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Treatment Associated Changes 
of Functional Connectivity of 
Midbrain/Brainstem Nuclei in Major 
Depressive Disorder
Gerd Wagner, Feliberto de la Cruz, Stefanie Köhler & Karl-Jürgen Bär

Previous functional magnetic resonance imaging (fMRI) studies demonstrated an abnormally 
coordinated network functioning in Major Depression Disorder (MDD) during rest. The main 
monoamine-producing nuclei within midbrain/brainstem are functionally integrated within these 
specific networks. Therefore, we aimed to investigate the resting-state functional connectivity (RSFC) 
of these nuclei in 45 MDD patients and differences between patients receiving two different classes of 
antidepressant drugs. Patients showed reduced RSFC from the ventral tegmental area (VTA) to dorsal 
anterior cingulate cortex (dACC) and stronger RSFC to the left amygdala and dorsolateral prefrontal 
cortex (DLPFC). Patients treated with antidepressants influencing noradrenergic and serotonergic 
neurotransmission showed different RSFC from locus coeruleus to DLPFC compared to patients treated 
with antidepressants influencing serotonergic neurotransmission only. In the opposite contrast patients 
showed stronger RSFC from dorsal raphe to posterior brain regions. Enhanced VTA-RSFC to amygdala 
as a central region of the salience network may indicate an over‐attribution of the affective salience 
to internally-oriented processes. Significant correlation between decreased VTA-dACC functional 
connectivity and the BDI-II somatic symptoms indicates an association with diminished volition and 
behavioral activation in MDD. The observed differences in the FC of the midbrain/brainstem nuclei 
between two classes of antidepressants suggest differential neural effects of SSRIs and SNRIs.

The psychopathology of major depressive disorder (MDD) is characterized by an increased negative affect, feel-
ings of worthlessness, anhedonia and increased negative self-referential processing. The brain network, which 
processes self-related information, is remarkably similar to another network: the default mode network (DMN) 
with the core regions: posterior cingulate cortex (PCC) and the ventromedial prefrontal cortex (VMPFC)1. 
Activity was described in the DMN when thoughts are directed towards internal processes (“mind wandering”). 
In contrast, brain regions of the DMN decrease activity (“deactivated”) during processing of external stim-
uli, e.g. cognitive tasks. Functional activation was then observed in brain regions of the “task-positive” execu-
tive control network (ECN)2. The ECN encompasses the lateral prefrontal, e.g. dorsolateral prefrontal cortex 
(DLPFC), parietal and cerebellar regions and typically shows a strong negative correlation (“anticorrelation”) 
to regions of the DMN1. Using resting-state fMRI (rs-fMRI), Hamilton, et al.3 provided evidence for an abnor-
mal interaction between the DMN and the ECN network in MDD. A recent meta-analysis of rs-fMRI studies 
in MDD revealed in agreement with this notion a hypoconnectivity within the ECN and a hyperconnectivity 
within the DMN network as well as abnormal functional connectivity (FC) between regions of these networks4. 
Moreover, this meta-analysis indicated an abnormally coordinated network functioning between DMN, ECN and 
a third network, the so-called “salience network”. The salience network is anchored by dorsal anterior cingulate 
(dACC) and the insular cortices, but also by the ventral tegmental area (VTA), substantia nigra, the amygdala 
and ventral striatum2. It has been shown to activate in response to different forms of motivational salience2. 
Pharmacological studies demonstrate that activity within the DMN is influenced by dopaminergic (DA), noradr-
energic (NA), and serotonergic (5-HT) neurotransmission5–9. In our recent study, we used rs-fMRI and graph 
theoretical analysis to elucidate the resting-state functional connectivity (RSFC) and network organization of the 
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monoamine-producing midbrain/brainstem nuclei in a large sample of healthy subjects10. We showed that sero-
tonergic brainstem nuclei, i.e. nucleus raphes dorsalis (DRN) and nucleus centralis superior (NCS) as well as the 
dopaminergic ventral tegmental area (VTA) and substantia nigra pars compacta (SNc) are functionally integrated 
within the DMN. Additionally, an independent component analysis (ICA) also revealed the participation of the 
DA nuclei in the salience network, indicating their wide-ranging connectivity. In contrast to 5-HT and DA nuclei, 
the noradrenergic locus coeruleus (LC) was part of the ECN.

The clinically relevant monoamine-deficiency theory postulates that the pathophysiology of MDD is associ-
ated with a deficiency of the monoamine neurotransmitters serotonin, norepinephrine and/or dopamine in the 
central nervous system. In addition, it is assumed that antidepressants exert their therapeutic action by increasing 
extracellular availability of monoamines, particularly at synaptic level11. This hypothesis emerged largely from the 
observations that reserpine depletes vesicular monoamine stores and reduces mood as well as from the effect of 
monoamine oxidase inhibitors (MAOIs)12.

There is strong evidence to assume that the neural circuitry for emotion regulation and social cognition, 
which strongly relies on the amygdala and distinct medial prefrontal regions, is serotonergically modulated13, 14,  
whereas the reward processing neural network, anchored by the VTA, the ventral striatum and the medial pre-
frontal cortex, is dopaminergically modulated15. Alterations in these neural circuits might be associated with 
different symptoms in MDD such as persistent low mood or anxiety (5-HT associated) or psychomotor speed, 
apathy and anhedonia (DA associated). Furthermore, the LC-NA system is considered to play a central role for 
attention shifting and cognitive flexibility16 as well as for central stress responses17. Thus, often observed cognitive 
deficits in depressed patients, in particular regarding executive functions, might be related to alteration in the 
LC-NA system.

Therefore, we hypothesized in the present study altered functional connectivity (FC) of the 5-HT and DA 
nuclei with DMN and salience network regions in MDD. We also hypothesized different FC of the midbrain/
brainstem nuclei depending on the antidepressant treatment. Thus, we aimed to investigate, whether patients 
receiving antidepressant drugs modulating the 5-HT neurotransmission (SSRI) differ with regard to the RSFC 
from the midbrain/brainstem nuclei to patients receiving drugs influencing the 5-HT as well as NA neurotrans-
mission (SNRI/NaSSA).

Results
The functional connectivity analyses were carried out by correlating the regional time course, which was 
extracted from the selected midbrain/brainstem ROIs, against all other voxels within the brain. The functional 
connectivity was obtained by computing Pearson correlation coefficients. To improve the normalization of the 
brainstem/midbrain and to more precisely define regions of interest for the subsequent time-series extraction the 
spatially unbiased infra-tentorial template (SUIT, version 3.1)18 was used. The brainstem/midbrain ROIs were 
defined according to known localization in the anatomical literature19 and by comparison with available atlases of 
the human brainstem20. The time series were extracted from the unsmoothed with SUIT normalized functional 
brainstem/cerebellum images.

Resting state functional connectivity in the total MDD group.  5-HT nuclei.  Comparing differ-
ences in the FC of the DRN and NCS, we only detected a significantly stronger RSFC in patients with MDD com-
pared to controls from the NCS to the left (x = −60, y = −30, z = 0, t = 6.9, p < 0.001 uncorr., cluster extent = 249, 
p < 0.05 FDR corrected) and right middle temporal gyrus (x = 64, y = −12, z = −8, t = 4.3, p < 0.001 uncorr., 
ke = 50, p < 0.05 FDR corrected; x = 52, y = −32, z = −10, t = 4.4, p < 0.001 uncorr., ke = 42, p < 0.05 FDR cor-
rected). Furthermore, a significantly stronger negative (“anticorrelated”) FC was detected in healthy controls 
compared to MDD patients from NCS to a cluster lying in the paracentral lobule (x = −2, y = −24, z = 64, t = 4.1, 
p < 0.001 uncorr., ke = 50, p < 0.05 FDR corrected).

Noradrenergic LC.  Testing for differences in the LC-RSFC, a significantly stronger connectivity was observed in 
controls from the LC to the left cerebellum (x = −36, y = −70, z = −50, t = 4.7, p < 0.001 uncorr., ke = 74, p < 0.05 
FDR corrected). In the opposite contrast, MDD revealed stronger FC than healthy controls from LC to the right 
superior temporal gyrus (x = 60, y = 2, z = −2, t = 4.3, p < 0.001 uncorr., ke = 144, p < 0.05 FDR corrected) as well 
as to three clusters located on the postcentral gyrus (x = −52, y = −18, z = 56, t = 4.4, p < 0.001 uncorr., ke = 43, 
p < 0.05 FDR corrected), on the precentral gyrus (x = −30, y = −26, z = 68, t = 3.9, p < 0.001 uncorr., ke = 41, 
p < 0.05 FDR corrected) and in the SMA (x = −4, y = −24, z = 56, t = 4.1, p < 0.001 uncorr., ke = 40, p < 0.05 FDR 
corrected). Considering the direction of this difference, MDD patients exhibited stronger positive RSFC, whereas 
healthy controls showed negative (“anticorrelated”) functional connectivity from LC to these regions.

Dopaminergic midbrain nuclei.  As illustrated in Fig. 1 and Table 1, a significantly reduced connectivity in MDD 
compared to healthy controls was observed from VTA to dACC, to the mediodorsal thalamus and to four clusters 
lying in the left and right cerebellum. Due to the crucial role of dACC in MDD21, we correlated the abnormal 
RSFC between the VTA and dACC with the BDI-II total score as well as with three BDI-II subscales assessing a 
somatic, affective, and cognitive dimension. The computation of the subscales was based on the factor-structure 
model of Vanheule, et al.22. As illustrated in Fig. 1, a significantly negative correlation was detected between the 
BDI-II somatic subscale and the VTA-dACC functional connectivity (r = −0.40, p = 0.007). Similarly, reduced 
FC was observed in MDD patients from SNc to dACC and to the left cerebellum (Table 1). The opposite contrast 
(MDD vs. HC) revealed increased RSFC from VTA to the cluster located in the left amygdala/hippocampus 
and to the left DLPFC in MDD compared to healthy controls (Fig. 1, Table 1). Again due to importance of these 
brain structures in the pathophysiology of MDD23, we correlated the VTA-amygdala and VTA-DLPFC functional 
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connectivity with the BDI-II total as well as with the BDI-II subscale scores, but we did not detect any significant 
correlations.

Further widespread differences in the FC were observed from VTA to the bilateral posterior insula, senso-
rimotor cortex, temporal cortex, to the right DLPFC, to the left parahippocampal gyrus and bilaterally to the 
occipital lobe, indicating a stronger anticorrelated relationship in healthy controls than in MDD patients (Fig. 2). 
Similar group differences in the anticorrelated FC were detected for the substantia nigra (Table 1).

Effect of antidepressant medication on RSFC of midbrain/brainstem nuclei.  5-HT nuclei.  When 
comparing patients treated with an SSRI to patients treated with a NaSSA or an SNRI, significantly stronger RSFC 
was observed from DRN to posterior brain regions, i.e. to the precuneus, angular gyrus, occipital lobe and bilat-
eral cerebellum (Fig. 3, Table S1). On the other hand, the NaSSA/SNRI group revealed stronger RSFC from DRN 
to the right DLPFC, VLPFC and bilateral superior temporal cortex (Fig. 3, Table S1).

Noradrenergic LC.  Stronger connectivity was observed in the NaSSA/SNRI group from LC to bilateral DLPFC, 
VMPFC, inferior temporal gyrus and bilateral cerebellum (Fig. 4, Table S1). The SSRI group revealed stronger 
RSFC from LC to the occipital lobe, left precentral gyrus and to the parahippocampal gyrus (Table S1).

DA nuclei.  A significantly stronger RSFC was detected in the NaSSA/SNRI group from the VTA to the left 
insula and bilateral cerebellum, whereas the SSRI group showed stronger RSFC to the precuneus, left inferior 
parietal lobule (IPL) as well as bilaterally to the middle/inferior temporal gyrus (Table S1).

Figure 1.  Whole-brain resting-state functional connectivity maps with seed region in the ventral tegmental 
area (VTA). In the upper part of the figure, the comparison between healthy controls vs. depressed patients 
demonstrated that patients had weaker functional connectivity from VTA to dACC, mediodorsal thalamus 
and bilateral cerebellum. The average BOLD time course of the voxels within the VTA was extracted for the 
FC analysis from the unsmoothed midbrain/brainstem functional data, which were normalized using the 
SUIT toolbox and DARTEL approach. In the lower left part of the figure, functional connectivity from VTA to 
dACC is shown split according to the class antidepressant treatment. The error bars in the graphs of the RSFC 
from VTA to dACC represent standard deviation. In the lower right part of the figure, a significant correlation 
between the functional connectivity from the VTA to dACC and BDI-II somatic symptoms in patients with 
MDD is depicted. The somatic factor as computed according to Vanheule, et al.22 is composed of BDI-II items 
such as fatigue, appetite disturbance, loss of sexual interest and concentration difficulties. Abbr.: dACC, dorsal 
anterior cingulate cortex; PCC, posterior cingulate cortex; THAL, thalamus; CEREB, cerebellum; SSRI, selective 
serotonin reuptake inhibitors; SNRI, serotonin and noradrenalin reuptake inhibitors; NaSSA, noradrenergic 
and specific serotonergic antidepressants.

http://S1
http://S1
http://S1
http://S1
http://S1
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Region of activation Right/Left Brodmann’s Area Cluster size MNI coordinate T value

RSFC of the VTA: HC > MDD, p < 0.001 uncorr., cluster level: p < 0.05 FDR corr.

x y z

Dorsal ACC R 32 55 2 28 24 5.0

Mediodorsal thalamus R/L 67 −2 −16 10 4.6

Cerebellum L 150 −50 −64 −30 5.4

Cerebellum R 73 52 −64 −26 5.1

Cerebellum L 61 −12 −84 −24 4.3

Cerebellum L 43 −30 −76 −42 4.7

RSFC of the VTA: MDD > HC, p < 0.001 uncorr., cluster level: p < 0.05 FDR corr.

Precentral gyrus L 4 1493 −36 −30 62 6.1

Postcentral gyrus L 2 −44 −36 62 5.8

Precentral gyrus R 4 1676 46 −16 58 5.9

Postcentral gyrus R 2 42 −24 62 5.5

Precentral gyrus R 4 27 24 −34 78 4.5

Precentral Gyrus L 6 26 −60 2 16 4.0

Paracentral lobule L 6 589 −6 −30 62 5.0

Inferior frontal gyrus L 45 54 −54 30 4 5.0

Inferior frontal gyrus L 46 60 −58 24 14 5.0

Inferior frontal gyrus R 45 42 58 24 10 4.5

Amygdala/Hippocampus L 46 −30 −12 −18 5.0

Parahippocampal gyrus L 30 24 −20 −54 6 4.2

Insula L 13 109 −40 −10 8 5.0

Insula L 13 22 −40 −38 18 3.9

Insula R 13 28 38 −4 10 3.7

Superior Temporal Gyrus L 42 32 −62 −10 14 3.9

Superior Temporal Gyrus L 38 22 −34 10 −18 3.9

Middle Temporal Gyrus L 22 22 −40 −60 12 3.7

Fusiform gyrus R 37 32 38 −56 −16 4.6

Pons R 30 0 −24 −32 3.7

Occipital lobe R 19 89 16 −56 −2 3.9

Occipital lobe R 19 231 14 −80 32 4.0

Occipital lobe L 19 206 −14 −84 30 4.6

Occipital lobe R 19 28 30 −68 −8 4.0

RSFC of the SNc: HC > MDD, p < 0.001 uncorr., cluster level: p < 0.05 FDR corr.

Dorsal ACC R 32 81 2 28 20 4.8

Cerebellum L 123 −28 −88 −30 4.1

Cerebellum L 38 −42 −76 −24 4.6

RSFC of the SNc: MDD > HC, p < 0.001 uncorr., cluster level: p < 0.05 FDR corr.

Postcentral gyrus R 3 1601 40 −24 52 5.9

Precentral gyrus R 4 32 −22 48 5.1

Postcentral gyrus L 3 1572 −48 −22 52 5.3

Precentral gyrus L 4 −60 −16 36 5.1

Precentral gyrus L 4 113 −58 −4 16 5.0

Paracentral lobule R 6 903 6 −26 68 5.1

Insula R 13 69 36 −10 14 3.8

Insula L 13 49 −44 −20 12 5.3

Inferior frontal gyrus L 45 31 −58 20 16 3.7

Superior Temporal Gyrus R 42 34 66 −8 12 4.5

Superior Temporal Gyrus R 22 46 64 2 −2 4.4

Parahippocampal gyrus L 37 42 −26 −52 −6 4.2

Occipital lobe L 19 59 −28 −86 8 4.8

Occipital lobe L 19 262 −12 −92 22 4.8

Occipital lobe L 19/37 222 −42 −70 −2 4.0

Table 1.  Comparison of the resting-state functional connectivity between patients with MDD and healthy 
controls with seed regions in the dopaminergic ventral tegmental area (VTA) as well as substantia nigra pars 
compacta (SNc).
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Discussion
To the best of our knowledge, this is the first time that the functional connectivity of the midbrain and upper 
brainstem nuclei has been studied in patients with MDD during a resting state condition.

The key finding is that MDD patients show reduced RSFC from the VTA to the dACC, mediodorsal thalamus 
and cerebellum, which was not significantly different regarding the type of antidepressant treatment (Fig. 1). On 
the other hand, patients show a significantly stronger RSFC from the VTA to the left amygdala and left DLPFC, as 
well as a marked pattern of absent “anti-correlation” to the posterior insula (pI), and to the sensorimotor cortex. 
With regard to the serotonergic and noradrenergic nuclei, relatively small group differences in the RSFC to the 
temporal cortex, cerebellum and sensorimotor cortex were detected.

As demonstrated previously24 as well as in the present study, the dopaminergic VTA has strong FC to core 
regions of the DMN. It is also integrated within the salience network, consistently identified using ICA of 
resting-state fMRI data2, 10. The major nodes of the salience network are the anterior insula (aI) and dACC, but 
include VTA (and substantia nigra) and distinct limbic areas such as the amygdala, ventral striatum, mediodorsal 
thalamus and hypothalamus25.

There is convincing evidence for the notion that the salience network plays a central role in detecting emo-
tional and motivational salience, which triggers subsequent switching between large-scale brain networks 
involved in either externally- (ECN) or internally-focused (DMN) processes25–27. Dopaminergic projections 
from the VTA appear to play an important role in salience encoding28. Importantly, whereas the FC from VTA 
to dACC, mediodorsal thalamus and cerebellum was decreased in MDD patients in the present study, it was 
increased to the left amygdala and left DLPFC in patients when compared to healthy controls.

An abnormal functioning of several salience network nodes was often shown by previous resting-state studies 
in MDD3, 4, 29. In our recent study, we also observed an abnormal activation of the VTA, amygdala, ACC, pI and 
striatum during evaluation of affective and non-affective self-referential stimuli in patients suffering from MDD30. 
We would like to speculate that stronger VTA connectivity to the left amygdala and left DLPFC may indicate an 

Figure 2.  Whole-brain resting-state functional connectivity maps with seed region in the ventral tegmental 
area (VTA). The comparison between depressed patients vs. healthy controls demonstrated that patients had 
stronger functional connectivity from VTA to the left amygdala (yellow color) and absent “anti-correlation” 
from VTA to the sensorimotor and temporal cortices, posterior insula and the right DLPFC (blue color). 
The error bars in the graphs of the RSFC from VTA to the amygdala as well as to the motor cortex represent 
standard deviations. Abbr.: aHC, anterior hippocampus; Amy, amygdala; pI, posterior insula; DLPFC, 
dorsolateral prefrontal cortex; SMCx, sensorimotor cortex, TCx, temporal cortex.
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over-attribution of meaning and affective salience to internal events, i.e. negative depressive thinking during the 
resting state condition, which may trigger associated emotional control processes. Studies of different kinds of 
manipulation of emotion regulation have shown that in particular lateral prefrontal regions, e.g. the DLPFC, 
influencing emotional responses by modulating brain regions like the amygdala31. The DLPFC is thought to play a 
crucial role in terms of top-down regulation of this affective circuitry. In MDD, hyperactivity of the amygdala was 
frequently observed during processing of negative stimuli23, 32. An interaction between increased amygdala acti-
vation during self-relevant processing and abnormal DLPFC-BOLD activation has also been demonstrated23, 33.  
Thus, our results further suggest that aberrant salience network activation and its aberrant functional connectiv-
ity may promote ruminative thinking and attentional biases toward negative events in MDD.

A further marked observation was an absent “anti-correlation” from VTA to large cluster spanning bilateral 
somatosensory regions and the posterior insula. The role of pI was associated with processing of somatosensory 
and interoceptive information, but also with evaluating motivational significance34. The pI was found to be ana-
tomically and functionally connected to primary and secondary motor and somatosensory cortices35. We may 
speculate that the observed pattern of absent connectivity from VTA/SNc to sensorimotor regions and pI might 
be associated with the often observed motivation/volition impairments and deficits in behavioral activation, 
e.g. psychomotor retardation in depressed patients. Furthermore, neuroimaging studies emphasized a pivotal 
role of dACC in cognitive control functions36. Considerable evidence also exists for the important involvement 
of dACC in reward processing37 and in effort allocation integrating information about the costs and benefits 
of specific actions38. For MDD, there is strong evidence for the association between aberrant DA system and 
decreased reward-seeking behavior and exertion of effort39. The detected significant negative correlation between 
the functional connectivity strength from the VTA to dACC and only the BDI-II somatic factor supports this 

Figure 3.  Differences between the classes of antidepressant medication in the whole-brain resting-state 
functional connectivity maps with seed region in the dorsal raphe nucleus (DRN). Depressed patients with 
an SSRI demonstrated stronger FC from DRN to the posterior brain regions in contrast to patients taking 
an SNRI/NaSSA (blue color). In the opposite contrast, patients with an SNRI/NaSSA showed stronger FC 
to the right DLPF and VLPFC (yellow color). Abbr.: SSRI, selective serotonin re-uptake inhibitor; SNRI, 
serotonin and noradrenalin reuptake inhibitor; NaSSA, noradrenergic and specific serotonergic antidepressant; 
DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal cortex; OCx, occipital cortex; Cereb., 
cerebellum.
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interpretation. The somatic factor was computed according to Vanheule, et al.22 and is composed of BDI-II items 
assessing depressive symptoms such as fatigue, appetite disturbance, loss of sexual interest and concentration 
difficulties.

To summarize, abnormal functional connectivity of the VTA (and in part of the substantia nigra) within the 
salience network may result on the one hand in an over-attribution of the affective salience of internally-oriented 
processes and on the other hand may be associated with diminished volition, behavioral activation and effort 
expenditure. Finally, our results also demonstrate that the FC from VTA and substantia nigra to DMN regions 
was not significantly different between medicated patients and healthy controls.

Differential effects of antidepressant medication.  Testing the impact of the class of antidepressant 
medication on the FC of main neurotransmitter producing nuclei, we predominantly observed a stronger FC 
from LC and DRN bilaterally to the DLPFC and VLPFC in patients taking 5-HT/NA antidepressant medication 
in contrast to patients taking SSRI only. We also observed stronger FC between LC and VMPFC in the SNRI/
NaSSA group. Patients taking SSRIs showed stronger FC from DRN to posterior brain regions, i.e. superior pari-
etal lobe, precuneus, occipital lobe and cerebellum.

The frontal lobe and the cingulate cortex have been shown to contain the highest density of NA fibers of all 
neocortical areas40, which enable the modulation of cognitive flexibility and executive functioning of this brain 
network41. Previous studies manipulating the NA neurotransmission demonstrated increased activation of the 
DLPFC during a working memory task after administration of atomoxetine42. Modafanil administration was 
associated with increased task-related LC and PFC activity, and enhanced LC-PFC functional connectivity43. 
Posner, et al.44 found in a 10-week double-blind, placebo-controlled trial of duloxetine, an SNRI a significant 
decrease in the FC between PCC and right parietal cortex as well as right superior frontal and right inferior tem-
poral gyrus after duloxetine treatment in dysthymic patients. Furthermore, acute administration of noradrena-
lin reuptake inhibitors (NRI) increased DLPFC activation during processing of emotional pictures45. Thus, the 
observed pattern of increased FC from LC and DRN to prefrontal regions in our study might indicate stronger 
noradrenergic influence on these connections in the SNRI/NaSSA group. It is well known, that 5-HT raphe and 
LC neurons reciprocally influence each other46.

Figure 4.  Differences between the classes of antidepressant medication in the whole-brain resting-state 
functional connectivity maps with seed region in the locus coeruleus (LC). Depressed patients with an SNRI or 
NaSSA antidepressant demonstrated stronger FC from LC to the DLPFC, VMPFC and cerebellum in contrast to 
patients taking an SSRI. Abbr.: SSRI, selective serotonin re-uptake inhibitor; SNRI, serotonin and noradrenalin 
reuptake inhibitor; NaSSA, noradrenergic and specific serotonergic antidepressant; DLPFC, dorsolateral 
prefrontal cortex; VMPFC, ventromedial prefrontal cortex.
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On the other hand, the effect of SSRIs has been shown in depressed patients and healthy controls on the amyg-
dala and hippocampus activation during a cognitive task47 or during processing of emotional stimuli, e.g. fearful 
faces45, 48, suggesting a modulation of attentional processes by SSRIs49.

Here, we observed stronger connectivity in the SSRI group between LC and parahippocampal gyrus compared 
to the SNRI/NaSSA group. Further marked FC group differences indicate putative specific effect of SSRIs on a 
neural network, comprising mainly occipital and parietal areas, strongly involved in visual and attentional pro-
cesses50. Cullen, et al.51 investigated RSFC of the amygdala in adolescents with MDD before and after 8 weeks of 
antidepressant treatment with an SSRI. The authors found that treatment response after 8 weeks was associated 
with decreased amygdala RSFC with the right precuneus and right PCC. In the same vein Wang, et al.52 reported 
increased amplitude of low-frequency fluctuations (ALFF) in the occipital cortex of MDD patients, who were 
SSRI responders in contrast to non-responders. In a very recent study Cheng, et al.53 demonstrated a decrease in 
the fractional ALFF in the occipital cortex 5 h after escitalopram admistration, which was a predictor of clinical 
remission after 8 weeks of treatment. The authors also detected increases in fractional ALFF in DLPFC, dorsome-
dial PFC and ACC after escitalopram admistration. Recently, Sikora, et al.54 found in a placebo-randomized con-
trolled trial with 10 weeks open-label antidepressant treatment (mainly with citalopram) that increased baseline 
RSFC of the rostral ACC with the salience network (including the midbrain) was positively correlated with the 
response to ten weeks of antidepressant treatment. The effect of successful treatment with SSRIs on the activity 
of the salience network was also shown in a recent meta-analysis including positron emission tomography (PET) 
and anterior spin labeling fMRI (ASL-fMRI) studies55. It will be therefore interesting to investigate the relation-
ship between antidepressant treatment response and changes in the functional connectivity between VTA/SNc 
and the salience network in a longitudinal study.

Thus, the detected differences in the FC of the midbrain/brainstem nuclei between two classes of antidepres-
sants suggest differential neural effects of SSRIs and SNRIs. However, our interpretation is limited due to the lack 
of longitudinal data and data on treatment responses. To sum up, present results might suggest a possible role of 
RSFC of the midbrain/brainstem nuclei as a diagnostic neurobiomarker to evaluate the effects of antidepressant 
medication on specific neural circuitries.

Some limitations should be acknowledged. This investigation was performed as a naturalistic, non-randomized 
study potentially associated with a selection bias. However, both medication groups did not significantly differ 
regarding the severity of depression as assessed by HRSD and BDI, illness duration as well as regarding age and 
gender. Thus, a potential selection bias is rather unlikely. Furthermore, we used a cross-sectional study design. 
Longitudinal studies are necessary to investigate dynamics of the detected altered neural networks in the whole 
group as well as RSFC differences in the antidepressant groups after successful therapy. Further studies should 
include treatment-naïve patients, to compare RSFC changes of midbrain/brainstem nuclei with the treatment 
response caused by antidepressants at a second point in time. An additional identification of possible biomarkers 
for treatment response can be realized by such longitudinal studies. Including various substances in the SNRI/
NaSSA group might potentially influence results, since patients may show a poor response to one drug class and 
a good response to another. Future studies might also benefit from a head to head comparison of two particular 
drugs. However, treatment related alterations in RSFC in MDD are still not sufficiently understood due to a few 
studies with relatively inconsistent findings. Furthermore, the investigation of anhedonia mechanisms may be 
a promising area for biomarker research in MDD. Since we did not use specific anhedonia questionnaires or a 
reward task, our interpretation regarding the association with the abnormal VTA/SNc connectivity is rather spec-
ulative. Finally, the midbrain\brainstem nuclei are relatively small, which makes it difficult to precisely assign the 
detected abnormal RSFC to specific nuclei. A high-resolution fMRI might be useful to improve their functional 
dissociation.

Materials and Methods
Subjects.  45 patients (33 females) who met the DSM IV criteria for MDD according to the Structured 
Clinical Interview (SCID) for DSM-IV Axis I disorders were recruited from the inpatient service of our depart-
ment. On average, patients were 36.7 ± 12.5 years old and had a mean level of education of 10.9 ± 1.3 years. 
Patients’ score on the Beck Depression Inventory-Second Edition (BDI-II) was 29.7 ± 8.5 and 21.1 ± 10.2 on the 
Hamilton Rating Scale for Depression (HRSD). Patients with a current comorbid Axis I disorder, with a history 
of manic episodes or with any neurological disorder were excluded from the study. Twenty three patients (8 males 
and 15 females) were treated with a Noradrenergic and Specific Serotonergic Antidepressant (NaSSA) or with 
a Selective Serotonine Noradrenaline Reuptake Inhibitor (SNRI), i.e. mirtazapine, venlafaxine and duloxetine. 
Eighteen patients (4 males and 14 females) were treated with a Selective Serotonin Reuptake Inhibitors (SSRI), 
i.e. citalopram or escitalopram and four patients were antidepressant drug-naive. Both medication groups did 
not significantly differ regarding age (t[39] = 1.1, p = n.s.), gender (χ² test, p = 0.5), depression severity (BDI-II: 
t[39] = 1.0, p = n.s.; HRSD: t[39] = 1.9, p = n.s.) and illness duration (t[38] = 1.1, p = n.s.). Patients were stably 
medicated for at least 10 days.

45 control subjects (33 females) matched for age, gender and education were recruited through local news-
paper advertisement. The mean age was 37.6 ± 11.8 years and the mean level of education was 11.3 ± 0.9 years. 
The subjects’ score on the BDI-II was 2.2 ± 2.6. Subjects with past or current neurological or psychiatric diseases 
according to M.I.N.I56 and/or first-degree relatives with Axis I psychiatric disorders were excluded from the study. 
None of the study participants were taking any psychopharmacological medications.

A multiple choice vocabulary test (MWT-B)57, a measure for premorbid intelligence, confirmed that none of 
the study participants was mentally retarded (patients: MIQ = 108.8, SD = 13.1; controls: MIQ = 111.7, SD = 12.2).

All participants were right-handed, according to the modified version of Annetts handedness inventory58 and 
provided written informed consent prior to participating in the study. The study protocol was approved by the 
Ethics Committee of the University Hospital of Jena and informed consent was obtained from all participants. 
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The study was conducted according to the ethical guidelines of the current official version (from 2013) of the 
Declaration of Helsinki. All subjects were paid 10 Euro per hour for their participation.

MRI Procedure.  The data were collected on a 3T whole body system equipped with a 20-channel head 
matrix coil (MAGNETOM TIM Trio, Siemens). The whole measurement consisted of a resting state scan fol-
lowed by a structural MR scan. Subjects were asked to keep their eyes closed during the whole measurement. 
T2

*-weighted images were obtained using a gradient-echo EPI sequence accelerated by parallel imaging using 
GRAPPA (TR = 2520 ms, TE = 30 ms, flip angle = 90°, inter-slice gap = 0.625 mm, GRAPPA factor = 2) with 45 
contiguous transverse slices of 2.5 mm thickness covering the entire brain and the lower brainstem. Matrix size 
was 88 × 84 pixels with in-plane resolution of 2.5 × 2.5 mm2 corresponding to a field of view of 220 × 210 mm. A 
series of 240 whole-brain volume sets were acquired in one session.

High-resolution anatomical T1-weighted volume scans (MP-RAGE) were obtained in sagittal orientation 
(TR = 2300 ms, TE = 3.03 ms, TI = 900 ms, flip angle = 9°, FOV = 256 mm, matrix = 256 mm × 256 mm, number 
of sagittal slices = 192, acceleration factor (PAT = 2) with an isotropic resolution of 1 × 1 × 1 mm3.

rs-fMRI preprocessing.  As applied in our previous study10, the normalization procedure of the midbrain/
brainstem was improved using the spatially unbiased infra-tentorial template (SUIT, version 3.1)18 to more pre-
cisely define regions of interest for the subsequent time-series extraction. Using the SUIT toolbox, we under-
took the following preprocessing steps: (i) segmentation of the whole-brain image as implemented in SPM12, 
(ii) cropping of the image, retaining only the cerebellum and brainstem, (iii) normalization using the DARTEL 
(diffeomorphic anatomical registration through exponentiated lie algebra) engine59 that uses gray and white mat-
ter segmentation maps produced during cerebellar isolation to generate a flowfield using Large Deformation 
Diffeomorphic Metric Mapping LDDMM60, and (iv) reslicing to a voxel size of 2 × 2 × 2 mm³. Due to the small 
size of brainstem/midbrain nuclei and their close anatomical location, we did not smooth the normalized images. 
Using AFNI (http://afni.nimh.nih.gov/afni/), linear and quadratic trends were removed. The data were filtered 
with a frequency-based band-pass filter (AFNI 3dBandpass), retaining frequencies in the 0.01–0.08 Hz band. 
Head-motion was managed using multiple regression of the 6 volume-by-volume head motion parameters 
derived at preprocessing.

The preprocessing of the whole brain (including brainstem and cerebellum) was performed using the SPM12 
(http://www.fil.ion.ucl.ac.uk/spm) and AFNI (http://afni.nimh.nih.gov/afni/) software packages. The first five 
images were discarded to obtain steady-state tissue magnetization. Preprocessing included 3D motion correction, 
i.e. rigid body realignment to the mean of all images. Subsequently, a slice timing correction was performed to 
ensure that the data on each slice corresponded to the same point in time. Afterwards, a within-subject registra-
tion was performed between functional and anatomical images using SPM12. The coregistered anatomical images 
were segmented and functional images were then spatially normalised to the MNI space using the deformation 
field created during the segmentation process. The whole-brain data were smoothed using a Gaussian filter of 
6 mm FWHM. Preprocessing using AFNI consisted of further additional steps: (i) removal of lineal and quadratic 
trends, (ii) temporal band-pass filtering, retaining frequencies in the 0.01–0.08 Hz band, (iii) removal by multiple 
regression of several sources of variance, i.e. head-motion parameter, CSF as well as white matter signal. Due to 
the controversial interpretation of the functional connectivity results using global signal regression, we avoided 
this step in the preprocessing of the functional data61.

Definition of the brainstem seed regions.  As in our recent study10, the upper 5-HT raphe nuclei and 
the noradrenergic LC were identified based on their known localization in the anatomical literature19 and by 
comparison with available atlases of the human brainstem20. According to this literature, two seed Raphe-ROIs 
of 4 mm radius were defined and comprised the Nucleus raphes dorsalis (DRN, B7, MNI-coordinates, x = 2, 
y = −26, z = −18) and Nucleus centralis superior (B6 + B8, MNI-coordinates, x = 0, y = −32, z = −24). The LC 
were made up of the left (A6, 4 × 6 × 10 mm centered at MNI-coordinates, x = −5, y = −34, z = −21) and right 
ROI (4 × 6 × 10 mm centered at MNI-coordinates x = 7, y = −34, z = −21) lying in the floor of the forth ventricle 
in the rostral pons. The location of the LC-ROI corresponded to the LC mask, derived as a probabilistic map by 
neuromelanin-sensitive MRI in 44 healthy adults62.

To study the RSFC of the DA neurotransmitter system in MDD, we focused on two midbrain cell groups, the 
vental tegmental area (VTA, A10) and the substantia nigra, pars compacta (SNc, A9)63, both projecting to a broad 
range of cortical and subcortical brain regions64. To obtain the anatomically most precise ROIs, the VTA and the 
SNc were manually traced based on the available atlases of the human brainstem20, 65. Due to high concentration 
of neuromelanin the pars compacta had a clear contrast to the pars reticulata of the SN66 as well as to the neigh-
boring regions, i.e. red nucleus and superior cerebellar peduncle relative to which SNc is dorsolaterally lying. 
The boundaries of the VTA were defined laterally adjacent to the substantia nigra, and medially adjacent to the 
interpeduncular fossa.

Functional Connectivity Analysis.  FC analyses were carried out by correlating the regional time course, 
which was extracted from the selected midbrain/brainstem ROIs, against all other voxels within the brain. The 
functional connectivity was obtained by computing Pearson correlation coefficients. After application of Fisher 
z-transformation to the correlation maps, using SPM12 an ANOVA was set up with one between-subjects factor 
GROUP (MDD patients vs. healthy controls). Our univariate analyses were primarily focused on differences in 
the RSFC of the upper 5-HT nuclei, both dopaminergic ROIs and noradrenergic LC. The statistical comparisons 
were thresholded at an uncorrected voxel-level significance of p < 0.001 and an FDR corrected cluster-level sig-
nificance of p < 0.0567. In a further analysis we tested for the effect of antidepressant medication on the RSFC 
of the midbrain/brainstem nuclei. An ANOVA was set up with a between-subjects factor GROUP having three 

http://afni.nimh.nih.gov/afni/
http://www.fil.ion.ucl.ac.uk/spm
http://afni.nimh.nih.gov/afni/
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factor levels, corresponding to MDD patients treated with SSRI (n = 18), MDD patients treated with SNRI/NaSSA 
(n = 23) and healthy controls (n = 45). Due the smaller sample size the statistical comparisons between both 
medication groups were thresholded at an uncorrected voxel-level significance of p < 0.005 and an FDR corrected 
cluster-level significance of p < 0.0568.

References
	 1.	 Buckner, R. L., Andrews-Hanna, J. R. & Schacter, D. L. The brain’s default network: anatomy, function, and relevance to disease. 

Annals of the New York Academy of Sciences 1124, 1–38, doi:10.1196/annals.1440.011 (2008).
	 2.	 Seeley, W. W. et al. Dissociable intrinsic connectivity networks for salience processing and executive control. J Neurosci 27, 

2349–2356, doi:10.1523/JNEUROSCI.5587-06.2007 (2007).
	 3.	 Hamilton, J. P. et al. Default-mode and task-positive network activity in major depressive disorder: implications for adaptive and 

maladaptive rumination. Biological psychiatry 70, 327–333, doi:10.1016/j.biopsych.2011.02.003 (2011).
	 4.	 Kaiser, R. H., Andrews-Hanna, J. R., Wager, T. D. & Pizzagalli, D. A. Large-Scale Network Dysfunction in Major Depressive 

Disorder: A Meta-analysis of Resting-State Functional Connectivity. JAMA Psychiatry 72, 603–611, doi:10.1001/
jamapsychiatry.2015.0071 (2015).

	 5.	 van de Ven, V., Wingen, M., Kuypers, K. P., Ramaekers, J. G. & Formisano, E. Escitalopram Decreases Cross-Regional Functional 
Connectivity within the Default-Mode Network. PloS one 8, e68355, doi:10.1371/journal.pone.0068355 (2013).

	 6.	 Carhart-Harris, R. L. et al. Functional connectivity measures after psilocybin inform a novel hypothesis of early psychosis. 
Schizophrenia bulletin 39, 1343–1351, doi:10.1093/schbul/sbs117 (2013).

	 7.	 Kunisato, Y. et al. Modulation of default-mode network activity by acute tryptophan depletion is associated with mood change: a 
resting state functional magnetic resonance imaging study. Neuroscience research 69, 129–134, doi:10.1016/j.neures.2010.11.005 
(2011).

	 8.	 van Wingen, G. A. et al. Short-term antidepressant administration reduces default mode and task-positive network connectivity in 
healthy individuals during rest. Neuroimage 88C, 47–53, doi:10.1016/j.neuroimage.2013.11.022 (2013).

	 9.	 Kelly, C. et al. L-dopa modulates functional connectivity in striatal cognitive and motor networks: a double-blind placebo-controlled 
study. J Neurosci 29, 7364–7378, doi:10.1523/JNEUROSCI.0810-09.2009 (2009).

	10.	 Bär, K. J. et al. Functional connectivity and network analysis of midbrain and brainstem nuclei. Neuroimage 134, 53–63, 
doi:10.1016/j.neuroimage.2016.03.071 (2016).

	11.	 Willner, P., Scheel-Kruger, J. & Belzung, C. The neurobiology of depression and antidepressant action. Neurosci Biobehav Rev 37, 
2331–2371, doi:10.1016/j.neubiorev.2012.12.007 (2013).

	12.	 Schildkraut, J. J. The catecholamine hypothesis of affective disorders: a review of supporting evidence. The American journal of 
psychiatry 122, 509–522, doi:10.1176/ajp.122.5.509 (1965).

	13.	 Canli, T. & Lesch, K. P. Long story short: the serotonin transporter in emotion regulation and social cognition. Nature neuroscience 
10, 1103–1109, doi:10.1038/nn1964 (2007).

	14.	 Jasinska, A. J., Lowry, C. A. & Burmeister, M. Serotonin transporter gene, stress and raphe-raphe interactions: a molecular 
mechanism of depression. Trends in neurosciences 35, 395–402, doi:10.1016/j.tins.2012.01.001 (2012).

	15.	 Ikemoto, S. Dopamine reward circuitry: two projection systems from the ventral midbrain to the nucleus accumbens-olfactory 
tubercle complex. Brain research reviews 56, 27–78, doi:10.1016/j.brainresrev.2007.05.004 (2007).

	16.	 Corbetta, M., Patel, G. & Shulman, G. L. The reorienting system of the human brain: from environment to theory of mind. Neuron 
58, 306–324, doi:10.1016/j.neuron.2008.04.017 (2008).

	17.	 Itoi, K. & Sugimoto, N. The brainstem noradrenergic systems in stress, anxiety and depression. Journal of neuroendocrinology 22, 
355–361, doi:10.1111/j.1365-2826.2010.01988.x (2010).

	18.	 Diedrichsen, J. A spatially unbiased atlas template of the human cerebellum. Neuroimage 33, 127–138, doi:10.1016/j.
neuroimage.2006.05.056 (2006).

	19.	 Nieuwenhuys, R. Chemoarchitecture of the brain. (Springer, 1985).
	20.	 Naidich, T. P. et al. Duvornoy’s Atlas of the Human Brain Stem and Cerebellum (Springer, 2009).
	21.	 Hamilton, J. P., Chen, M. C. & Gotlib, I. H. Neural systems approaches to understanding major depressive disorder: an intrinsic 

functional organization perspective. Neurobiology of disease 52, 4–11, doi:10.1016/j.nbd.2012.01.015 (2013).
	22.	 Vanheule, S., Desmet, M., Groenvynck, H., Rosseel, Y. & Fontaine, J. The factor structure of the Beck Depression Inventory-II: an 

evaluation. Assessment 15, 177–187, doi:10.1177/1073191107311261 (2008).
	23.	 Siegle, G. J., Thompson, W., Carter, C. S., Steinhauer, S. R. & Thase, M. E. Increased amygdala and decreased dorsolateral prefrontal 

BOLD responses in unipolar depression: related and independent features. Biological psychiatry 61, 198–209, doi:10.1016/j.
biopsych.2006.05.048 (2007).

	24.	 Tomasi, D. & Volkow, N. D. Functional connectivity of substantia nigra and ventral tegmental area: maturation during adolescence 
and effects of ADHD. Cereb Cortex 24, 935–944, doi:10.1093/cercor/bhs382 (2014).

	25.	 Menon, V. In Brain Mapping: An Encyclopedic Reference Vol. 2 (ed. Toga,A. W.) 597-611 (Academic Press: Elsevier, 2015).
	26.	 Menon, V. & Uddin, L. Q. Saliency, switching, attention and control: a network model of insula function. Brain structure & function 

214, 655–667, doi:10.1007/s00429-010-0262-0 (2010).
	27.	 Sridharan, D., Levitin, D. J. & Menon, V. A critical role for the right fronto-insular cortex in switching between central-executive and 

default-mode networks. P Natl Acad Sci USA 105, 12569–12574, doi:10.1073/pnas.0800005105 (2008).
	28.	 Salamone, J. D. & Correa, M. The mysterious motivational functions of mesolimbic dopamine. Neuron 76, 470–485, doi:10.1016/j.

neuron.2012.10.021 (2012).
	29.	 Sheline, Y. I., Price, J. L., Yan, Z. & Mintun, M. A. Resting-state functional MRI in depression unmasks increased connectivity 

between networks via the dorsal nexus. Proc Natl Acad Sci USA 107, 11020–11025, doi:10.1073/pnas.1000446107 (2010).
	30.	 Wagner, G., Schachtzabel, C., Peikert, G. & Bar, K. J. The neural basis of the abnormal self-referential processing and its impact on 

cognitive control in depressed patients. Hum Brain Mapp. doi:10.1002/hbm.22807 (2015).
	31.	 Ochsner, K. N., Silvers, J. A. & Buhle, J. T. Functional imaging studies of emotion regulation: a synthetic review and evolving model 

of the cognitive control of emotion. Annals of the New York Academy of Sciences 1251, E1–24, doi:10.1111/j.1749-6632.2012.06751.x 
(2012).

	32.	 Suslow, T. et al. Automatic mood-congruent amygdala responses to masked facial expressions in major depression. Biological 
psychiatry 67, 155–160, doi:10.1016/j.biopsych.2009.07.023 (2010).

	33.	 Ray, R. D. et al. Individual differences in trait rumination and the neural systems supporting cognitive reappraisal. Cogn Affect Behav 
Neurosci 5, 156–168 (2005).

	34.	 Craig, A. D. How do you feel? Interoception: the sense of the physiological condition of the body. Nat Rev Neurosci 3, 655–666, 
doi:10.1038/nrn894 (2002).

	35.	 Deen, B., Pitskel, N. B. & Pelphrey, K. A. Three systems of insular functional connectivity identified with cluster analysis. Cereb 
Cortex 21, 1498–1506, doi:10.1093/cercor/bhq186 (2011).

	36.	 Mansouri, F. A., Tanaka, K. & Buckley, M. J. Conflict-induced behavioural adjustment: a clue to the executive functions of the 
prefrontal cortex. Nat Rev Neurosci 10, 141–152, doi:10.1038/nrn2538 (2009).

http://dx.doi.org/10.1196/annals.1440.011
http://dx.doi.org/10.1523/JNEUROSCI.5587-06.2007
http://dx.doi.org/10.1016/j.biopsych.2011.02.003
http://dx.doi.org/10.1001/jamapsychiatry.2015.0071
http://dx.doi.org/10.1001/jamapsychiatry.2015.0071
http://dx.doi.org/10.1371/journal.pone.0068355
http://dx.doi.org/10.1093/schbul/sbs117
http://dx.doi.org/10.1016/j.neures.2010.11.005
http://dx.doi.org/10.1016/j.neuroimage.2013.11.022
http://dx.doi.org/10.1523/JNEUROSCI.0810-09.2009
http://dx.doi.org/10.1016/j.neuroimage.2016.03.071
http://dx.doi.org/10.1016/j.neubiorev.2012.12.007
http://dx.doi.org/10.1176/ajp.122.5.509
http://dx.doi.org/10.1038/nn1964
http://dx.doi.org/10.1016/j.tins.2012.01.001
http://dx.doi.org/10.1016/j.brainresrev.2007.05.004
http://dx.doi.org/10.1016/j.neuron.2008.04.017
http://dx.doi.org/10.1111/j.1365-2826.2010.01988.x
http://dx.doi.org/10.1016/j.neuroimage.2006.05.056
http://dx.doi.org/10.1016/j.neuroimage.2006.05.056
http://dx.doi.org/10.1016/j.nbd.2012.01.015
http://dx.doi.org/10.1177/1073191107311261
http://dx.doi.org/10.1016/j.biopsych.2006.05.048
http://dx.doi.org/10.1016/j.biopsych.2006.05.048
http://dx.doi.org/10.1093/cercor/bhs382
http://dx.doi.org/10.1007/s00429-010-0262-0
http://dx.doi.org/10.1073/pnas.0800005105
http://dx.doi.org/10.1016/j.neuron.2012.10.021
http://dx.doi.org/10.1016/j.neuron.2012.10.021
http://dx.doi.org/10.1073/pnas.1000446107
http://dx.doi.org/10.1002/hbm.22807
http://dx.doi.org/10.1111/j.1749-6632.2012.06751.x
http://dx.doi.org/10.1016/j.biopsych.2009.07.023
http://dx.doi.org/10.1038/nrn894
http://dx.doi.org/10.1093/cercor/bhq186
http://dx.doi.org/10.1038/nrn2538


www.nature.com/scientificreports/

1 1Scientific REPOrTS | 7: 8675  | DOI:10.1038/s41598-017-09077-5

	37.	 Rushworth, M. F., Noonan, M. P., Boorman, E. D., Walton, M. E. & Behrens, T. E. Frontal cortex and reward-guided learning and 
decision-making. Neuron 70, 1054–1069, doi:10.1016/j.neuron.2011.05.014 (2011).

	38.	 Shenhav, A., Botvinick, M. M. & Cohen, J. D. The expected value of control: an integrative theory of anterior cingulate cortex 
function. Neuron 79, 217–240, doi:10.1016/j.neuron.2013.07.007 (2013).

	39.	 Dunlop, B. W. & Nemeroff, C. B. The role of dopamine in the pathophysiology of depression. Archives of general psychiatry 64, 
327–337, doi:10.1001/archpsyc.64.3.327 (2007).

	40.	 Fuxe, K., Hamberger, B. & Hokfelt, T. Distribution of noradrenaline nerve terminals in cortical areas of the rat. Brain research 8, 
125–131, doi:0006-8993(68)90175-3 (1968).

	41.	 Sara, S. J. & Bouret, S. Orienting and reorienting: the locus coeruleus mediates cognition through arousal. Neuron 76, 130–141, 
doi:10.1016/j.neuron.2012.09.011 (2012).

	42.	 Cubillo, A. et al. Drug-specific laterality effects on frontal lobe activation of atomoxetine and methylphenidate in attention deficit 
hyperactivity disorder boys during working memory. Psychological medicine 44, 633–646, doi:10.1017/s0033291713000676 (2014).

	43.	 Minzenberg, M. J., Watrous, A. J., Yoon, J. H., Ursu, S. & Carter, C. S. Modanfinil Shifts Human Locus Coeruleus to Low-Tonic, 
High-Phasic Activity During Functional MRI. Science (New York, N.Y.) 322, 1700–1702, doi:10.1126/science.1164908 (2008).

	44.	 Posner, J. et al. Antidepressants normalize the default mode network in patients with dysthymia. JAMA Psychiatry 70, 373–382, 
doi:10.1001/jamapsychiatry.2013.455 (2013).

	45.	 Outhred, T. et al. Acute neural effects of selective serotonin reuptake inhibitors versus noradrenaline reuptake inhibitors on emotion 
processing: Implications for differential treatment efficacy. Neurosci Biobehav Rev 37, 1786–1800, doi:10.1016/j.
neubiorev.2013.07.010 (2013).

	46.	 Baraban, J. M. & Aghajanian, G. K. Suppression of firing activity of 5-HT neurons in the dorsal raphe by alpha-adrenoceptor 
antagonists. Neuropharmacology 19, 355–363 (1980).

	47.	 Wagner, G. et al. Differential effects of serotonergic and noradrenergic antidepressants on brain activity during a cognitive control 
task and neurofunctional prediction of treatment outcome in patients with depression. Journal of psychiatry & neuroscience: JPN 35, 
247–257 (2010).

	48.	 Murphy, S. E., Norbury, R., O’Sullivan, U., Cowen, P. J. & Harmer, C. J. Effect of a single dose of citalopram on amygdala response to 
emotional faces. The British journal of psychiatry: the journal of mental science 194, 535–540, doi:10.1192/bjp.bp.108.056093 (2009).

	49.	 Murphy, S. E., Yiend, J., Lester, K. J., Cowen, P. J. & Harmer, C. J. Short-term serotonergic but not noradrenergic antidepressant 
administration reduces attentional vigilance to threat in healthy volunteers. The international journal of neuropsychopharmacology/
official scientific journal of the Collegium Internationale Neuropsychopharmacologicum 12, 169–179, doi:10.1017/S1461145708009164 
(2009).

	50.	 Han, S. et al. The role of human parietal cortex in attention networks. Brain: a journal of neurology 127, 650–659, doi:10.1093/brain/
awh071 (2004).

	51.	 Cullen, K. R. et al. Neural Correlates of Antidepressant Treatment Response in Adolescents with Major Depressive Disorder. Journal 
of child and adolescent psychopharmacology 26, 705–712, doi:10.1089/cap.2015.0232 (2016).

	52.	 Wang, L. J., Kuang, W. H., Xu, J. J., Lei, D. & Yang, Y. C. Resting-state brain activation correlates with short-time antidepressant 
treatment outcome in drug-naive patients with major depressive disorder. The Journal of international medical research 42, 966–975, 
doi:10.1177/0300060514533524 (2014).

	53.	 Cheng, Y. et al. Resting-state brain alteration after a single dose of SSRI administration predicts 8-week remission of patients with 
major depressive disorder. Psychological medicine 47, 438–450, doi:10.1017/S0033291716002440 (2017).

	54.	 Sikora, M. et al. Salience network functional, connectivity predicts placebo effects in major depression. Biological Psychiatry: 
Cognitive Neuroscience and Neuroimaging 1, 68–76, doi:10.1016/j.bpsc.2015.10.002 (2016).

	55.	 Chau, D. T., Fogelman, P., Nordanskog, P., Drevets, W. C. & Hamilton, J. P. Distinct neural-functional effects of treatments with 
selective serotonin reuptake inhibitors, electroconvulsive therapy, and transcranial magnetic stimulation and their relations to 
regional brain function in major depression: A meta-analysis. Biological Psychiatry: Cognitive Neuroscience and Neuroimaging 2, 
318–326, doi:10.1016/j.bpsc.2017.01.003 (2017).

	56.	 Sheehan, D. V. et al. The Mini-International Neuropsychiatric Interview (M.I.N.I.): the development and validation of a structured 
diagnostic psychiatric interview for DSM-IV and ICD-10. J Clin Psychiatry 59 Suppl 20, 22–33, quiz 34–57 (1998).

	57.	 Lehrl, S., Triebig, G. & Fischer, B. Multiple choice vocabulary test MWT as a valid and short test to estimate premorbid intelligence. 
Acta Neurol Scand 91, 335–345 (1995).

	58.	 Briggs, G. G. & Nebes, R. D. Patterns of hand preference in a student population. Cortex 11, 230–238 (1975).
	59.	 Ashburner, J. A fast diffeomorphic image registration algorithm. Neuroimage 38, 95–113, doi:10.1016/j.neuroimage.2007.07.007 

(2007).
	60.	 Beg, M. F., Miller, M. I., Trouve, A. & Younes, L. Computing large deformation metric mappings via geodesic flows of 

diffeomorphisms. Int J Comput Vision 61, 139–157, doi:10.1023/B:VISI.0000043755.93987.aa (2005).
	61.	 Murphy, K., Birn, R. M. & Bandettini, P. A. Resting-state fMRI confounds and cleanup. Neuroimage 80, 349–359, doi:10.1016/j.

neuroimage.2013.04.001 (2013).
	62.	 Keren, N. I., Lozar, C. T., Harris, K. C., Morgan, P. S. & Eckert, M. A. In vivo mapping of the human locus coeruleus. Neuroimage 47, 

1261–1267, doi:10.1016/j.neuroimage.2009.06.012 (2009).
	63.	 Dahlstroem, A. & Fuxe, K. Evidence for the Existence of Monoamine-Containing Neurons in the Central Nervous System. I. 

Demonstration of Monoamines in the Cell Bodies of Brain Stem Neurons. Acta Physiol Scand Suppl, SUPPL 232, 231–255 (1964).
	64.	 Williams, S. M. & Goldman-Rakic, P. S. Widespread origin of the primate mesofrontal dopamine system. Cereb Cortex 8, 321–345 

(1998).
	65.	 Paxinos, G. T. & Huang, X.-F. Atlas of the Human Brainstem. (Academic Press Inc., 1995).
	66.	 Yelnik, J., Francois, C., Percheron, G. & Heyner, S. Golgi study of the primate substantia nigra. I. Quantitative morphology and 

typology of nigral neurons. J Comp Neurol 265, 455–472, doi:10.1002/cne.902650402 (1987).
	67.	 Woo, C. W., Krishnan, A. & Wager, T. D. Cluster-extent based thresholding in fMRI analyses: pitfalls and recommendations. 

Neuroimage 91, 412–419, doi:10.1016/j.neuroimage.2013.12.058 (2014).
	68.	 Lieberman, M. D. & Cunningham, W. A. Type I and Type II error concerns in fMRI research: re-balancing the scale. Soc Cogn Affect 

Neurosci 4, 423–428, doi:10.1093/scan/nsp052 (2009).

Author Contributions
G.W. and K.-J.B. were involved in the design and supervision of the study. S.K. carried out the recruitment of 
patients and healthy controls as well as the fMRI data acquisition. G.W. and F.C. performed the statistical analyses. 
G.W. and K.-J.B. wrote the manuscript text. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-09077-5
Competing Interests: The authors declare that they have no competing interests.

http://dx.doi.org/10.1016/j.neuron.2011.05.014
http://dx.doi.org/10.1016/j.neuron.2013.07.007
http://dx.doi.org/10.1001/archpsyc.64.3.327
http://dx.doi.org/10.1016/j.neuron.2012.09.011
http://dx.doi.org/10.1017/s0033291713000676
http://dx.doi.org/10.1126/science.1164908
http://dx.doi.org/10.1001/jamapsychiatry.2013.455
http://dx.doi.org/10.1016/j.neubiorev.2013.07.010
http://dx.doi.org/10.1016/j.neubiorev.2013.07.010
http://dx.doi.org/10.1192/bjp.bp.108.056093
http://dx.doi.org/10.1017/S1461145708009164
http://dx.doi.org/10.1093/brain/awh071
http://dx.doi.org/10.1093/brain/awh071
http://dx.doi.org/10.1089/cap.2015.0232
http://dx.doi.org/10.1177/0300060514533524
http://dx.doi.org/10.1017/S0033291716002440
http://dx.doi.org/10.1016/j.bpsc.2015.10.002
http://dx.doi.org/10.1016/j.bpsc.2017.01.003
http://dx.doi.org/10.1016/j.neuroimage.2007.07.007
http://dx.doi.org/10.1023/B:VISI.0000043755.93987.aa
http://dx.doi.org/10.1016/j.neuroimage.2013.04.001
http://dx.doi.org/10.1016/j.neuroimage.2013.04.001
http://dx.doi.org/10.1016/j.neuroimage.2009.06.012
http://dx.doi.org/10.1002/cne.902650402
http://dx.doi.org/10.1016/j.neuroimage.2013.12.058
http://dx.doi.org/10.1093/scan/nsp052
http://dx.doi.org/10.1038/s41598-017-09077-5


www.nature.com/scientificreports/

1 2Scientific REPOrTS | 7: 8675  | DOI:10.1038/s41598-017-09077-5

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Treatment Associated Changes of Functional Connectivity of Midbrain/Brainstem Nuclei in Major Depressive Disorder

	Results

	Resting state functional connectivity in the total MDD group. 
	5-HT nuclei. 
	Noradrenergic LC. 
	Dopaminergic midbrain nuclei. 

	Effect of antidepressant medication on RSFC of midbrain/brainstem nuclei. 
	5-HT nuclei. 
	Noradrenergic LC. 
	DA nuclei. 


	Discussion

	Differential effects of antidepressant medication. 

	Materials and Methods

	Subjects. 
	MRI Procedure. 
	rs-fMRI preprocessing. 
	Definition of the brainstem seed regions. 
	Functional Connectivity Analysis. 

	Figure 1 Whole-brain resting-state functional connectivity maps with seed region in the ventral tegmental area (VTA).
	Figure 2 Whole-brain resting-state functional connectivity maps with seed region in the ventral tegmental area (VTA).
	Figure 3 Differences between the classes of antidepressant medication in the whole-brain resting-state functional connectivity maps with seed region in the dorsal raphe nucleus (DRN).
	Figure 4 Differences between the classes of antidepressant medication in the whole-brain resting-state functional connectivity maps with seed region in the locus coeruleus (LC).
	Table 1 Comparison of the resting-state functional connectivity between patients with MDD and healthy controls with seed regions in the dopaminergic ventral tegmental area (VTA) as well as substantia nigra pars compacta (SNc).




