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Abstract

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. Despite being widely distributed throughout the brain, there is limited 

knowledge on the contribution of 5-HT to intrinsic brain activity. The dorsal raphe (DR) and 

median 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. Here we implemented a novel multimodal 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-
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state network related to DR and MR and comprising regions receiving serotonergic innervation 

and centrally involved in 5-HT related behaviors including 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 neuropsychiatric 

illnesses.
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1 Introduction

The serotonin (5-hydroxytryptamine, 5-HT) neurotransmitter system 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 system have been implicated in a 

wide spectrum of neuropsychiatric 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 originate 

for the greater part from the dorsal (DR) and median (MR) raphe nuclei (Dorocic et al., 

2014; Hornung, 2003; Jacobs and Azmitia, 1992; Vertes and Linley, 2008). Thus, effects of 

serotonin signaling on brain function and behavior critically depend on appropriate 

communication with these nuclei. Despite substantial focus and clear relevance to 

delineating neurobiological mechanisms associated with various neuropsychiatric illnesses, 

the effects of serotonin signaling 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 functional connectivity (FC) with DR or 

MR at rest would provide yet unreported novel insight into how serotonin signaling shapes 

intrinsic brain connectivity.

The purpose of this study was to elucidate FC of the DR and MR in the healthy human brain 

at rest. We used high resolution imaging of the serotonin transporter (5-HTT) with 

[11C]DASB positron emission tomography (PET), an effective probe of 5-HTT binding in 

receptor-rich regions (Frankle and Slifstein, 2006), combined with anatomical landmarks 

from structural magnetic resonance imaging (MRI) to determine subject-specific DR and 

MR 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.
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2 Methods

2.1 Participants

Data from 63 healthy women were collected at baseline as part of a broader randomized, 

placebo-controlled and double-blind intervention 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 intervention 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., under review). Importantly, all 

fMRI and PET data were acquired at a fixed time relative to their menstrual cycle phase 

(follicular), as determined by ovarian ultrasound. The study was registered 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 2.5 

fMRI analysis) 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 motion 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 was evaluated.

2.2 Data acquisition

2.2.1 Magnetic resonance imaging (MRI)—Participants completed a 10-minute rs-

fMRI scan (280 volumes) acquired on a Siemens (Erlangen, Germany) 3T 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 reported not falling asleep. Scans were acquired using a T2*-weighted 

gradient 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 64x64, number of 

slices=42, voxel size=3x3x3 mm, GRAPPA acceleration factor 2, no gap, interleaved 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 256x256, number of slices=224, voxel 

size=0.9x0.9x0.9 mm, GRAPPA acceleration factor 2, no gap, acquisition time = 8 min 30 

sec). A high-resolution 3D T2-weighted image was acquired using a sagittal, Turbo Spin 

Echo (TSE) scan of the whole head (TE/TR= 409/3200 ms, flip angle=120º, in-plane matrix 

256x256, number of slices=176, voxel size=1x1x1 mm, GRAPPA acceleration factor 2, 

acquisition time = 4 min 43 sec).
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2.2.2 [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 

minutes and started immediately after bolus injection of 585 ± 34 MBq [11C]DASB. Thirty-

six dynamic PET frames (6x10 sec, 3x20 sec, 6x30 sec, 5x60 sec, 5x120 sec, 8x300 sec, 

3x600 sec) were reconstructed using a 3D-OSEM-PSF algorithm (Comtat et al., 2008; Hong 

et al., 2007; Sureau et al., 2008). Realignment of PET frames was performed using AIR 

5.2.5 (Woods et al., 1992) to account for within-scan motion.

5-HTT binding was quantified as [11C]DASB nondisplaceable binding potential (BPND) 

values determined with the Multilinear Reference Tissue 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 gray matter segmentation as reference region 

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.

2.3 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 customized to each subject. Some of these ROIs 

were used to help create search spaces for the DR and MR. The cortical surfaces were 

aligned with a cortical 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 registered to the MNI305 atlas which serves as the group analysis space for 

volume-based analysis of subcortical structures.

2.4 Delineation of DR and MR

Histological studies performed by Baker and colleagues (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 and 

MR 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 

the midline 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 resolution for fMRI. 
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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 6mm (5 voxels) anterior to that boundary. 

Lateral boundaries definitions were not needed for the refinement procedure.

The MR also lies on the midline of the brainstem and extends from the caudal pole of the 

DR to, approximately, the decussation of the superior cerebellar peduncle (Baker et al., 

1991a). Based on this description, the search volume for the MR was defined from the 

inferior boundary of the CA down, and from the anterior limit of the 4th ventricle to (6 mm) 

5 voxels anterior to that limit. Neither inferior nor lateral limits were needed for the 

refinement procedure.

The DR and MR search spaces were refined using a mean [11C]DASB image created by 

integrating the number of counts over time of the PET frames. The mean PET image was 

smoothed using a 3-voxel median filter to reduce spatial noise while preserving border 

(edge) integrity (Chin and Yeh, 1983) between the raphe and ventricular space. For 

delineation of the DR and MR, we used the mean uptake instead of the BPND because the 

kinetic modeling is noisy and requires spatial smoothing, which could introduce spatial 

uncertainty due to the proximity of low count regions such as the CA and 4th ventricle. The 

mean uptake image of a subject was registered to the gradient distortion (GD) corrected 

structural MRI using boundary-based registration (BBR) which has been shown to be a 

highly robust and accurate cross-modal registration technique (Greve and Fischl, 2009). GD 

correction was performed as described in Jovicich et al. (2006). This allowed for anatomical 

landmarks be transferred onto the PET image and to subsequently transfer back the seed 

region onto the structural MRI.

The refinement procedure was iterative. The first voxel of the ROI was defined by the 

highest PET value within the search volume. Subsequent voxels were added iteratively by 

selecting the voxel with the highest value within the neighborhood of the already-defined 

ROI until a target total volume was reached. The total volume of serotonergic neurons in the 

DR has been estimated to be 71.3±4.5 mm3 (Baker et al., 1990). However, Schain et al. 

(2013) suggested to use a volume estimate of 150 mm3, as the DR is composed of both grey 

and white matter. Based on the fact that the DR, excluding the caudal subnucleus, is about 

57 mm3, we used a target volume of 115 mm3. The target volume used for the MR was 64 

mm3, as suggested by Kranz & Hahn (2012). This procedure was applied to enforce local 

convergence; more lenient clustering methods, such as taking the maximum voxels within 

the search volume, led to structurally inhomogeneous ROIs, inconsistent with the 

morphology of the DR and MR. Once the iterative process completed, the seed was 

transferred onto the GD corrected structural MRI and an inverse gradient unwarping (i.e., 

reintroduction of gradient non-linearities) was applied to the ROIs to match gradient non-

linearities present in the BOLD fMRI images.

2.5 fMRI analysis

The resting-state fMRI volumes were motion corrected using AFNI’s 3dVolReg (Cox and 

Hyde, 1997; Cox, 1996). Physiological noise was removed in a two-step procedure. First the 

raw time series was corrected for physiological noise using PESTICA v2 (Beall and Lowe, 
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2007; Beall, 2010) in conjunction with the respective cardiac and respiratory recordings. 

The second step, described more below, involved including nuisance regressors in the time 

series analysis. Spatial distortion caused by inhomogeneity of the B0 magnetic field was 

removed (Jezzard and Balaban, 1995). The DR, MR and aCompCor time series were then 

extracted from these data, prior to further processing (e.g. spatial filtering). Extracting the 

time series prior to spatial smoothing assures that signal outside of the target region does not 

corrupt the waveform.

The fMRI analysis was performed in the FreeSurfer Functional Analysis Stream (FSFAST, 

surfer.nmr.mgh.harvard.edu/fswiki/FsFast). The fMRI was registered to the structural MRI 

using BBR. In FSFAST, the time series analysis is separated into cortical and subcortical 

streams. In the cortical stream, the fMRI time series was sampled onto the left and right 

cortical surfaces and smoothed (Hagler Jr. et al., 2006) with a 10mm FWHM Gaussian filter. 

Smoothing on the surface reduces the blurring of white matter, cerebrospinal fluid, and 

subcortical gray matter with cortical gray matter as well as blurring across adjacent gyri. The 

surface time series data were then sampled into the group space of surface atlas. The 

subcortical structures were sampled into MNI305 space and volume smoothed with a 6mm 

FWHM Gaussian filter.

A general linear model (GLM) used to fit the time series data consisted of the DR or MR 

time series as well as several nuisance regressors. A high-pass filter (cutoff 0.01 Hz) was 

implemented by including polynomial regressors up to order 17. Noise of non-neuronal 

origin was estimated using aCompCor (Behzadi et al., 2007). As suggested by Chai et al. 

(2012), a mask was constructed combining white matter and ventricular and sulcal 

cerebrospinal fluid as defined for each subject from the FreeSurfer anatomical analysis; the 

mask was eroded by 1 anatomical voxel. The first 5 principal components of the BOLD time 

series from this mask were used as nuisance regressors. The six motion estimates were also 

used as nuisance regressors. The Euclidean norm of the first difference of the motion 

estimates, ||d||2, was computed (Jo et al., 2013). Frames containing excessive motion, based 

on the criterion ||d||2>0.2, were censored. A given frame at time t was censored by adding to 

the GLM a regressor where all values were 0 except at time t where the value was 1. For a 

given censored frame at time t, additional censoring regressors were also created for the 

previous frame (t-1) and the two subsequent frames (t+1) and (t+2). A subject’s data was 

excluded if more than 10% (28 frames) of the resting-state data were censored. The DR and 

MR were analyzed using different GLMs.

Group analysis was performed using a voxel-wise two-tailed t-test to determine the areas 

where the group means of the DR or MR regression coefficient was significantly different 

than zero. Correction for multiple comparisons was performed using a cluster-wise 

correction (Friston et al., 1994; Hagler Jr. et al., 2006). Clusters were defined using a voxel-

wise threshold of p<0.001. Clusters with cluster-wise p<0.05 were deemed significant.

2.6 Association between FC and 5-HTT binding

The association between FC and 5-HTT binding was evaluated using a linear regression 

analysis. For every subject, we computed the mean [11C]DASB BPND and mean FC for the 

42 cortical and subcortical brain regions defined by FreeSurfer as containing gray matter 
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(left and right hemispheres were averaged together) and we computed the within-subject 

slope for [11C]DASB BPND against FC. We then performed a two-tailed t-test to determine 

whether the distribution of slopes across subjects was different than 0.

3 Results

3.1 DR and MR seeds

An example of DR and MR segmentation is shown in Figure 1. The average centroid of the 

DR was (0, −31 −9) in MNI305 space; that of the MR was (0,−35,−21). Although the 

volume of the seeds defined on the PET images was constant, the reintroduction of GD 

slightly affected the final volume of the seeds from subject to subject; the volume (mean ± 

std) was 118±11mm3 for DR and 65±8mm3 for MR. For the same reason, the number of 

functional voxels was 18±3 for DR and 11±2 for MR. The median correlation between the 

DR and MR raw time-series was 0.26 (range −0.24 − 0.62).

3.2 FC of the DR and MR and its association with 5-HTT binding

The group-level FC maps revealed that the DR seed was functionally connected with 

multiple cortical and subcortical regions (Figure 2; Table 1). For the cortical surface, we 

observed significant bilateral positive FC within the parahippocampal gyrus, insula and 

rostral anterior cingulate (rACC). Clusters showing significant negative FC were observed 

bilaterally within somatosensory areas including paracentral lobule and the pre- and 

postcentral gyrus and minor negative clusters were observed in superior parietal lobule and 

superior frontal gyrus. For subcortical regions, we observed a large cluster centered on the 

seed in brainstem showing statistically significant positive FC. This cluster extended outside 

brainstem to include regions of the basal ganglia (putamen, caudate, pallidum, accumbens), 

limbic structures (hippocampus and amygdala), thalamus, cerebellum and ventral 

diencephalon.

Group-level FC results for MR were largely similar to DR results (Figure 3; Table 2). On the 

cortical surface, we observed significant bilateral positive FC within the parahippocampal 

gyrus, insula and rACC. Subcortically, we observed a cluster centered on the seed and 

extending outside brainstem and including putamen, caudate, pallidum, hippocampus and 

amygdala, thalamus, cerebellum, ventral diencephalon and accumbens area.

A prominent difference between the DR and MR FC maps was significant negative FC for 

the DR but not the MR. FC for both seeds had some overlap but also covered distinct and 

separate areas (Figure 4). A subject-wise paired t-test between DR and MR FC results 

showed a significant difference (voxel threshold p=0.001 and cluster threshold p=0.05) only 

within the postcentral and superior frontal gyri and brainstem; as the seed was located in 

brainstem the latter difference will not be addressed further.

Since serotonergic neurons (and axons) are abundant in 5-HTT and it has been shown that 

co-localization between 5-HT and 5-HTT positive fibers is close to 100% (Nielsen et al., 

2006) we evaluated if DR or MR FC was correlated with 5-HTT binding at a regional level. 

For both seeds we observed a significant positive association between [11C]DASB BPND 

and FC (p <0.0001) (Figure 5).
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3.3 Test-retest evaluation of the FC maps and raphe delineation

Test-retest differences were evaluated by comparing baseline and rescan data for 20 

participants who received a placebo and whose rs-fMRI data did not contain excessive 

motion on both baseline and rescan. First, new DR and MR seeds were generated on the 

baseline structural MRI with the rescan PET images. The median overlap was 31% (range 

15%–42%) for DR and 37% (range 24%–53%) for MR and the median volume difference 

was 13 mm3 (range 3 – 27 mm3) for DR and 11 mm3 (range 1 – 30 mm3) for MR; see 

Supplementary Figure 1 for an example of DR and MR delineation at baseline and rescan. 

Next, new FC maps were generated for both the baseline and rescan fMRI using the baseline 

seed definitions (Supplementary Figure 2–3). The clusters looked similar but more spatially 

constrained and with a lower statistical significance due to the reduced sample size (only 20 

subjects versus 49). The group-level results of the paired difference between the FC maps at 

baseline and rescan showed no statistically significant clusters. Finally, new FC maps were 

generated from the rescan fMRI using the rescan seed definitions (Supplementary Figure 2–

3). Again, the maps looked similar to when the baseline seeds were used and no statistically 

significant difference was observed between the two maps.

4 Discussion

Here we sought to investigate serotonin-related FC using a multimodal neuroimaging 

approach for delineation of the DR and MR within a cohort of 49 healthy women. We 

identified brain regions significantly functionally connected with both nuclei and observed a 

statistically significant association between raphe FC and 5-HTT binding suggesting a 

compelling serotonergic component to the intrinsic brain activity related to the raphe nuclei.

We observed significant and distributed FC between both raphe seeds and medial prefrontal 

cortex (mPFC) and anterior cingulate cortex (ACC). Structural evidence supports the 

presence of direct reciprocal projections between mPFC and raphe (Behzadi et al., 1990; 

Peyron et al., 1998; Vertes and Linley, 2008; Vertes, 1991) and direct stimulation of mPFC 

has been shown to modulate raphe 5-HT neuron activity (Hajós et al., 1998). 

Electrophysiological evidence from rodents indicates that mPFC-raphe feedback is 

modulated via serotonin 1A, 2A and 4 receptor signaling (Celada et al., 2001; Lucas et al., 

2005; Riad et al., 1999; Sharp et al., 2007) and that stimulation of mPFC axons in the DR 

induces a rapid antidepressant-like behavioral effect (Warden et al., 2012). Furthermore, two 

human neuroimaging studies from our lab have also demonstrated an association between 

mPFC 5-HTT binding and cortisol awakening response, a putative marker of stress 

responsiveness (Frokjaer et al., 2014, 2013). From a clinical perspective, the prominent 

raphe-mPFC FC that we observed is also particularly interesting considering converging 

evidence that mPFC dysfunction is linked to a myriad of neuropsychiatric illnesses 

including depression and may affect treatment response (Mayberg et al., 2005; Pizzagalli, 

2011). Although rs-fMRI does not allow us to disentangle directionality (i.e., raphe to mPFC 

signaling or vice versa), our findings of significant connectivity between these regions 

supports this as an informative approach for delineating serotonin-related raphe-mPFC 

circuit function. Future studies employing this approach would benefit our understanding of 

its relevance in predicting prefrontal-mediated behaviors or neuropsychiatric illnesses.
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A prominent feature of our results is the large overlapping subcortical clusters of positive 

FC common to both raphe seeds (see Figure 4). The observation of a singular subcortical 

cluster is somewhat uninformative about region-specific FC. Thus, we evaluated FC maps at 

more conservative voxel-level thresholds of p<10−3, 10−5 and 10−7. Even at these 

thresholds, subclusters did not emerge. We think it is unlikely that this one large cluster is 

simply an artifact reflecting the combination of 6mm spatial smoothing and the raphe seed 

correlating with itself. Although the cluster peak is located in the raphe seed, other activated 

structures are far away. For example, thalamus is approximately 25mm away and basal 

ganglia and hippocampus are more than 30mm away. These distances are more than 10 

standard deviations of the 6mm FWHM kernel away from the raphe seed, so FC is unlikely 

to be simple spill-over from raphe. Our observation that regional FC and 5-HTT are 

positively correlated and that many of these subcortical regions have high 5-HTT binding 

suggests that the presence of a single large subcortical cluster may reflect, in part, 

serotonergic effects on FC. Further evaluation of raphe connectivity with recently described 

methods that may limit smoothing effects may prove effective in delineating discrete 

clusters (Beissner et al., 2014). However, similar subcortical RSNs have previously been 

identified in a number of studies and have been referred to as a limbic or basal ganglia RSN 

(Damoiseaux and Beckmann, 2008; Janes et al., 2012; Kim et al., 2013; Martino and 

Scheres, 2008; Moussa et al., 2012; Robinson et al., 2009, 2008; Schöpf and Kasess, 2010; 

Smith et al., 2009). However, their functional relevance was in many cases not considered. 

Our results suggest that this subcortical RSN is related to intrinsic raphe activity and may be 

associated with the 5-HT system. Although some studies reporting similar FC maps using 

seed-based analysis (Kong et al., 2010; Martino and Scheres, 2008), most studies used ICA 

methods, which decompose the rs-fMRI signal into a predefined number of components. 

However, many independent components are required when using ICA methods to isolate 

the subcortical RSN (e.g. Janes et al. (2012) used 35 components), which can segregate 

salient networks such as the DMN into multiple components. Particular care is needed when 

using ICA to identify subcortical RSNs and in the context of studying serotonergic features, 

such as a relation with mPFC, a hypothesis-driven approach such as our seed-based method 

might be advantageous to a purely data-driven method like ICA.

Converging evidence supports an association between structural and functional connectivity 

at rest within the human brain (Hermundstad et al., 2013; Heuvel and Mandl, 2009). 

Although efferent and afferent raphe projections have been studied extensively, the bulk of 

this work was performed in animal models and caution needs to be taken when interpreting 

human data in light of these studies. Nonetheless, the observed raphe FC maps appears to be 

generally consistent with the overall known DR and MR projections, although discrepancies 

can be found (see Vertes and Linley (2008) for an extensive review of the raphe 

projections). It is interesting to note that although DR and MR have efferent projections to 

distinct brain areas (Vertes and Linley, 2007; Vertes, 2004), they mostly share afferent 

projections from common brain areas and there is extensive innervation between the nuclei 

(Vertes and Linley, 2008). These features could explain the striking similarity between the 

two FC maps. However, one of the most noticeable differences between the FC maps is the 

presence of significant negative FC within postcentral and superior frontal gyri for the DR 

but not for MR. Interestingly, DR has been shown to modulate a nociceptive pathway 
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including somatosensory cortex (Prieto-Gómez et al., 1989; Reyes-Vazquez et al., 1989; 

Wang and Nakai, 1994), which may underlie the observed FC with this region. 

Alternatively, our seed may capture signal from the neighboring periacqueductal gray, a 

region also involved in nociception (Kong et al., 2010; Linnman et al., 2012). The spatial 

resolution of our functional images makes it difficult to spatially disentangle these regions. 

Thus, future higher-resolution studies (e.g., at 7T) would help resolve this overlap. 

Nonetheless, given the association we have identified between raphe FC and 5-HTT binding 

and the striking similarity between MR, distinct from periacqueductal gray, and DR FC 

maps, our method may provide a novel method for probing the association between 

nociception and the 5-HT system.

5 Limitations and technical concerns

We attempted to effectively account for inherent challenges when estimating raphe FC, 

however our study is not without limitations. Our target regions and the resulting ROIs are 

very small, which makes them susceptible to motion and being in brainstem makes them 

sensitive to physiological noise (Brooks and Faull, 2013). Although these issues are a 

concern, we have taken steps to minimize these effects including strict exclusion criteria 

based on motion estimates and implementation of current tools for correction of 

physiological noise. However, it is plausible that physiological noise not well captured by 

these methods represents a potential confound. Furthermore, our test-retest evaluation 

showed no significant group-level differences. Recent work using ICA has shown that it 

might be possible to identify brainstem nuclei using conventional fMRI, which might 

provide an alternative method to our approach (Beissner et al., 2014), however the 

physiological validity of this technique still needs to be proved. A recent study has 

demonstrated that subjects may drift between wakefulness and sleep during rs-fMRI 

(Tagliazucchi and Laufs, 2014). As the 5-HT system is linked to wakefulness (Portas et al., 

2000; Shima et al., 1986) this is a potentially important source of variation. Although 

subjects indicated that they did not sleep during the resting-state scan session, robust 

monitoring of the awake state could be secured in future studies using MRI-compatible 

EEG. Given that our dataset comprised only women, future studies in males would inform 

whether our observed FC maps are sex-specific. Finally, although we feel that the nature of 

the placebo intervention is unlikely to have perturbed serotonin signaling or rs-fMRI 

connectivity, we cannot rule this out as a potential source of additional variability affecting 

the test-retest of our data.

DR and MR notably also include non-serotonergic neurons, which may limit the extent to 

which these maps capture features specific for 5-HT signaling. Approximately half of the 

neurons within DR and MR are serotonergic (Jacobs and Azmitia, 1992; Steinbusch et al., 

1980; Wiklund et al., 1981) and the 5-HT and non-5-HT containing neurons have distinct 

electrophysiological properties (Beck and Pan, 2004; Hornung, 2003; Kirby et al., 2003; 

Michelsen et al., 2007), thereby limiting the extent to which these maps may reflect effects 

of 5-HT, specifically. Future studies directly manipulating 5-HT (e.g., using a 

pharmacological challenge such as tryptophan depletion or 5-HTT inhibition) could be an 

effective probe for evaluating aspects of the serotonergic contribution to raphe FC.
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6 Conclusion

We have demonstrated a biologically driven method for accurate delineation of the DR and 

MR ROIs in neuroimaging studies. We then performed a seed-based analysis and identified 

FC related to these nuclei. The FC map were very similar for both seeds; positive FC was 

found with cortical regions such as rACC, insula, parahippocampal gyrus and subcortical 

regions such as basal ganglia, thalamus, hippocampus, amygdala and cerebellum. We found 

a positive association between raphe FC and 5-HTT binding supporting a serotonergic 

contribution to the observed resting-state signal. Our results suggest that raphe FC is related 

to the previously identified subcortical RSN. Further investigation of this network might 

prove similarly useful for studying 5-HT related brain disorders.
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Highlights

• We investigated serotonin-related resting-state functional connectivity (FC).

• We present a novel multi-modal method for delineating the dorsal and median 

raphe.

• Functional connectivity of these nuclei at rest was evaluated.

• Brain regions functionally connected to the raphe nuclei were identified.

• Raphe FC was positively associated with serotonin transporter binding.
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Figure 1. 
(A) Structural MRI image. The raphe nuclei are not identifiable. (B) [11C]DASB PET image 

superimposed on the corresponding structural image, highlighting the 5-HTT system. The 

raphe nuclei are visible within brainstem as regions of higher binding. (C)Delineation of the 

DR and MR nuclei based on [11C]DASB PET. (D) DR and MR identified from the 

[11C]DASB PET image transferred as seeds onto the structural image.
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Figure 2. 
Group-level FC map for the DR seed, inflated cortical surface and in volume. The map 

displays clusters of statistically significant FC, corrected for multiple comparisons. Color 

scales reflect -log10(p) values. Negative p-values (blue) are used to denote regions 

exhibiting negative FC. The six axial slices correspond to Z = −20, −15, −10, −5, 0 and 5 

(left to right). Right is right in axial images.
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Figure 3. 
Group-level FC map for the MR seed, inflated cortical surface and in volume. The map 

displays clusters of statistically significant FC, corrected for multiple comparisons. Color 

scales reflect −log10(p) values. No statistically significant negative FC was observed. The 

six axial slices correspond to Z = −20, −15, −10, −5, 0 and 5 (left to right). Right is right in 

axial images.
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Figure 4. 
Overlap of significant negative or positive FC of DR and MR. Blue corresponds to DR only, 

green MR only and red is the overlap between DR and MR. Most clusters overlap to some 

extent, except for the pre- and postcentral gyrus for DR. The six axial slices correspond to Z 

= −20, −15, −10, −5, 0 and 5 (left to right), right is right in axial images.
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Figure 5. 
(A) Example of single-subject association between [11C]DASB BPND vs. FC with DR 

across 42 brain regions (see section 2.6 for details). β represents the slope estimate and 

shading along line represents 95% confidence interval (CI) on slope estimate. (B) Gray 

points reflect single subject slope estimates for each respective seed and black dots and lines 

reflects mean and 95% CI across subjects. The DR and MR slope estimates are mostly 

positive, indicating a positive association between 5-HTT binding and raphe FC in the vast 

majority of individuals.
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