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Cardiac autonomic dysregulation has been implicated in the comorbidity of major psychiatric disorders and cardiovascular disease,
potentially through dysregulation of physiological responses to negative stressful stimuli (here, shortened to stress response).
Further, sex differences in these comorbidities are substantial. Here, we tested the hypothesis that mood- and sex-dependent
alterations in brain circuitry implicated in the regulation of the stress response are associated with reduced peripheral
parasympathetic activity during negative emotional arousal. Fifty subjects (28 females) including healthy controls and individuals
with major depression, bipolar psychosis and schizophrenia were evaluated. Functional magnetic resonance imaging and
physiology (cardiac pulse) data were acquired during a mild visual stress reactivity challenge. Associations between changes in
activity and functional connectivity of the stress response circuitry and variations in cardiovagal activity [normalized high frequency
power of heart rate variability (HFn)] were evaluated using GLM analyses, including interactions with depressed mood and sex
across disorders. Our results revealed that in women with high depressed mood, lower cardiovagal activity in response to negative
affective stimuli was associated with greater activation of hypothalamus and right amygdala and reduced connectivity between
hypothalamus and right orbitofrontal cortex, amygdala, and hippocampus. No significant associations were observed in women
with low levels of depressed mood or men. Our results revealed mood- and sex-dependent interactions in the central regulation of

cardiac autonomic activity in response to negative affective stimuli. These findings provide a potential pathophysiological
mechanism for previously observed sex differences in the comorbidity of major depression and cardiovascular disease.
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INTRODUCTION

The dysregulation of neural and physiological responses to
negative affective stimuli (subsequently referred to as “stress
response circuitry”) has been implicated in the pathophysiology of
several major psychiatric disorders such as major depression
(MDD) and schizophrenia [1-7]. These alterations may be
associated with their substantial comorbidity with cardiovascular
disease, increasing the risk for the development and progression
of coronary artery disease, myocardial infarction and heart failure
[1, 7, 8]. We and others have suggested that these maladaptive
physiological responses are highly associated with abnormalities
in stress response circuitry, which includes brainstem, periaque-
ductal gray (PAG), hypothalamus (HYPO), amygdala (AMYG),
hippocampus (HIPP), anterior cingulate cortex (ACC), medial
prefrontal cortex (mPFC), and orbitofrontal cortex (OFC), among
others [5, 9-12]. Many of these stress circuitry regions are
morphologically and functionally sexually dimorphic beginning
in prenatal development [13-18], which we and others have
shown predispose for sex differences in the susceptibility for
mental disorders and increased risk for cardiovascular disease
[2,7,8, 19, 20]. For example, women have twice the risk of men for

developing comorbidity of depression and cardiometabolic
disorders [21-27] leading to a 3-5-fold risk of death from heart
disease in depressed women.

A major role for the stress response circuitry is to coordinate
homeostatic responses throughout the body, including modulation
of cardiac autonomic and neuroendocrine signals in response to
stressful threatening physical or psychological stimuli [4, 5, 9.
Central to this function is the integrative role of the hypothalamus,
which receives information from many levels of the central nervous
system, including the limbic system, and coordinates peripheral
physiological responses through interaction with other subcortical
areas [28, 29]. For instance, in response to stress, the paraventricular
nucleus (PVN) of the hypothalamus secretes corticotropin-releasing
hormone (CRH), which in turn triggers release of adrenocorticotropin
hormone (ACTH) from the anterior pituitary, and subsequently
cortisol from the adrenal cortex, regulating metabolism, immune
and vascular function [30]. In addition, the hypothalamus via PVN
regulates the function of the nucleus tractus solitarii (NTS) and
premotor vagal nuclei in the medulla, such as nucleus ambiguus
(nAmb) [31, 32], having a direct effect in peripheral parasympathetic
activity regulating heart and cardiovascular function.
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Multiple studies have demonstrated the presence of HPA axis
alterations in MDD patients, such as elevated cortisol levels in
plasma, urine and cerebral spinal fluid, as well as blunted
responses to CRH administration, and failure to suppress cortisol
secretion following dexamethasone administration [33-38]. Several
reports also demonstrated cardiac autonomic dysregulation
characterized by decreased parasympathetic activity in MDD and
schizophrenia [39-42]. Loss of parasympathetic modulation
exposes the heart to unopposed sympathetic excitation, which
increases the risk of developing ventricular arrhythmias, sudden
death, myocardial infarction and congestive heart failure in
patients with MDD [1]. Neuroimaging studies, including ours
[4, 6, 9, 43-45], have suggested that dysregulation of HPA axis and
autonomic physiology in psychiatric disorders may be caused by
alterations in stress response circuitry regions. In particular, studies,
including ours, with patients with MDD or psychoses have found
hyperactivity of the AMYG, HIPP and HYPO associated with
elevated cortisol response to negative stimuli [4, 9, 46, 47]. In
addition, we and others have found hypoactivation of ACC and
OFC and reduced connectivity of these areas with subcortical areas
and brainstem autonomic nuclei correlated with decreased cardiac
parasympathetic regulation in depressed individuals [43, 48].

Previous findings from our group demonstrated a significant
relationship between depressed mood, stress response circuitry
alterations and maladaptive HPA axis responses to negative
affective stimuli [47]. The current report builds on these previous
findings and extends them in the same sample by characterizing
the impact of depressive symptomatology on the central neural
mechanisms of cardiac autonomic regulation in response to
negative affective stimuli. Furthermore, although the incidence of
sex differences in the relationship between mood disorders and
cardiovascular disease has been known for many years, even
recent studies evaluating brain circuitry and physiology associated
with mood dysregulation have not been designed to evaluate sex-
dependent variations. In the study presented here, we evaluated
sex differences in stress response circuitry alterations and their
associations with autonomic dysregulation, that we believe are
shared across psychiatric disorders.

Although neural, behavioral and physiological responses to
affective stimuli are usually studied in a dichotomous fashion by
comparing healthy populations with patients with a particular
psychiatric disorder, they vary on a continuum from adaptive to
maladaptive [46, 47]. This offers an opportunity to identify
pathophysiological mechanisms or neurobiological signatures
associated with behavioral traits rather than diagnoses [49]. We
demonstrated previously sex differences in neural function and
hormonal physiology associated with response to negative
affective stimuli were shared across clinical populations [46, 47].
Here, we extend this work by investigating, in the same
population, how brain activity is also associated with peripheral
cardiac autonomic physiology in response to negative affective
stimuli as a function of sex and depressed mood across disorders.
We hypothesized that women with high levels of depressed mood
would exhibit hyperactivity of subcortical arousal regions and
hypoactivity in cortical regions that would be associated with
parasympathetic activity reduction in response to negative
affective stimuli. These findings may contribute to elucidating
the neural and physiological mechanisms underlying the associa-
tion between cardiovascular dysfunction and mood dysregulation
and the impact of sex.

MATERIALS AND METHODS

Study population

Fifty adults (28 females, 22 males) were included in this analysis.
This sample is a subset of the study population evaluated
previously by our team [46, 47], and did not differ in socio-
demographic characteristics from the larger sample. The majority
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of the subjects were offspring of women who took part in the
large scale (n=17,741) Boston and Providence Collaborative
Perinatal Project. This cohort has been followed by our group for
over 20 years in the New England Family Studies (NEFS; [2]).
Exclusion criteria included contraindications for MRI, the use of
caffeine in the morning prior to the fasting blood sample, alcohol
consumption 24 h prior to the blood draw, and any current
substance use disorders, as assessed by the Structured Clinical
Interview for the DSM (SCID). All participants provided written
informed consent to a protocol approved by Harvard University,
Brown University, Partners Healthcare system, and local psychiatric
facilities and were compensated for their participation.

Assessment of mood and anxiety

The Profile of Mood States (POMS; [50]) and State-Trait Anxiety
Inventory (STAI; [51]), self-report questionnaires, were adminis-
tered to each participant at baseline (before the MRI scan) to
assess mood and anxiety symptoms. The POMS questionnaire is
composed of five subscales (tension/anxiety, depression/dejec-
tion, anger/hostility, fatigue/inertia, vigor/activity, confusion/
bewilderment [52]). For the current analysis we selected the
depression/dejection subscale score as a measure of depressed
mood across the clinical populations included. We used this
measure in regression models evaluating the impact of depressed
mood on the relationship between activation and connectivity of
the stress response circuitry with cardiac autonomic activity in
response to negative affective stimuli. A mean split of the
depression/dejection subscale score was used to classify subjects
into high or low levels of depressed mood categories.

Steroid hormone assessments

Cortisol was estimated in response to a negative affect task in real
time during functional imaging [4, 9]. An in-scanner blood sample
(90 min post-stress challenge) was drawn out-of-scanner in a quiet
room. Clotting time was allotted, samples spun to separate sera
from blood cells and stored at —80°C. The Harvard Clinical
Translational Science Center laboratory analyzed samples in
duplicate with commercial radioimmunoassay (RIA) kits (cortisol
[sensitivity 0.04 pg/dL, intra-assay variation 4.4-6.7%)], Access
Immunoassay System, Beckman Coulter, Miami, FL).

Assessment of cardiovagal activity

A photoplethysmography sensor attached to the right index
finger was used during the task to collect cardiac pulse. Data were
acquired using the Powerlab system (ML880, ADInstruments Inc.,
Colorado Springs, CO) at a 1000 Hz sampling rate. The evaluation
of heart rate variability (HRV) provides effective non-invasive
measures of cardiac parasympathetic efferent modulation in
humans [53-55]. This method typically involves calculating the
frequency power spectrum of a continuous estimate of heart rate,
and assessing power in the high frequency band (HF, 0.15-0.40
Hz), influenced solely by cardiovagal activity [53]. The traditional
implementation of this analysis requires quasi-stationarity, which
limits its use in tracking rapid changes in temporal dynamics of
heartbeat intervals. In this study, a point-process algorithm [56]
was applied to accurately quantify cardiovagal control dynamics
during the exposure of subjects to negative- or neutral-valence
images during the fMRI-visual stress task. Using this method, the
time intervals between heart beats were derived from the
photoplethismographic pulse signal and corrected for ectopic
beats with a previously developed algorithm [57]. The stochastic
structure of the inter-beat intervals (IBI) was modeled as an inverse
Gaussian renewal process where the current IBlI prediction is
linearly dependent on the recent history of parasympathetic and
sympathetic inputs to the Sinoatrial node, and therefore is a
function of the last p IBI, where p is the model order. The HRV
point-process model and all its parameters were recursively
updated. The model regression order p was chosen using a

SPRINGER NATURE



Impact of sex and depressed mood on the central regulation of cardiac...
RG Garcia et al.

1282

preliminary optimization procedure based on combining Akaike
Information Criterion with the Kolmogorov-Smirnov goodness-of-
fit test [58]. Autocorrelation plots were also considered to test the
independence of the model-transformed intervals. Once the order
p was determined, the initial model coefficients were estimated by
the method of least squares [58] for all subjects. The HRV
dynamics were then computed in the classic spectral components
[low frequency (LF), 0.04-0.15 Hz; high frequency (HF), 0.15-0.4
Hz], and their time-varying behavior can therefore be updated at
any time resolution [58]. The spectral LF component is influenced
by both cardiovagal and sympathetic activity, while the HF band is
considered to be an index of parasympathetic modulation [53]. In
this analysis, a fixed order p =8 was chosen and indices were
updated every 5ms. Normalized HF indices were calculated
[HFn = (HF/(LF 4+ HF)]. HFn differences during exposure to nega-
tive compared with neutral images in the fMRI task were
estimated and used in GLM analyses. A logarithmic transformation
of the difference between HF values during negative and neutral
images (LogHFnegative-neutral) Was also calculated.

Acquisition of fMRI data

All fMRI scans were collected using a 3T MRI scanner (Tim Trio,
Siemens Medical, Erlangen, Germany) equipped with a 12-
channel head coil. Whole-brain fMRI data were acquired using a
spin echo, T2*-weighted BOLD pulse sequence (TR = 2000 ms,
TE = 40 ms, FOV = 200 x 200 mm, matrix = 64 X 64, in-plane reso-
lution 3.125mm, 23 axial slices, slice thickness=5mm, 180
volumes). The fMRI task consisted of presentation of blocks of
images adapted from the International Affective Picture System
(IAPS [59]), comprising a mild visual stress challenge. The task had
an approximate duration of 18 min (3 runs, 6 min each). Each run
contained non-randomized blocks of negative (high arousal/
negative valence), neutral (low arousal/neutral valence) and
fixation images (Fourier transform of neutral images). Each run
consisted of 12 blocks, four each of negative, neutral, and fixation
trials. Each block consisted of six images, each presented for 5.
After the fMRI session, participants were shown two additional
blocks of stimuli and reported their subjective evaluation of
image valence and arousal using the Self-assessment Manikin
(SAM [59]). This task has been previously used by our group in
multiple studies with demonstrated reliability and validity to
invoke HPA-related hormonal, autonomic, neural responses, and
behavior [5, 9, 12, 48].

Analysis of fMRI data

As reported in [46, 47], fMRI data were preprocessed and analyzed
using Statistical Parametric Mapping (SPM8) [60] and included
non-linear volume-based spatial normalization (MNI152 brain
template), spatial smoothing with a Gaussian filter (6 mm at
FWHM, which was then re-sampled to 3 mm isotropic), high pass
filtering (1805s) to control for low frequency scanner drift and
artifact detection using an artifact detection toolbox (ART) to
identify outliers in the global mean image time series (threshold:
3.5 standard deviations from the mean) and movement (thresh-
old: 0.7 mm, measured as scan-to-scan movement, separately for
translation and rotation). Outliers were entered as nuisance
regressors in the first-level, single-subject GLM analysis. Each
epoch of trials was included in a general linear model (GLM) as a
separate boxcar function convolved with a canonical hemody-
namic response basis function. Specific comparisons of interest
(negative > neutral BOLD signal changes) from the first-level, were
then tested using linear contrasts and SPM t-maps were created.
Contrast images from the first-level analyses were submitted to a
second-level random effects analysis.

BOLD response analysis

Statistical maps comparing negative > neutral stimuli across the
full sample were generated at voxel-wise family-wise (FWE)-
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corrected p<0.05 [46, 47]. Next, an intersection analysis was
performed using the MarsBaR toolbox to identify clusters that
were conjointly located within anatomic boundaries of stress
response circuitry ROIs (PAG, HYPO, AMYG, HIPP, OFC, ACC, and
mPFC). Average parameter estimates (percent signal change
values) within each ROl were extracted for each participant using
REX [61] and were included in a GLM stratified by sex to assess the
modulatory role of depressed mood on the relationship between
BOLD response to negative stimuli in the stress response circuitry
and cardiovagal activity (HFn). For the evaluation of interactions
with depressed mood, POMS depression/dejection subscale scores
were included in the model and regression coefficients were
calculated for subjects with high (mean + 1SD) and low (mean
—1SD) levels of depressive symptoms. Statistical analyses were
performed using STATA (StataCorp, College Station TX). An
additional post hoc whole-brain analysis was performed to
evaluate mood- and sex-dependent interactions on the relation-
ship between BOLD responses and cardiovagal response to
negative stimuli in areas outside our stress response circuitry
ROIs (see supplementary material).

Assessment of functional connectivity

A task-related connectivity using generalized psychophysiological
interaction (gPPI; [62]) was conducted. HYPO and AMYG were
used as seeds, given their well-known importance in cardiac
autonomic function regulation. The extracted fMRI time series
from these seed ROIs (defined as: clusters identified from the
intersection analyses in MarsBaR described above) were added to
two additional regressors (interaction of the seed fMRI time series
with the regressors for negative and neutral content) to individual
subject-level GLMs. Connectivity was determined at the single-
subject level by estimating the difference between the interaction
of the seed time series with the regressor for negative compared
with the neutral stimuli. Results of the first-level analysis were then
entered into second-level random effects analysis to evaluate
group-level differences in connectivity during exposure to
negative versus neutral content.

Given hypotheses about specific brain regions in the stress
response circuitry, the small volume correction (SVC) approach in
SPM8 was used, limiting voxel-wise analyses to voxels within a
priori ROIs. Target ROIs (PAG, HYPO, AMYG, HIPP, OFC, ACC, mPFC)
were defined as described above for the BOLD response analysis
and implemented as overlays on the SPM8 canonical brain using
the Wake Forest University Pick Atlas ROI toolbox for SPM [63].
Average connectivity values (beta weights of PPI regressors) in
significant target clusters were extracted using REX [61]. We then
used a GLM analyses stratified by sex to assess the modulatory
role of depressed mood on the association between cardiovagal
activity and HYPO and AMYG connectivity with other regions from
the stress response circuitry in a similar manner as described
above for BOLD response.

RESULTS

Demographic and clinical characteristics

Fifty subjects (age: 45.5 + 5.0 years old; 28 females, 22 males) were
included in the study. Twenty were diagnosed with recurrent
major depressive disorder in remission (MDD; 10 females, 10
males), 14 subjects with psychoses (PSY; 9 females, 5 males), and
16 were healthy controls (CTRL; 9 females, 7 males). Demographics
and clinical characteristics of the sample are in Table 1. There were
no significant differences between men and women in age,
ethnicity, handedness, BMI, parental SES, educational level, the
rate of DSM diagnoses or the proportion taking psychotropic
medications. A significant difference was found in the duration of
illness and the WAIS vocabulary scores, being significantly greater
in men compared with women (Table 1). Men also presented
significantly higher scores for the POMS subscales tension/anxiety,
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Table 1. Demographics and clinical characteristics of the sample.

Females (n=28) Males (n=22) p value

92.9% (26/28)
92.9% (26/28)

95.4% (21/22) n.s.
86.3% (19/22) n.s.

Ethnicity (%): Caucasian (n)

Handedness (%): right-handed
(n)

Age in years: M (SD) 45.1 (5.5)
BMI: M (SD) 29.9 (7.1)
Education level

% Without completed high
school (n)

% Completed high school (n) 22.2% (6/28)
% More than high school (n) 71.4% (20/28)
(
(

46.1 (4.3) n.s.
28.4 (4.5) n.s.

3.7% (1/28) 9.5% (2/22) ns.

23.81% (5/22)
63.6% (14/22)
(

(

% Missing (n) 3.6% (1/28) 4.5% (1/22)
WAIS vocabulary, age-scaled: M 10.0 (3.47) 12.1 (3.36) 0.03
(SD)
WAIS block design, age- 9.7 (3.08) 10.7 (2.34) n.s.

scaled: M (SD)
DSM-based diagnosis
% MDD in remission (n)
% Psychosis (n)
% Healthy controls (n)

Age at symptom onset in
years: M (SD)

Duration of illness in years:
M(SD)

Psychotropic medication:

% on psychotropic medication
(n)

35.7% (10/28)

32.1% (9/28)

32.1% (9/28)
26.0 (8.86)

45.4% (10/22) n.s.
22.7% (5/22)
31.8% (7/22)

20.7 (7.83) n.s.
17.9 (8.86) 249 (7.66) 0.02

35.7% (10/28) 31.8% (7/22) ns.

Table 2. Means (M) and standard deviations (SD) of the behavioral
measures by sex.

Males
(h=22)

Females
(n=128)

Measured variable p value

M sD M sD

Self-assessment manikin (SAM)
Arousal during neutral stimuli 833 146 827 092 ns.
Arousal during negative stimuli 457 228 495 240 ns.

Valence of negative stimuli 762 150 775 120 ns.
Valence of neutral stimuli 416 113 452 094 ns.
State-Trait Anxiety Inventory (STAI)

State Anxiety 32.1 867 322 8.03 ns.
Trait Anxiety 37.0 9.81 40.7 115 n.s.
POMS

Tension/anxiety 30.6 1.70 33.0 416 0.01
Depression/dejection 337 239 372 4.10 <0.01
Anger/hostility 37.7 123 39.2 283 0.01
Vigor/activity 598 102 554 111 n.s.
Fatigue/inertia 374 482 423 5.75 <0.01
Confusion/bewilderment 31.0 2.09 33.6 247 <0.01

depression/dejection, anger/hostility, fatigue/inertia, and confu-
sion/bewilderment (Table 2).

No significant differences were found between men and
women for the percent change in the HFn index (3.83 £20.9 vs
0.19+18.6%, p=0.5). An analysis stratified by sex revealed
women with higher depressed mood scores presented a
significant reduction in cardiovagal activity during negative
affective stimuli compared with those with low levels of depressed
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mood (HFn = —7.36 + 20.3 vs 8.44 + 13.1%, p = 0.03), whereas no
significant differences in HFn were found between men with high
and low levels of depressed mood.

Effects of depressed mood and sex on the relationship between
stress response circuitry activation and cardiovagal activity

A multivariate general linear model stratified by sex revealed that
depressed mood significantly modulated the relationship
between R AMYG activity and cardiovagal response to negative
affective stimuli in women. Results showed that women presented
a significant interaction between depressed mood and the
association of HFn changes and BOLD response in R AMYG (F
(3,22) =3.13, p=0.04). Further analyses revealed that women
with high depressed mood scores exhibited an association
between reduction of cardiovagal activity and increased R AMYG
activation (8= —0.027, t(22)=—2.75, p=0.013, AdjR*=0.22),
whereas no significant associations were found in either women
with low levels of depressed mood or men with either high or low
levels of depressed mood (Fig. 1). The analyses also revealed a
significant interaction between depressed mood and the associa-
tion of cardiovagal modulation and HYPO activity during exposure
to negative images in women (F(3,22) = 5.40, p < 0.01). Similar to
findings for R AMYG, women with high levels of depressed mood
exhibited an inverse relationship between cardiovagal activity
(HFn difference) and HYPO activation (8 = —0.025, t(22) = —3.76,
p=0.001, AdjR?>=0.37), whereas no significant effects were
observed in those with low levels of depressed mood or men
with high or low depressed mood scores (Fig. 2).

To explore additional regions outside of the hypothesized stress
circuitry, a post hoc whole-brain analysis revealed that women
with higher depressed mood scores had a significant association
between low cardiovagal response and increased activation of
posterior cingulate cortex (PCC) (8= —0.012, t(22) =241, p=
0.026, AdjR*>=0.24) (Fig. S2) and left insula (INS) (8= —0.021,
t(22) = —3.17, p=0.005, Adj R* = 0.28) (Fig. S3). This analysis did
not reveal significant associations in women with low levels of
depressed mood or men with high or low depressed mood scores,
although we did not have the statistical power in this post hoc
analysis to test for multiple interaction effects with sex.

Higher cortisol levels after the stress task challenge (min 90)
were associated significantly with lower cardiovagal activity (r=
—0.34, p=0.01) (Fig. 3). There were no interactions with
depressed mood or sex for this association.

Effects of depressed mood and sex on the relationship between
stress response circuitry functional connectivity and cardiovagal
modulation

To further extend our findings, we used AMYG and HYPO as seeds
and tested their connectivity with the other regions of interest in
the stress response circuitry. While there was no main effect of
HYPO or AMYG connectivity on cardiovagal variability, we found
that women exhibited significant interactions of depressed mood
with the association of cardiovagal activity and connectivity
between HYPO and right OFC (F(3,22) = 3.95, p = 0.03) and AMYG-
right HIPP (F(3,22) =3.33, p =0.04). Post hoc analyses revealed
that in women with high levels of depressed mood, lower
connectivity between HYPO and right OFC (8 = 0.028, t(22) = 2.52,
p=0.02, AdjR*=0.17) (Fig. 4) and right AMYG-right HIPP (8=
0.013, t(22)=3.07, p=0.01, AdjR>=0.23) were significantly
associated with lower cardiovagal response to negative affective
stimuli. No significant relationship was identified in women with
low levels of depressed mood or men with high or low depressed
mood scores.

DISCUSSION
This study investigated the impact of depressed mood and sex on
the coupling between neural and cardiac autonomic responses to
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Fig. 1 Impact of depressed mood and sex on the relationship between right AMYG activity and cardiovagal regulation in response to

negative affective stimuli (HFn difference with neutral images). Women with high depressed mood scores presented a significant negative
relationship between cardiovagal response and R AMYG activity (8 = —0.027, t(22) = —2.75, p = 0.013, Adj R* = 0.22). No significant association
was found between cardiovagal response and right AMYG Activity in men with high depressed mood scores (8 = 0.0008, t(19) = 0.14, p = 0.88,

Adj R? =0.14).

T Depressed mood

l. Depressed mood

Females

HYPO (% sig. change)

-30 20 -10 0 10
Cardiovagal response
(HFn difference, %)

Fig. 2

2
°
°

HYPO (% sig. change)
0
®
R J
[ ]
[ ]
-./

-2

20 -10 0 10 20
Cardiovagal response
(HFn difference, %)

Impact of depressed mood and sex on the relationship between HYPO activity and cardiovagal regulation in response to negative

affective stimuli (HFn difference with neutral images). Women with high depressed mood scores presented an inverse relationship between
cardiovagal response (HFn) and HYPO activation (8 = —0.025, t(22) = —3.76, p = 0.001, Adj R> = 0.37). No significant association was found
between cardiovagal response and HYPO activity in men with high depressed mood scores (8 = —0.003, t(19) = —0.93, p = 0.36, Adj R*> = 0.19).

negative affective stimuli across a sample of individuals with
major psychiatric disorders and healthy controls. Our results
revealed that in women with high levels of depressed mood,
greater activation of R AMYG and HYPO and lower connectivity of
HYPO-OFC and R AMYG-HIPP were associated with reduction of
cardiac parasympathetic activity (lower HFn) in response to
negative affective stimuli, regardless of diagnostic status. Findings
in this study extend our previous results from this population
[46, 47] demonstrating significant associations between lower
HYPO-HIPP connectivity and increased cortisol response in
women with high levels of depressed mood. Not surprising,

SPRINGERNATURE

cortisol response was significantly associated with cardiovagal
response, such that high HF, suggesting higher parasympathetic
cardiac tone, was associated with lower cortisol response to
negative stimuli. Taken together, our results suggest that
depressed mood, particularly among women, is significantly
associated with maladaptive brain activity responses to negative
stressful stimuli and physiological alterations characterized by
adrenal and autonomic dysregulation. Dysregulation of autonomic
nervous system function has been associated with higher risk for
CVD [3]. Thus, findings in the study reported here suggest neural
and physiologic substrates that may be associated with the
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greater prevalence of comorbid mood disorders and CVD in
women than men [3, 7].

Our results demonstrating an association between higher
amygdala activation and parasympathetic cardiovagal activity
reduction in response to negative affective stimuli are consistent
with previous research [64, 65]. The amygdala is involved in the
regulation of physiological responses during emotional arousal via
its direct connections with the HPA axis [66]. Furthermore, the
amygdala is involved with regulation of both parasympathetic and
sympathetic cardiac control [64, 65]. Neurophysiological studies
have consistently demonstrated that amygdala activity is correlated
with cardiac autonomic response during stressful tasks involving
cognitive or affective stimuli [64, 67], and human and animal
studies have revealed that subjects with amygdalar lesions present
dampened cardiac autonomic responses to emotional stress [68].

In addition, our findings of a significant relationship between
hypothalamic activation and reduction of parasympathetic
cardiovagal modulation in response to negative affective stimuli
are also consistent with previous research [64]. The hypothalamus,
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and in particular the paraventricular nucleus (PVN), is a key relay
station for the integration of neuroendocrine, autonomic, vascular,
and inflammatory responses to stress [7]. Within its anatomic
boundaries the PVN contains neurons that project to autonomic
centers in the brainstem, including NTS and medullary efferent
(premotor) parasympathetic nuclei, such as the nucleus ambiguus,
regulating cardiac pacemaker activity via myelinated vagal path-
ways [28, 31].

Our findings implicating limbic system regions, such as amygdala
and hypothalamus, in ANS modulation, are not surprising, given
that they are also critical in mood regulation. In fact, in a previous
report with a larger sample of this study population, our group
identified a positive association between dysphoric mood and
BOLD response in the hypothalamus and right amygdala, with sex-
dependent analyses showing a significant effect in women
compared with men [46]. Our current study expands these results
by revealing that the hypothalamic and amygdala activation in
women with depressed symptomatology is significantly associated
with reduction of parasympathetic cardiac modulation and higher
cortisol levels in response to negative affective stimuli.

An additional post hoc whole-brain analysis identified some
regions (PCC, INS) outside our stress response circuitry regions of
interest that were significantly associated with cardiovagal activity
in women with higher depressed mood scores and not men. The
posterior cingulate and insula have been previously identified as
key areas of the central autonomic network responsible for the
regulation of parasympathetic and sympathetic activity [64].
Studies have shown structural and functional abnormalities of
these areas in depressed subjects [69-72], which have been
associated with increased rumination and altered interoceptive
and visceroceptive processing in MDD [70, 72, 73]. Given that
these results were revealed in a post hoc analysis and we did not
have the statistical power to test for multiple interaction effects,
further studies are needed to confirm their sex-dependent role in
the dysregulation of cardiovagal response associated with MDD.
However, the fact that the sex-dependent effects were consistent
with our findings on the hypothesized stress circuitry regions of
interest underscores their validity.

Overall, our results support a significant role of hyperactivity of
subcortical arousal regions as a driver of greater vagal activity
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Fig.4 Impact of depressed mood and sex on the relationship between HYPO to OFC connectivity and cardiovagal regulation in response
to negative affective stimuli (HFn difference with neutral images). Women with high depressed mood scores presented a direct relationship
between cardiovagal response and HYPO connectivity to right OFC (8 = 0.028, t(22) = 2.52, p = 0.02, Adj R> = 0.17). No significant association
was found between cardiovagal response and HYPO connectivity to right OFC in men with high depressed mood scores (8 = 0.0015, t(19) =

0.29, p =0.77, AdjR*> = 0.01).
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reduction during negative emotional arousal associated with
depressive symptomatology. Our findings also showed a reduced
OFC-HYPO and R AMYG-HIPP connectivity correlated with low HFn
power in these subjects, ie., low parasympathetic activity,
suggesting lack of cortical inhibitory control as one of the
mechanisms responsible for increased subcortical excitability and
dysregulation of vagal response to negative emotional stimuli in
this population. The orbitofrontal cortex has been generally
associated with the regulation of autonomic and visceral aspects
of emotional responses, as well as an integrative function between
these states and goal directed behavior [74, 75]. It has a high
density of mineralocorticoid and glucocorticoid receptors and is
involved in the inhibitory regulation of stress-mediated HPA axis
activity and modulation of cardiovagal activity [76].

There is a large body of evidence demonstrating orbitofrontal
cortex alterations in patients with affective disorders and
schizophrenia [77], and previously our group reported the
presence of reduced OFC-HYPO connectivity in female subjects
with dysphoric mood [46]. Thus, it is not surprising that we found
a relationship between reduction of OFC-HYPO connectivity and
lower cardiovagal response in women with depressed symptoms
included in our study. In addition, we observed an association
between lower HIPP-R AMYG connectivity and lower parasympa-
thetic activity in women with high levels of depressive mood. The
hippocampus has a critical role in the negative feedback to the
PVN in the regulation of HPA-axis and central regulation of ANS
activity [78]. In a similar manner to the orbitofrontal cortex,
hippocampal alterations have been involved in the pathogenesis
of mood and stress-related disorders [4, 77, 79]. In patients with
these conditions, threat perception is associated with dysregula-
tion of hippocampal circuits leading to maladaptive endocrine
and autonomic responses [80]. The HIPP-AMYG neural connection
is particularly relevant to the integration of neurovisceral
information and top-down regulation of cardiorespiratory and
autonomic control during emotional responses [81, 82]. A reduced
connectivity between these two regions may lead to impaired
cardiovagal modulation in response to negative affective stimuli,
as exhibited by women with depressed mood in our study.

Importantly, the associations reported here between the stress
response circuitry and parasympathetic dysregulation in response
to negative affective stimuli was only significant in women in our
sample. These findings are consistent with previous studies
documenting functional and anatomical basis for sex differences
in the central mechanisms for autonomic regulation [7, 83]. For
example, in a study using PET and HRV measurements in healthy
controls, Nuget et al. [83] identified a significant positive
correlation between regional cerebral blood flow (rCBF) in the
amygdala and parasympathetic indices in women, while men
exhibited negative correlations. Our results extend these findings
by demonstrating a significant interaction of depressive mood
with sex in the neural mechanisms controlling parasympathetic
response to negative stress. Differential associations of the stress
response circuitry and cardiovagal indices between men and
women may reflect known sexual dimorphisms in the hypotha-
lamus and amygdala, as well as hippocampus and orbitofrontal
cortex [15]. Further, our group has previously shown that
developmental alterations of normal sexual dimorphisms of this
circuitry may be associated with sex differences in abnormal
neuroendocrine and autonomic responses to negative stress in
adulthood that may predispose for sex-dependent risk to develop
mood and psychotic disorders [84] and comorbidity with
cardiovascular disease [2, 3, 7].

There are a few potential limitations to this study. First, the
methodology used in the study does not allow us to disentangle
afferent from efferent contributions to the associations between
brain and cardiovagal responses. Future studies should address
whether the observed associations between stress response
circuitry activity and autonomic indices reflect a modulatory
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effect from brain to heart or vice versa. Another limitation of the
study is related with the inclusion of a mixed sample of
participants with a limited severity of active depressive sympto-
matology, given that the evaluated subjects had recurrent
psychiatric illness in remission. Thus, our findings may reflect
the effects of long-standing mood dysregulation rather than
current clinical state. Even so, the fact that a significant relation-
ship between depressive symptoms and cardiac and brain
measures was found only in the women could be interpreted as
underscoring support of our hypothesis of sex-dependent
interactions. Further, we would expect that the observed relation-
ships may be even more pronounced in subjects in an active
depressive episode. Finally, our findings suggest that we found
greater severity of mood symptomatology in men compared with
women in our sample. Although unexpected, the fact that we
found significant associations between our variables of interest
among the women, despite higher depressed mood scores in the
men, provides additional support for the validity of our findings in
women and underscores the sex differences reported.

In summary, our findings revealed mood and sex-dependent
interactions in the association between stress response circuitry
activity and parasympathetic cardiovagal modulation in response
to negative affective stimuli. Women with higher depressive mood
showed maladaptive brain responses associated with reduced
cardiovagal responses during negative emotional arousal.
Although epidemiological studies have revealed substantial sex
differences in the incidence of comorbidity between mental
disorders and cardiovascular disease with major public health
implications worldwide, the pathophysiology underlying these
associations still remain unclear. We propose here that the
evaluation of the mechanisms linking these conditions should
be informed by brain and physiology associations and the
inclusion of a sex-dependent lens that may be shared across
psychiatric disorders in order to develop more precise and
efficacious therapeutics targeted to comorbidities. For example,
we are currently developing a novel transcutaneous vagal
neurostimulation device [85] targeted to mood and cardiovagal
activity in people with major depression and cardiometabolic
disorders informed using a sex differences lens, by translating
findings, such as those presented here, to select sex-dependent
target engagement in the brain and associated physiology for
optimization of the technology.
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