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Abstract

Serotonergic dysfunction is implicated in major depressive disorder (MDD), but the mechanisms of this relationship remain
elusive. Serotonin 1A (5-HT;,) autoreceptors regulate brain-wide serotonin neuron firing and are positioned to assert large-
scale effects on negative emotion. Here we investigated the relationship between raphe 5-HT;, binding and brain-wide
network dynamics of negative emotion. 22 healthy-volunteers (HV) and 27 medication-free participants with MDD
underwent positron emission tomography (PET) using [''CJCUMI-101 (CUMI) to quantify 5-HT,, binding in midbrain
raphe nuclei and functional magnetic resonance imaging (fMRI) scanning during emotionally negative picture viewing.
Causal connectivity across regions responsive to negative emotion was estimated in the fMRI data using a multivariate
dynamical systems model. During negative picture viewing, MDD subjects demonstrated significant hippocampal inhibition
of amygdala, basal-ganglia, thalamus, orbital frontal cortex, inferior frontal gyrus and dorsomedial prefrontal cortex (IFG,
dmPFC). MDD-related connectivity was not associated with raphe 5-HT;, binding. However, greater hippocampal
inhibition of amygdala, thalamus, IFG and dmPFC correlated with hippocampal 5-HT;, binding. Correlation between
hippocampal 5-HT, 5 binding and the hippocampal inhibition network was specific to MDD but not HV. MDD and HV
groups also differed with respect to the correlation between raphe and hippocampal 5-HT;, binding which was more
pronounced in HV. These findings suggest that increased hippocampal network inhibition in MDD is linked to hippocampal
serotonergic dysfunction which may in turn arise from disrupted linkage in raphe to hippocampus serotonergic circuitry.

Introduction

Supplementary information The online version of this article (https://
doi.org/10.1038/s41380-020-0733-5) contains supplementary
material, which is available to authorized users.

Several lines of evidence implicate serotonin 1A (5-HT;4)
autoreceptors, in the median and dorsal midbrain raphe
nuclei (RN), in the pathophysiology of major depressive
disorder (MDD). Serotonergic function across the brain
modulates responses to emotionally negative stimuli [1-3].
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5-HT, 4 autoreceptors regulate serotonin neuron firing and
release at terminal fields, moderating brain-wide response to
emotionally negative stimuli [1, 2, 4]. Animal research links
upregulated 5-HT;, autoreceptors to anxious and
depression-like behaviors and their reversal [5—11]. How-
ever, studies investigating 5-HT, 4 autoreceptor binding in
MDD diagnosis report mixed results. Using positron
emission tomography (PET) some studies report upregu-
lated 5-HT;, receptors in MDD [12-15] and others have
not [16-18]. Given the phenotypic heterogeneity of MDD,
neurocognitive function rather than syndrome diagnoses,
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may link more closely with specific pathophysiological
mechanisms such as 5-HT, 5 autoreceptor binding.

Prior studies investigating the relationship between 5-
HT; autoreceptor binding and neurocognitive features of
MDD focused primarily on the amygdala. Some studies
found decreased amygdala response to negative stimuli
related to greater 5-HT, autoreceptor binding [19, 20] and
another showed non-significant results, when controlling for
age/sex [21]. The latter study, conducted in the largest
sample, indicates limited support for a simple 5-HTa
autoreceptor binding relationship with amygdala response.

However, the amygdala is only part of the emotional
response system [22] and one of many brain regions tar-
geted by serotonergic neurons [23]. Converging evidence
indicates that connectivity across large-scale brain networks
provides a more informative model of cognitive processing
compared with localized activations such as amygdala
reactivity [24-31]. Causal connectivity, i.e. the degree that
activity in one region predicts in time and intensity the
subsequent activity in other regions within the network,
particularly conveys useful information about the func-
tioning of a large-scale network [32]. When a network
incorporates regions that serve functions as diverse as
memory, attention, cognitive control, emotion and percep-
tion, the pattern of causal connectivity across the network
may be indicative of the type of mental process occurring in
response to a given stimulus, e.g. top-down control pro-
cesses vs. bottom-up perceptually driven processes [33, 34].
For this reason, we examined the relationship between 5-
HT, 4 autoreceptor binding and the pattern of causal con-
nectivity within a large-scale brain network involved in
responding to negative emotional stimuli.

To do this, we conducted a multimodal PET and func-
tional magnetic resonance imaging (fMRI) study in a
sample of medication-free depressed patients with MDD
and healthy volunteers (HV). fMRI was used to identify
regions involved in responding to emotionally negative
stimuli and to delineate causal relationships between the
distributed regions in this network. Using PET, we quanti-
fied 5-HT, 4 autoreceptor binding in midbrain raphe nuclei
(RN). Finally, we estimated the relationship between
depression related changes in network causality and 5-HT 5
binding in MDD vs. HV. We expected to find a relationship
between 5-HT,, autoreceptor binding and MDD related
network causality in MDD subjects specifically.

Methods
Sample

A total of 77 subjects underwent MRI scanning, the com-
position of this group was as follows MDD: N =36; HV:
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N =33; and high familial risk individuals (HFRIs, healthy
volunteers despite a first- or second-degree relative with
depression) N = 8. Out of these subjects, 52 also received a
PET scan with [''C]JCUMI-101: 27 with MDD, 22 HV and
3 HFRIs.

Clinical assessments

Eligibility assessment included medical/psychiatric history,
physical examination, routine blood tests, urinalysis, and
urine toxicology. Psychiatric diagnoses were established
using the Structured Clinical Interview for DSM-IV [35],
conducted by doctoral- or masters’-level psychologists
trained to a criterion level in diagnostic reliability and
accuracy. Depression severity was quantified with the 17-
item Hamilton Depression Rating Scale (HDRS-17) [36].

Inclusion criteria for the MDD sample: (1) MDD in a
current major depressive episode; (2) age 18-65 years; and
(3) off all medications likely to interact with 5-HTx
receptors for >21 days at the time of scan. This three week
drug-free period is based on our findings that
antidepressant-associated downregulation of 5-HT,, auto-
receptor binding reverses within 2 weeks of medication
discontinuation [37]. Medication washout was performed as
an inpatient at NYSPI or as an outpatient supervised by a
psychiatrist in the MIND clinic. It involved approximately
one-week medication taper and three weeks off any medi-
cation that affects the serotonergic systems.

Exclusion criteria: (1) psychosis (lifetime); (2) sub-
stance or alcohol abuse (2-months), or substance or alcohol
dependence (l-year); (3) anorexia nervosa or bulimia
nervosa (1-year); (4) intravenous drug use (lifetime); (5)
3,4-methylenedioxy-methamphetamine (>3 times, life-
time); (6) first-degree family of schizophrenia for indivi-
duals under age 33; (7) significant active physical illness;
(8) electroconvulsive therapy (6-months); (9) previous
head trauma with loss of consciousness or cognitive
impairment. Inclusion criteria for HVs: (1) absence of
major psychiatric illness; (2) age 18-65 years; (3) physi-
cally healthy. HFRIs did not have a current or past MDD,
PTSD, psychosis, bipolar or panic disorders despite having
a first or second degree relative with a history of a major
depressive episode with onset before age 35 years, who
died by suicide or had made a suicide attempt. Exclusion
criteria for HVs included: (1) substance/alcohol abuse or
dependence (lifetime); (2) IV-drug use (lifetime); (3)
MDMA (3 times, lifetime). HFRIs were also excluded for
current drug or alcohol abuse (within past 2 months), or
current or past drug or alcohol dependence in remission for
less than 1 year; anorexia nervosa (binge-eating/purging
type), bulimia nervosa, or binge-eating disorder in remis-
sion for less than one year. Nicotine use was not exclu-
sionary in either group.
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Details of the PET and MRI acquisition and preproces-
sing are included in Supplemental Information, Materials.

fMRI task

Participants underwent three runs of fMRI on a GE 3T
scanner while being presented with negative and neutral
images from the International Affective Picture System
(IAPS [38]). Subjects provided ratings of negative affect
following each picture on a 5-point scale (1 “weak” to 5
“strong”). Full details of the fMRI task are included in the
supplement. Negative and neutral images were selected on
the basis of the normative ratings included within the IAPS.
For each trial, a cue was presented instructing participants
to look at the upcoming image presented, the presentation
of a picture for 8 s, followed by a jittered fixation of 2—4 s, a
negative affect rating period, and finally a jittered inter-trial
fixation interval of 2—4 s (average = 3 s). Participants com-
pleted fifteen trials per run, comprising 5 negative and 5
neutral images, in which the instruction was to look at the
images, and 5 negative images, with an instruction to
reappraise the images. We investigated emotional reactivity
in this paper and therefore “reappraise” trials were modeled
as a nuisance regressor and not incorporated into sub-
sequent analyses. Other task related nuisance regressors
included, instruction periods, 6-DOF motion, probe periods.

Data analysis

To delineate regions responsive to emotionally negative
stimuli, we contrasted negative vs. neutral picture pre-
sentation. Within-subject fixed effects models combined
data across runs; a group level analysis was used to identify
clusters (voxel-p <0.001 and cluster-p < 0.05).

The goal of this analysis was to identify brain regions to
be used in the connectivity analyses. We therefore grouped
all subjects together (i.e., MDD, HVs and HFRIs) rather
than calculating a separate set of regions for each subgroup,
in order to maximize the power of this analysis and its
ability to detect all relevant regions. Data for HFRI subjects
was not used after this initial analysis as all subsequent
analyses were done within or between 2 groups only, to
focus specifically on MDD and HV.

Causal connectivity

We next sought to determine the causal interactions between
clusters responsive to negative images, i.e. the degree to
which each cluster influenced activation of the other regions
in the system during negative picture viewing. We employed
a multivariate dynamical systems (MDS [24]) model. The
MDS model is a type of dynamic causal model that is purely
data driven, incorporating minimal priors. This is a state-

space model that consists of a state equation and an obser-
vation equation. The state equation models the causal
dynamics of the latent quasineuronal activity in the presence
of modulatory inputs. The observation equation is a linear
convolution model that translates the latent quasineuronal
activity into BOLD observations. This provides a measure of
the degree to which activity in any given region predicts in
both time and intensity the activity of a different region in
the model during negative picture viewing. For each node, a
measure of the strength of connectivity to and from that node
vis-a-vis all other nodes in the network is produced.

In this study, 13 nodes were identified as responsive to
negative images (see Results). We extracted run-level
average timeseries for neural activity within each of the
13 nodes after first regressing out the 6 DOF motion
regressors. MDS was applied to these 13 timeseries gen-
erating a matrix of 169 connection strengths per subject.
The MDS analysis was performed on BOLD data collected
during negative picture presentation and neutral picture
presentation, separately. We then identified negativity-
related connectivity by subtracting neutral picture con-
nectivity from negative picture connectivity. All statistical
analyses were two sided.

Evaluating the MDS

We next sought to evaluate the success of MDS in describing
causal neural activity. While it is possible to identify the
degree of variance in BOLD signal explained by an MDS
model, interpretation of variance explanation is only possible
when using simulated data to compare with ground truth or
comparing two competing models; neither of which was the
case for this study. As a result, we used a permutation ana-
lysis to evaluate the MDS model. For each subject, we
randomly scrambled the phase of the BOLD time series for
all nodes 100 times. Each of these permutations within
subject was drawn upon randomly to generate 100,000 per-
mutations of the overall data. We then calculated the dif-
ference in observed connectivity between negative and
neutral trials and computed the same for the permuted data.

Causal connectivity in MDD vs. HV

To identify network patterns for HV and MDD groups
separately, we compared mean observed connectivity for
each connection to that observed in the permuted data. To
compare connectivity patterns between MDD and HV
groups we created a distribution of permuted differences
between MDD and HV groups and compared the observed
differences between MDD and HV groups to the permuted
differences. For all analyses we retained connections
showing a difference that met a p<0.05 threshold, when
corrected for 169 comparisons, i.e. uncorrected p < 0.0003.

SPRINGER NATURE
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MDS was not calculated for the healthy but at-risk subjects
because we were specifically interested in comparing MDS
results for the MDD and HV group.

Identifying a causal network linked to 5-HT,,
autoreceptor binding

We next sought to identify the relationship between MDD
related causal connectivity and 5-HT;, autoreceptor bind-
ing. To do this, we calculated the sum of connectivity per
subject in the connections that were significantly different
between MDD and HV. This sum was weighted such that
connections that were higher in MDD vs. HV were multi-
plied by —1, while connections which were lower or inhi-
bitory in MDD vs. HV were not. This was done so that
lower scores would reflect greater inhibition in the con-
nections that were more inhibitory in MDD vs. HV as well
as greater excitation along the connections that were more
excitatory in MDD vs. HV, that is, greater similarity
to MDD.

Results
Sample

Sample demographics are presented in Table 1. Groups did
not differ in age, sex, smoking or years of education. Based
on the average HDRS-17 score the MDD group was mod-
erately depressed [39]. Group contrasts of regional 5-HT 5
binding are the subject of a separate manuscript in pre-
paration and are not presented here. Within the MDD group,
5-HT;4 RN autoreceptor binding correlated modestly with
depression severity as measured by the HDRS-17 (r = 0.38,
p = 0.048) but not the Beck Depression Inventory (r = 0.06,
p =0.64). Notably the correlation between autoreceptor
binding and HDRS scores does not survive correction for
two analyses.

Negative emotional response task affect ratings

Affect ratings collected during the fMRI task indicated
greater negative affect in response to negative pictures as
compared to neutral pictures across both groups (negative:
M(SD) =3.56(0.76), neutral M(SD) = 1.59(0.53), paired
Teo =20.5, p<0.001). MDD subjects did not show more
negative affect in response to negative pictures compared
with HVs (MDD: M(SD) = 3.65(0.66), HV M(SD) =3.47
(0.85), tgo = —0.99, p = 0.32). MDD subjects showed more
negative affect in response to neutral pictures compared
with HVs (MDD: M(SD) = 1.77(0.56), HV M(SD) =1.39
(0.42), tgo=—3.12, p=0.002). Within the MDD group,
affect ratings to negative images correlated significantly
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Table 1 Demographic and Clinical Characteristics of the Sample.

MDD (n=27) HV (n=22) Group
difference®

Age 30.9 (8.1) 31.7 (8.5) t=033
Education years ~ 15.23 (2.11) 16.19 (1.56) t=1.73
Males 14 9 t=0.75
BDI 25.5(9.5) 1.45 (2.63) t=—16.13%*
HDRS-17 18.66 (4.9) 1.09 (0.51) t=—11.49%*
Prior depressive episodes

0 episodes N=7 N/A

1 episode N=4 N/A

2 episodes N=4 N/A

3 episodes N=2 N/A

4 episodes N=3 N/A

>5 episodes N=17 N/A
Length of Range: 1-624
current Median: 52.5
episode (days)
Current anxiety N=5 N/A
disorder
Smoking N=1 0

BDI Beck depression inventory version I, HDRS-17 Hamilton
Depression Rating Scale 17 Item.

#Assessed by independent samples 7 test, **p <0.001.

with depression severity as measured by the self-report BDI
but not the clinician-rated HDRS-17 (BDI: 36 =0.42, p =
0.009, HDRS-17: r3=0.166, p=0.34). Given that the
BDI assesses more subjective variables of depression than
the HDRS, it is reasonable that affective ratings, which are
also subjective, correlated more with the BDI.

Negative images neural response

BOLD activation associated with negative vs. neutral images
was widely distributed across the brain (see Fig. 1, Sup-
plementary Table S1), We sought to reduce the broad dis-
tribution of activity associated with negative vs. neutral
images to a smaller number of nodes for input into the MDS
analysis. This was done to simplify the MDS model and also
mitigate effects of Bonferroni correction in subsequent
analyses. Clusters of significant activity in response to
negative vs. neutral images were grouped into 13 nodes
based on prior knowledge about the functions of these
regions in the context of an emotional perceptual task
(Fig. 1). For example, hippocampus and amygdala were
grouped separately, while lateral occipital and intracalcarine
cortex were grouped together in a broader occipital node.
Supplementary Table S1 presents the complete grouping of
cluster responses into nodes. Regional delineations followed
the Harvard Oxford Cortical and Subcortical Atlases [40].
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Fig. 1 Organization of clusters
responsive to negative vs.
neutral images into 13 nodes.
This figure displays all clusters
responsive to negative images
(voxel-p <0.001, cluster-p <
0.05). Color coding is used to
indicate the organization of
clusters into the 13 nodes that
were used as input for the
multivariate dynamical systems
model. For visual clarity, each
row provides color coding for a
set of nodes while presenting the
other nodes in greyscale.
However, all 13 nodes were
used in the subsequent analysis.

Fusiform

Thalamus

Basal Ganglia

Causal connectivity in MDD and HV

Inspection of connectivity matrices across the 13-node
network in HV and MDD subjects revealed one HV subject
to be an outlier who was subsequently removed otherwise
variance between groups was similar (Supplementary
Fig. S1-S3). Permutation analyses identifying significant
connections in the HV group revealed a high degree of
excitatory and inhibitory interconnectivity in response to
negative pictures across the 13-node network, with the
amygdala showing the most excitatory connections and the
orbital frontal cortex (OFC) showing the most inhibitory
connections (Fig. 2). In MDD subjects, the hippocampus
showed the most inhibitory connections and the thalamus
showed the most excitatory connections (Fig. 2). Relative to
HV, MDD showed greater hippocampal inhibition of dor-
somedial prefrontal cortex (dmPFC), inferior frontal gyrus
(IFG), amygdala and thalamus, amongst other differences
(Fig. 2). Ranges and means for all connection strengths as
well as the results of permutation testing are presented in
Supplementary Table S2.

Depression related connectivity and 5-HT;, binding

The relationship between raphe 5-HT;, and the pattern of
connectivity associated with MDD was not significantly
different across MDD and HV groups (B4; = —0.06, p =
0.98, 95%CI: —5.87 to 5.74). Moreover, within each group
individually there was no significant relationship between

raphe 5-HT; 5 and MDD related connectivity (MDD: ry; =
0.11, p=0.61, HV: r;; = —0.19, p =0.38).

After finding no effect for raphe 5-HT,;, binding on
connectivity we conducted a post-hoc analysis modeled on
the initially hypothesized autoreceptor analysis. We there-
fore sought a region with high 5-HT;, binding that influ-
ences multiple other emotion-processing regions. In the
network analysis, the hippocampus emerged as the region
with the most outgoing connections of all nodes in the
MDD vs. HV network. Across four connections originating
in hippocampus, MDD showed increased inhibition relative
to HV and these connections also emerged as significantly
inhibitory in the MDD-alone analysis. The hippocampus
has the highest 5-HT 4 binding outside the raphe nuclei and
receives dense afferent fibers from the raphe [41, 42].

Hippocampal inhibition was therefore defined as the sum
of causal connections originating in hippocampus that dif-
fered significantly between MDD and HV. We calculated
the sum of connectivity along these pathways (hippo-
campus—amygdala, dmPFC, thalamus, IFG) and assessed
the interaction effect of diagnosis on the relationship
between hippocampal 5-HT;, binding and hippocampal
inhibition.

There was a significant interaction of diagnosis on the
relationship between hippocampal 5-HT, 4 and hippocampal
inhibition (Fig. 2, Supplementary Table S3). Analysis of
main effects revealed a positive correlation between hip-
pocampal 5-HT;, binding and hippocampal inhibition in
MDD (B4; =10.3, p=0.006, partial r=0.41: 95% CI:

SPRINGER NATURE
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Fig. 2 Causal connectivity in MDD related to hippocampal 5-
HTj4. The left most column displays causal connectivity patterns for
HYV and MDD groups separately. The middle displays connections that
differed significantly between depressed and control groups. All ana-
lyses employed a threshold p <0.05 Bonferroni corrected for 169
connections (i.e. uncorrected p =0.0003, verified with 100,000 per-
mutations). The right most column shows that hippocampal inhibition

3.12-17.49) but not HV (B4; =—0.61, p =0.824, partial
r=20.03; 95% CI: —6.05 to 4.86).

Given the raphe’s role in modulating hippocampal ser-
otonergic activity, we computed an interaction examining
the relationship between raphe and hippocampal 5-HTa
binding as a function of diagnosis. Raphe and hippocampal
5-HT; 4 binding were more correlated in the HV compared
with MDD group (Fig. 3, Supplementary Table S4). Main
effects revealed a positive correlation between raphe and
hippocampal 5-HT, 4 binding in HV (B4; = 1.44, p <0.001,
partial r =0.61: 95% CI: 0.88 to 2.01) but not MDD (B4; =
0.45, p=0.13, partial »=0.22: 95% CIL: —0.14 to 1.04).

Discussion

Individuals with MDD, in comparison to a control group,
demonstrated altered patterns of neural inhibition and
excitation when viewing emotionally negative pictures.
Relative to controls, MDD subjects employed a network of
hippocampal inhibition targeting amygdala, thalamus, IFG
and dmPFC. Hippocampal inhibition along these pathways
correlated with greater hippocampal 5-HT;, binding in
MDD specifically. MDD and controls also differed
regarding the association between hippocampal and raphe
5-HT s, which was significant in controls but not in MDD.
These findings suggest that increased hippocampal network
inhibition in MDD is linked to hippocampal serotonergic
dysfunction which may in turn arise from disrupted raphe to
hippocampus serotonergic circuitry.
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of amygdala, thalamus, dmPFC, and IFG correlates with hippocampal
5-HT;, binding in MDD subjects specifically. Shaded regions show
95% CI. Node HIP hippocampal, PAR parietal, BS brainstem, OCC
Occipital cortex, OFC Orbital frontal cortex, BG basal ganglia, FSF
fusiform, AMY amygdala, MTG middle temporal gyrus, THL thala-
mus, PCN precuneus, dmPFC dorsomedial prefrontal cortex, IFG
inferior Frontal Gyrus.
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Fig. 3 Hippocampal 5-HT;, in MDD vs. HV. Diagnosis moderated
the relationship between raphe and hippocampal 5-HT) 4 such that they
were positively correlated in the HV but not MDD group. Shaded
regions show 95% CI.

We initially hypothesized that raphe 5-HT;, binding
would correlate with the pattern of emotion processing-
neural connectivity linked to MDD. This hypothesis derived
from the role of raphe autoregulation in moderating ser-
otonergic activity throughout the brain. However, our data
indicate that hippocampal rather than raphe 5-HT;, binding
corresponds with broader networked connectivity patterns
characteristic of MDD. Even though raphe 5-HT, 5 binding
correlated strongly with hippocampal 5-HT,, in the HV
group, it did not correlate in the MDD group. These findings
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raise the possibility that alteration of raphe-hippocampus 5-
HT;, balance may contribute to the neural response to
negative emotion seen in MDD. 5-HTs-mediated raphe-
hippocampal serotonergic circuitry reduces hippocampal
theta rhythm, a marker for anxiety [43, 44]. Disconnection
of this circuit, as seen in MDD, may deprive the hippo-
campus of an important modulator of stress responding and
contribute to the cascade of downstream hippocampal effects
on frontal and limbic targets evidenced here. Future studies
with larger sample sizes can test whether the degree of
correlation between raphe and hippocampal 5-HT;, mod-
erates the relationship between hippocampal 5-HT;, and
downstream hippocampal inhibition.

The network of hippocampal inhibition identified in MDD
subjects followed several direct neuroanatomical pathways.
Hippocampal projections innervate amygdala, basal ganglia,
thalamus and PFC [45, 46]. Non-causal functional con-
nectivity analyses have shown increased inverse correlations
between hippocampus and frontal targets in a number of
patient groups [47-50]. We add to these findings by showing
that the direction of this connectivity in MDD follows an
inhibitory path stemming from hippocampus.

Prior directional functional connectivity analyses in
healthy subjects demonstrate that prefrontal cortical regions
inhibit hippocampal activity during directed suppression of
unwanted thoughts [51, 52]. Conversely, in our data MDD
subjects showed hippocampal inhibition of frontal and
limbic targets. Hippocampal-frontal inhibition may indicate
that MDD subjects engaged targeted enhancement of
memory encoding and retrieval rather than the memory
suppression encoded by frontal-hippocampal inhibition.
Supporting this interpretation, the control group in our study
showed dmPFC and OFC inhibition of hippocampus.

Hippocampal inhibition of frontal and limbic targets
correlated with hippocampal 5-HT;, binding in the MDD
group specifically. Animal and human studies show that
hippocampal 5-HT 4 impairs memory and context encoding
[53, 54]. We now provide a potential mechanism for the
relationship between hippocampal 5-HT;, binding and
impaired memory in the form of hippocampal inhibition. By
contributing to hippocampal inhibition, hippocampal 5-HT o
binding may alter the balance of frontal to hippocampal
connectivity necessary to encode memories while modulat-
ing emotional memory arousal. This lack of modulation may
contribute to the lack of specificity in memory that occurs in
MDD [55] and generally impaired memory encoding.

Limitations

Causal inference in the relationship between binding and
connectivity cannot be made on the basis of this cross-
sectional data. The cerebellar gray matter was used as the
reference region within the tissue-based model (SRTM) to

quantify ["'C]JCUMI-101 BPyp, and this may have intro-
duced some underestimation of BPyp due to the presence of
some specific binding in the purported reference region. In
the absence of blood data, we cannot estimate the tracer
volume of distribution in the reference region binding. Sys-
tematic differences in reference region volume of distribution
between groups could add a potential confound when com-
paring relationships between connectivity and BPyp across
groups. Finally, we note that the hippocampus findings are
derived from post-hoc and not hypothesis driven analyses.

Conclusions

This study identified patterns of causal network dynamics
across brain regions responsive to emotionally negative
stimuli in MDD subjects and healthy volunteers. MDD
subjects showed increased hippocampal inhibition of IFG,
dmPFC, amygdala and thalamus. This inhibition correlated
with increased 5-HT 5 binding in hippocampus in MDD but
not control subjects suggesting that hippocampal ser-
otonergic dysfunction in MDD may contribute to increased
hippocampal inhibition. One potential explanation of ser-
otonergic dysfunction in MDD may be the lack of asso-
ciation between raphe and hippocampal 5-HT,;, binding
observed specifically in MDD subjects. Taken together,
these findings suggest that increased hippocampal network
inhibition in MDD is linked to hippocampal serotonergic
dysfunction which may in turn arise from disrupted linkage
in raphe to hippocampus serotonergic circuitry.

Compliance with ethical standards

Conflict of interest JJM receives royalties for commercial use of the
C-SSRS from the Research Foundation for Mental Hygiene and has
stock options in Qualitas Health, a start- up developing a PUFA
supplement. PS is the majority owner and Chairman of the Board of
Neuromatters LLC, a brain computer interface neuromarketing and
gaming company. MAO receives royalties for the commercial use of
the Columbia-Suicide Severity Rating Scale. Her family owns stock in
Bristol Myers Squibb. The remaining authors have no conflicts of
interests to declare.

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

References

1. Maier SF, Watkins LR. Stressor controllability and learned help-
lessness: the roles of the dorsal raphe nucleus, serotonin, and
corticotropin-releasing factor. Neurosci Biobehav Rev. 2005;29:
829-41.

2. Ferres-Coy A, Santana N, Castane A, Cortes R, Carmona MC,
Toth M, et al. Acute 5-HT(1)A autoreceptor knockdown increases
antidepressant responses and serotonin release in stressful condi-
tions. Psychopharmacol (Berl). 2013;225:61-74.

SPRINGER NATURE



2400

N. Schneck et al.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Holmes A, Murphy DL, Crawley JN. Abnormal behavioral phe-
notypes of serotonin transporter knockout mice: parallels with
human anxiety and depression. Biol Psychiatry. 2003;54:953-9.

. Savitz J, Lucki I, Drevets WC. 5-HT(1A) receptor function in

major depressive disorder. Prog Neurobiol. 2009;88:17-31.

. Maier SF, Grahn RE, Kalman BA, Sutton LC, Wiertelak EP,

Watkins LR. The role of the amygdala and dorsal raphe nucleus in
mediating the behavioral consequences of inescapable shock.
Behav Neurosci. 1993;107:377-88.

. Will MJ, Der-Avakian A, Bland ST, Grahn RE, Hammack SE,

Sparks PD, et al. Electrolytic lesions and pharmacological inhi-
bition of the dorsal raphe nucleus prevent stressor potentiation of
morphine conditioned place preference in rats. Psychopharmacol
(Berl). 2004;171:191-8.

. Maier SF, Grahn RE, Watkins LR. 8-OH-DPAT microinjected in

the region of the dorsal raphe nucleus blocks and reverses the
enhancement of fear conditioning and interference with escape
produced by exposure to inescapable shock. Behav Neurosci.
1995;109:404-12.

. Maier SF, Kalman BA, Grahn RE. Chlordiazepoxide micro-

injected into the region of the dorsal raphe nucleus eliminates the
interference with escape responding produced by inescapable
shock whether administered before inescapable shock or escape
testing. Behav Neurosci. 1994;108:121-30.

. Ramboz S, Oosting R, Amara DA, Kung HF, Blier P, Mendelsohn

M, et al. Serotonin receptor 1A knockout: an animal model of
anxiety-related disorder. Proc Natl Acad Sci USA. 1998;95:
14476-81.

Heisler LK, Chu HM, Brennan TJ, Danao JA, Bajwa P, Parsons
LH, et al. Elevated anxiety and antidepressant-like responses in
serotonin 5-HT1A receptor mutant mice. Proc Natl Acad Sci
USA. 1998;95:15049-54.

Parks CL, Robinson PS, Sibille E, Shenk T, Toth M. Increased
anxiety of mice lacking the serotoninlA receptor. Proc Natl Acad
Sci USA. 1998;95:10734-9.

Milak MS, DeLorenzo C, Zanderigo F, Prabhakaran J, Kumar JS,
Majo VJ, et al. In vivo quantification of human serotonin 1A
receptor using 11C-CUMI-101, an agonist PET radiotracer. J Nucl
Med. 2010;51:1892-1900.

Parsey RV, Oquendo MA, Ogden RT, Olvet DM, Simpson N,
Huang YY. et al. Altered serotonin 1A binding in major depres-
sion: a [carbonyl-C-11]WAY 100635 positron emission tomo-
graphy study. Biol Psychiatry. 2006;59:13.

Lemonde S, Turecki G, Bakish D, Du L, Hrdina PD, Bown CD,
et al. Impaired repression at a 5-hydroxytryptamine 1A receptor
gene polymorphism associated with major depression and suicide.
J Neurosci. 2003;23:8788-99.

Krishnan V, Nestler EJ. The molecular neurobiology of depres-
sion. Nature. 2008;455:894-902.

Sargent PA, Kjaer KH, Bench CJ, Rabiner EA, Messa C, Meyer J,
et al. Brain serotoninlA receptor binding measured by positron
emission tomography with [1 1CJWAY-100635: effects of depression
and antidepressant treatment. Arch Gen Psychiatry. 2000;57:174-80.
Drevets WC, Thase ME, Moses-Kolko EL, Price J, Frank E,
Kupfer DJ, et al. Serotonin-1A receptor imaging in recurrent
depression: replication and literature review. Nucl Med Biol.
2007;34:865-77.

Parsey RV, Ogden RT, Miller JM, Tin A, Hesselgrave N, Gold-
stein E, et al. Higher serotonin 1A binding in a second major
depression cohort: modeling and reference region considerations.
Biol Psychiatry. 2010;68:170-8.

Fisher PM, Meltzer CC, Ziolko SK, Price JC, Moses-Kolko EL,
Berga SL, et al. Capacity for 5-HT1A-mediated autoregulation
predicts amygdala reactivity. Nat Neurosci. 2006;9:1362-3.
Selvaraj S, Mouchlianitis E, Faulkner P, Turkheimer F, Cowen PJ,
Roiser JP, et al. Presynaptic serotoninergic regulation of

SPRINGER NATURE

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

emotional processing: a multimodal brain imaging study. Biol
Psychiatry. 2015;78:563-71.

Kranz GS, Hahn A, Kraus C, Spies M, Pichler V, Jungwirth J,
et al. Probing the association between serotonin-1A autoreceptor
binding and amygdala reactivity in healthy volunteers. Neuro-
image. 2018;171:1-5.

Etkin A, Egner T, Kalisch R. Emotional processing in anterior
cingulate and medial prefrontal cortex. Trends Cogn Sci. 2011;15:
85-93.

Waselus M, Valentino RJ, Van Bockstaele EJ. Collateralized
dorsal raphe nucleus projections: a mechanism for the integration
of diverse functions during stress. J Chem Neuroanat. 2011;41:
266-80.

Ryali S, Supekar K, Chen T, Menon V. Multivariate dynamical
systems models for estimating causal interactions in fMRI. Neu-
rolmage. 2011;54:807-23.

Passingham RE, Stephan KE, Kotter R. The anatomical basis of
functional localization in the cortex. Nat Rev Neurosci. 2002;3:
606-16.

Felleman DJ, Van Essen DC. Distributed hierarchical processing
in the primate cerebral cortex. Cereb cortex. 1991;1:1-47.
Fuster JM. The prefrontal cortex-an update: time is of the essence.
Neuron. 2001;30:319-33.

Goldman-Rakic PS. Topography of cognition: parallel distributed
networks in primate association cortex. Annu Rev Neurosci.
1988;11:137-56.

Yeo BT, Krienen FM, Sepulcre J, Sabuncu MR, Lashkari D,
Hollinshead M, et al. The organization of the human cerebral
cortex estimated by intrinsic functional connectivity. J Neuro-
physiol. 2011;106:1125-65.

Fuster JM, Bressler SL. Cognit activation: a mechanism enabling
temporal integration in working memory. Trends Cogn Sci.
2012;16:207-18.

Fuster JM. The cognit: a network model of cortical representation.
Int J Psychophysiol. 2006;60:125-32.

Friston KJ. Functional and effective connectivity: a review. Brain
Connect. 2011;1:13-36.

Summerfield C, Egner T, Greene M, Koechlin E, Mangels J,
Hirsch J. Predictive codes for forthcoming perception in the
frontal cortex. Science. 2006;314:1311-4.

Tu T, Schneck N, Muraskin J, Sajda P. Network configurations in
the human brain reflect choice bias during rapid face processing. J
Neurosci: Off J Soc Neurosci. 2017;37:12226-37.

First M, Spitzer R, Gibbon M, Williams J. Structured clinical
interview for DSM-IV Axis I disorders (SCID-I/P, version 2.0)
New York: Biometrics Research Dept., New York State Psy-
chiatric Institute; 1995.

Hamilton M. A rating scale for depression. J Neurol Neurosurg
Psych. 1960;23:56-62.

Metts AV, Rubin-Falcone H, Ogden RT, Lin X, Wilner DE,
Burke AK, et al. Antidepressant medication exposure and 5-
HT1A autoreceptor binding in major depressive disorder.
Synapse. 2019;73:e22089.

Lang PJBM, Cuthbert BN. International Affective Picture System
(IAPS): affective ratings of pictures and instruction manual.
Technical Report A-8. Gainseville, FL: University of Florida;
2008. p 2008.

Zimmerman M, Martinez JH, Young D, Chelminski I, Dalrymple
K. Severity classification on the Hamilton Depression Rating
Scale. J Affect Disord. 2013;150:384-8.

Makris N, Goldstein JM, Kennedy D, Hodge SM, Caviness VS,
Faraone SV, et al. Decreased volume of left and total anterior
insular lobule in schizophrenia. Schizophr Res. 2006;83:
155-71.

Segal M. Physiological and pharmacological evidence for a ser-
otonergic projection to the hippocampus. Brain Res. 1975;94:115-31.



Large-scale network dynamics in neural response to emotionally negative stimuli linked to serotonin 1A...

2401

42.

43.

44,

45.

46.

47.

48.

Jabeen Haleem D. Raphe-Hippocampal Serotonin Neuro-
transmission In The Sex Related Differences of Adaptation to
Stress: Focus on Serotonin-1A Receptor. Curr Neuropharmacol.
2011;9:512-21.

Kocsis B, Varga V, Dahan L, Sik A. Serotonergic neuron diver-
sity: identification of raphe neurons with discharges time-locked
to the hippocampal theta rhythm. Proc Natl Acad Sci USA.
2006;103:1059-64.

Paul ED, Lowry CA. Functional topography of serotonergic sys-
tems supports the Deakin/Graeff hypothesis of anxiety and
affective disorders. J Psychopharmacol. 2013;27:1090-106.
Godsil BP, Kiss JP, Spedding M, Jay TM. The hippocampal-
prefrontal pathway: the weak link in psychiatric disorders? Eur
Neuropsychopharmacol. 2013;23:1165-81.

Jin J, Maren S. Prefrontal-hippocampal interactions in memory
and emotion. Front Syst Neurosci. 2015;9:170.

Lambert HK, Sheridan MA, Sambrook KA, Rosen ML, Askren
MK, McLaughlin KA. Hippocampal contribution to context
encoding across development is disrupted following early-life
adversity. J Neurosci. 2017;37:1925-34.

Schneider M, Walter H, Moessnang C, Schafer A, Erk S, Mohnke
S, et al. Altered DLPFC-hippocampus connectivity during work-
ing memory: independent replication and disorder specificity of a

49.

50.

51

52.

53.

54.

55.

putative genetic risk phenotype for schizophrenia. Schizophr Bull.
2017:43:1114-22.

Meyer-Lindenberg AS, Olsen RK, Kohn PD, Brown T, Egan MF,
Weinberger DR, et al. Regionally specific disturbance of dorso-
lateral prefrontal-hippocampal functional connectivity in schizo-
phrenia. Arch Gen psychiatry. 2005;62:379-86.

Lee SW, Choi J, Lee JS, Yoo JH, Kim KW, Kim D, et al. Altered
function of ventrolateral prefrontal cortex in adolescents with peer
verbal abuse history. Psychiatry Investig. 2017;14:441-51.
Benoit RG, Anderson MC. Opposing mechanisms support the
voluntary  forgetting of unwanted memories. Neuron.
2012;76:450-60.

Anderson MC, Bunce JG, Barbas H. Prefrontal-hippocampal
pathways underlying inhibitory control over memory. Neurobiol
Learn Mem. 2016;134 Pt A:145-61.

Yasuno F, Suhara T, Nakayama T, Ichimiya T, Okubo Y, Takano
A, et al. Inhibitory effect of hippocampal 5-HT1A receptors on
human explicit memory. Am J Psychiatry. 2003;160:334-40.
Ogren SO, Eriksson TM, Elvander-Tottie E, D’Addario C,
Ekstrom JC, Svenningsson P, et al. The role of 5-HT(1A) recep-
tors in learning and memory. Behav Brain Res. 2008;195:54-77.
Gotlib IH, Joormann J. Cognition and depression: current status
and future directions. Annu Rev Clin Psychol. 2010;6:285-312.

SPRINGER NATURE



	Large-scale network dynamics in neural response to emotionally negative stimuli linked to serotonin 1A binding in major depressive disorder
	Abstract
	Introduction
	Methods
	Sample
	Clinical assessments
	fMRI task
	Data analysis
	Causal connectivity
	Evaluating the MDS
	Causal connectivity in MDD vs. HV
	Identifying a causal network linked to 5-HT1A autoreceptor binding

	Results
	Sample
	Negative emotional response task affect ratings
	Negative images neural response
	Causal connectivity in MDD and HV
	Depression related connectivity and 5-HT1A binding

	Discussion
	Limitations

	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




