49 healthy volunteers, we delineated DR and MR and performed a seed-
based resting-state FC analysis. The DR and MR seeds produced largely similar FC maps: significant positive FC
with brain regions involved in cognitive and emotion processing including anterior cingulate, amygdala, insula,
hippocampus, thalamus, basal ganglia and cerebellum. Significant negative FC was observed within pre- and
postcentral gyri for the DR but not for the MR seed. We observed a significant association between DR and MR
FC and regional 5-HTT binding. Our results provide evidence for a resting-state network related to DR and MR
and comprising regions receiving serotonergic innervation and centrally involved in 5-HT related behaviors in-
cluding emotion, cognition and reward processing. These findings provide a novel advance in estimating
resting-state FC related to 5-HT signaling, which can benefit our understanding of its role in behavior and neuro-
psychiatric illnesses.

© 2015 Elsevier Inc. All rights reserved.

Introduction

The serotonin (5-hydroxytryptamine, 5-HT) neurotransmitter sys-
tem is a critical component in the healthy functioning of the human
brain and is involved in many functions such as sleep–wake cycle
(Portas et al., 2000), reward (Liu et al., 2014), appetite (Curzon, 1990),
emotion (Meneses and Liy-Salmeron, 2012), motor function (Di
Matteo et al., 2008) and cognition (Meneses, 1999). Disruptions in the
serotonin systemhave been implicated in awide spectrumof neuropsy-
chiatric disorders, including major depression disorder (Paul-Savoie
et al., 2011), anxiety (Sullivan et al., 2005), bipolar disorder

(Mahmood and Silverstone, 2001), chronic stress (Jovanovic et al.,
2011), and drug addiction (Müller and Homberg, 2014).

Serotonergic innervation of cerebral cortex, subcortical structures
and cerebellum originates for the greater part from the dorsal (DR)
and median (MR) raphe nuclei (Dorocic et al., 2014; Hornung, 2003;
Jacobs andAzmitia, 1992; Vertes and Linley, 2008). Thus, effects of sero-
tonin signaling on brain function and behavior critically depend on ap-
propriate communication with these nuclei. Despite substantial focus
and clear relevance to delineating neurobiological mechanisms associ-
atedwith various neuropsychiatric illnesses, the effects of serotonin sig-
naling on brain function are not fully understood. Recent studies have
reported that serotonin signaling modulates resting-state networks
(RSNs) including the commonly studied default mode network
(DMN) (Hahn et al., 2012; McCabe and Mishor, 2011). However, these
studies have focused on networks modulated by serotonergic input
rather than more directly modeling serotonin-related connectivity
based on raphe nuclei intrinsic connectivity. The evaluation of the func-
tional connectivity (FC) with DR or MR at rest would provide yet
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unreported novel insight into how serotonin signaling shapes intrinsic
brain connectivity.

The purpose of this studywas to elucidate FC of theDR andMR in the
healthy human brain at rest. We used high resolution imaging of the
serotonin transporter (5-HTT) with [11C]DASB positron emission to-
mography (PET), an effective probe of 5-HTT binding in receptor-rich
regions (Frankle and Slifstein, 2006), combined with anatomical land-
marks from structural magnetic resonance imaging (MRI) to determine
subject-specific DR andMR regions of interests (ROIs). These ROIs were
then transferred to functional MRI (fMRI) space where we performed
seed-based FC to identify areas showing significant resting-state FC
with DR and MR. Finally we correlated regional DR and MR FC with
regional 5-HTT binding to assess the association between the identified
FC maps and serotonin signaling.

Methods

Participants

Data from 63 healthy women were collected at baseline as part
of a broader randomized, placebo-controlled and double-blind in-
tervention study. Subjects were scanned before (baseline) and
after an intervention. In the current study, the baseline data was
used for the main analysis and the placebo intervention data was
included only for the test–retest evaluation. The placebo interven-
tion consisted of a single subcutaneous injection of saline into the
abdomen approximately 4 weeks prior to rescan. Additional details
regarding the overall study design can be found elsewhere
(Frokjaer et al., in press). Importantly, all fMRI and PET data were
acquired at a fixed time relative to their menstrual cycle phase (fol-
licular), as determined by ovarian ultrasound. The study was regis-
tered and approved by the local ethics committee under the
protocol number H-2-2010-108. After complete description of the
study, written informed consent was obtained from all
participants.

Of the 63 participants, 14 were excluded due to excessive motion
(detailed below in the fMRI analysis section) during the rs-fMRI scans
at baseline. Thus rs-fMRI data from 49 participants (age 24.2 ± 4.7)
was available for our analyses. To evaluate the reproducibility of the
FC results, we repeated the FC analysis on data from the 20 participants
that received placebo (age 25.6 ± 6.2) but were without excessive mo-
tion at baseline and rescan, using the seeds defined on the baseline PET
images. DR and MR delineation was also performed on baseline and
rescan PET images for these 20 participants and the overlap were
evaluated.

Data acquisition

Magnetic resonance imaging (MRI)
Participants completed a 10-minute rs-fMRI scan (280 volumes)

acquired on a Siemens (Erlangen, Germany) 3 T Verio MR scanner.
During rs-fMRI scans, participants were instructed to close their
eyes, but not to fall asleep. The participants were asked after the
scan whether they fell asleep during the scan; all participants report-
ed not falling asleep. Scans were acquired using a T2*-weighted gra-
dient echo-planar imaging (EPI) sequence sensitive to blood-oxygen
level dependent (BOLD) signal (TR = 2.15 s, TE = 26 ms, flip-
angle = 78°, in-plane matrix 64 × 64, number of slices = 42, voxel
size = 3 × 3 × 3 mm, GRAPPA acceleration factor 2, no gap, inter-
leaved slice order). Pulse and respiratory data were sampled at
50 Hz using the Siemens' Physiological Monitoring Unit.

A high-resolution 3D T1-weighted structural image was acquired
using a sagittal, magnetization prepared rapid gradient echo (MP-
RAGE) sequence (TE/TR/TI = 2.32/1900/900 ms, flip angle = 9°, in-
plane matrix 256 × 256, number of slices = 224, voxel size =
0.9 × 0.9 × 0.9 mm, GRAPPA acceleration factor 2, no gap, acquisition

time = 8 min 30 s). A high-resolution 3D T2-weighted image was ac-
quired using a sagittal, Turbo Spin Echo (TSE) scan of the whole head
(TE/TR = 409/3200 ms, flip angle = 120°, in-plane matrix 256 × 256,
number of slices = 176, voxel size = 1 × 1 × 1 mm, GRAPPA accelera-
tion factor 2, acquisition time = 4 min 43 s).

[11C]DASB positron emission tomography (PET) imaging
[11C]DASB PET list-mode data were acquired with a Siemens ECAT

HRRT scanner operating in 3D-acquisition mode, with an approximate
in-plane resolution of 2 mm. Scan duration was 90 min and started im-
mediately after bolus injection of 585 ± 34 MBq [11C]DASB. Thirty-six
dynamic PET frames (6 × 10 s, 3 × 20 s, 6 × 30 s, 5 × 60 s, 5 × 120 s,
8 × 300 s, 3 × 600 s) were reconstructed using a 3D-OSEM-PSF algo-
rithm (Comtat et al., 2008; Hong et al., 2007; Sureau et al., 2008). Re-
alignment of PET frames was performed using AIR 5.2.5 (Woods et al.,
1992) to account for within-scan motion.

5-HTT bindingwas quantified as [11C]DASB nondisplaceable binding
potential (BPND) values determined with the Multilinear Reference Tis-
sue Model 2 (Ichise et al., 2003) as previously described (Frokjaer et al.,
2014). The kinetic modeling was performed using Freesurfer (Greve
et al., 2013) with cerebellum graymatter segmentation as reference re-
gion and a combined thalamus, caudate, putamen and pallidum region
as the high binding region for determining k2′. Surface and volume
[11C]DASB BPND maps were smoothed by 10 and 6 mm full width half
maximum (FWHM) Gaussian 2D and 3D filters, respectively.

Anatomical MRI analysis

Structural images was analyzed in FreeSurfer (FS, surfer.nmr.mgh.
harvard.edu, version 5.3) (Dale et al., 1999; Fischl and Dale, 2000;
Fischl et al., 1999a, 1999b; Greve and Fischl, 2009; Ségonne et al.,
2007, 2004). The T2-weighted structural images were used to refine
the delineation of the pial surfaces. This process creates mesh models
of the cortical surfaces and labels cortical and subcortical ROIs custom-
ized to each subject. Some of these ROIswere used to help create search
spaces for the DR andMR. The cortical surfaces were alignedwith a cor-
tical surface atlas using nonlinear surface-based registration (Fischl
et al., 1999a). This atlas is the surface-based equivalent to Talairach or
MNI space and serves as a space in which voxel-wise group analysis
can be performed on the surface. The anatomical volume was also reg-
istered to the MNI305 atlas which serves as the group analysis space
for volume-based analysis of subcortical structures.

Delineation of DR and MR

Histological studies performed by Baker et al. (1991a, 1991b, 1990)
have provided in-depth knowledge of the morphology and location of
the DR and the MR in the ex vivo human brain. However, to perform
seed-based FC, accurate in vivo segmentation of DR andMR are needed
(Kalbitzer and Svarer, 2009). This presents a challenge (Kranz and
Hahn, 2012), as the raphe nuclei are composed of sparse neurons
surrounded by white matter and they have no well-defined boundaries
visible in MRI (Baker et al., 1996, 1991a, 1990).

We have adopted a method similar to Schain et al. (2013) in which
liberal search volumes were defined on the structural MRI and then
refined using the PET image. The DR lies on themidline of the brainstem
and extends from the oculomotor nucleus to the middle of the pons
(Baker et al., 1990). It can be subdivided at the level of the isthmus
into two groups, a midbrain (B7) group and a pontine (B6) group
(Dahlström and Fuxe, 1964) which meet near the inferior opening of
the cerebral aqueduct (CA). The B7 group is adjacent to the CA. The B6
group is only about 0.5 mm in radius, well below current scanner reso-
lution for fMRI. For this reason, we focused on the B7 group as the seed
region for our analysis. The search volume for the DR was defined from
the inferior to the superior limit of the CA and from the anterior
boundary of the CA to approximately 6 mm (5 voxels) anterior to that
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