
Frontiers in Psychiatry | www.frontiersin.or

Edited by:
Monika Eckstein,

Heidelberg University, Germany

Reviewed by:
Lisa Wagels,

Helmholtz Association of German
Research Centers (HZ), Germany

Martin Fungisai Gerchen,
Heidelberg University, Germany

Ilona Croy,
Technische Universität Dresden,

Germany
Sarah Beutler,

University Hospital Carl Gustav Carus
Dresden, Germany,

in collaboration with reviewer IC

*Correspondence:
Ayline Maier

AylineM@web.de
Dirk Scheele

Dirk-Scheele@gmx.de

Specialty section:
This article was submitted to

Social Cognition,
a section of the journal
Frontiers in Psychiatry

Received: 23 April 2020
Accepted: 22 July 2020

Published: 06 August 2020

Citation:
Maier A, Heinen-Ludwig L,

Güntürkün O, Hurlemann R and
Scheele D (2020) Childhood

Maltreatment Alters
the Neural Processing of

Chemosensory Stress Signals.
Front. Psychiatry 11:783.

doi: 10.3389/fpsyt.2020.00783

ORIGINAL RESEARCH
published: 06 August 2020

doi: 10.3389/fpsyt.2020.00783
Childhood Maltreatment Alters the
Neural Processing of Chemosensory
Stress Signals
Ayline Maier1*, Luca Heinen-Ludwig1, Onur Güntürkün2, René Hurlemann3,4
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Accumulating evidence suggests that childhood maltreatment (CM) confers risk for
psychopathology later in life by inducing hypervigilance to social threat cues such as
fearful faces. However, it remains unclear whether the modulatory impact of CM extents to
the olfactory domain of social communication in humans. To address this question, we
examined whether CMmodulates the neural processing of chemosensory threat signals in
sweat and whether CM affects the stress-reducing effects of oxytocin (OXT) in this
context. In a randomized, double-blind within-subject functional MRI study design, 58
healthy participants (30 females) received intranasal OXT (40 IU) or placebo (PLC) and
completed a forced-choice emotion recognition task with faces of varying emotion
intensities (neutral to fearful) while exposed to sweat stimuli and a non-social control
odor. Axillary sweat samples were collected from 30 healthy male donors undergoing an
acute psychosocial stressor (stress) and ergometer training (sport) as control in a pre-
study. CMwas assessed by the 25-item Childhood Trauma Questionnaire (CTQ). The final
fMRI analysis included 50 healthy participants (26 females). Regression analysis showed a
stress-specific association of CTQ scores with amygdala hyperreactivity, hippocampal
deactivation, and increased functional connectivity between the amygdala and the
hippocampus, medial orbitofrontal cortex, and the anterior cingulate cortex (ACC)
under PLC. Furthermore, we observed a positive association of CTQ scores and the
dampening effects of OXT on stress-related amygdala responses. Our findings suggest
that CM may induce hypervigilance to chemosensory threat cues in a healthy sample due
to inefficient frontolimbic inhibition of amygdala activation. Future studies should
investigate whether increased recruitment of the intralimbic amygdala-hippocampus
complex reflects a compensatory mechanism that prevents the development of
psychopathology in those who have experienced CM. Furthermore, the results reveal
that the stress-specific effects of OXT in the olfactory domain are more pronounced in
participants with increasing levels of CM exposure.
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INTRODUCTION

Childhood maltreatment (CM) presents a leading risk factor for
the later development of psychopathology (1), with CM exposure
accounting for over 30% of adult-onset psychiatric disorders (2).
Recent efforts to identify etiological mechanisms that mediate
this association, suggest CM experiences become biologically
embedded (3) in altered trajectories of neurodevelopment (4)
and behavior (5). Specifically, burgeoning data underscore the
notion that a history of CM is linked to changes in sensory
systems (6) and the neural circuitry underlying emotion
regulation and threat responsivity (4).

One of the most frequently reported neuroimaging
finding in individuals with a history of CM is exaggerated
amygdala reactivity to threatening faces (fearful and angry) (7–
9). Furthermore, individuals with a history of CM exhibit
increased amygdala functional connectivity (FC) with the
anterior cingulate cortex (ACC) (10) and with regions of the
prefrontal cortex (PFC), in particular the orbitofrontal cortex
(OFC) (11) during the exposure to threatening faces. The
amygdala represents a key node in threat detection and in the
coordination of adaptive behavioral and autonomic responses to
these threat signals (12). Aberrant amygdala activations are
observed across psychiatric disorders (13) and the amygdala
threat detection process has been suggested to mediate the
relationship between CM and psychopathology later in life (14,
15). Both the ACC and the OFC feature reciprocal functional and
anatomical connections with the amygdala (16) and co-
activations of the ACC and OFC with the amygdala are central
to efficient emotion regulation by enabling a down-regulation of
amygdala reactivity to threatening stimuli (17–19). These
findings show that CM is associated with a dysregulated threat
circuitry manifested in a phenotypic hypersensitivity towards
social threat cues. However, it remains unclear whether the
modulatory impact of CM extents to the olfactory domain of
social communication.

Phylogenetically one of the most ancient senses, olfaction is
essential for survival due to its alarm function. In humans, the
ability to identify olfactory threat cues in the environment and
respond to them in an adaptive manner is well developed (20).
Olfaction plays a key role in the modulation of behavior and
interpersonal relationships (21), with accumulating evidence
indicating social chemosignaling in humans (20, 22–24).
Human social chemosignals have been shown to convey
information with respect to kin recognition (20), mother-
infant bonding (25), disease detection (26), aggression (24) and
emotional states (23). A recent line of research demonstrates that
chemosensory communication of threat cues in axillary sweat
modulates cross-modal emotion perception of ambiguous
threatening facial stimuli and produces widespread neural
threat responses in the amygdala, ACC, hippocampus, the
prefrontal cortex, and fusiform face area (FFA) (27–30). These
effects are even more pronounced in individuals with heightened
stress vulnerabilities such as patients with anxiety disorders (31,
32). The olfactory system and the emotion circuitry are largely
intertwined and share neuroanatomical pathways via the
Frontiers in Psychiatry | www.frontiersin.org 2
amygdala, hippocampus, and OFC (33). Thus, olfactory
stimulation directly evokes emotions and autonomic responses
via these pathways (34). Furthermore, there is evidence suggesting
a separate representation of pleasant and unpleasant odors in the
medial and lateral parts of OFC (35). The overlap of brain regions
showing aberrant threat-induced activation patterns in CM
studies and olfactory projection areas render the olfactory
domain a potential pathogenic pathway following CM exposure.
Recent findings have linked CM to altered activation in a
widespread network of neocortial areas including the OFC and
hippocampus during non-threatening olfactory stimuli
presentation in females (36). Another study observed significant
reductions of olfactory bulb volume and olfactory function in
women with a history of CM (37). Moreover, olfactory
dysfunctions and altered processing of non-social olfactory
threat cues have been observed in individuals with post-
traumatic stress disorder (PTSD) (38–40). However, whether
CM modulates the processing of social olfactory cues
remains unclear.

The hypothalamic peptide hormone oxytocin (OXT) has been
increasingly recognized as a promising therapeutic candidate for
stress-related disorders such as major depressive disorder and
PTSD due to its role in stress regulation and social behavior (41).
Animal models demonstrate long-term consequences of early life
experiences in the oxytocinergic system, with rodents exhibiting
lower OXT receptor expression in the amygdala and hypothalamus
after receiving less maternal care (42, 43) and increased serum and
hypothalamic OXT levels in maternal separation models (44).
Likewise, human studies observed lower OXT concentrations in
the cerebrospinal fluid of men (45) and women with a history of
CM (46). Interestingly, a particularly strong effect was identified for
emotional abuse. However, less severe forms of CM were positively
associated with urine OXT levels in adults (47). In line with this,
women with a history of sexual abuse during childhood exhibited
higher blood OXT levels in response to a laboratory psychosocial
stressor, i.e. the Trier Social Stress Test (TSST) (48) compared to
controls (49). Furthermore, human intranasal administration of
OXT enhanced the stress-buffering effects of social support during
the TSST (50, 51) and we recently found that the peptide reduces
amygdala reactivity to social chemosensory threat signals (27).
Importantly, a plethora of studies observed that the effects of
intranasal oxytocin vary as a function of social context and
interindividual variables such as childhood experiences (52, 53).
For instance, the stress-buffering effects of OXT after the TSST
were only evident in women with higher levels of adverse
childhood experiences (51), while the peptide had no significant
effect on handgrip force in reaction to an infant crying in women
with harsh parenting experiences (54). However, it remains to be
investigated whether CM affects the effects of OXT in the context of
social chemosensory threat cues.

Given the adverse behavioral and health consequences of CM
(55, 56), there is a pressing need to identify neurobiological
compensatory mechanisms that help individuals to maintain or
rapidly regain mental well-being in the aftermath of CM (57).
Notably, a significant proportion of individuals with a history of
CM function well and are clinically resilient despite CM-induced
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neurobiological changes (4, 58). This suggests that additional
neurobiological mechanisms may be present that enable these
individuals to effectively compensate for CM-induced brain
changes (4). Potential compensatory mechanisms for CM-
associated hypervigilance have recently been examined in
response to threatening facial stimuli revealing a heightened
intra-limbic FC between the amygdala and the hippocampus in
resilient adults (59). However, it remains unclear whether CM
also modulates threat responsivity in the olfactory domain and
which potential compensatory mechanisms may be observed in a
resilient sample.

The current study consists of a secondary analysis utilizing an
existing data set of a randomized, double-blind, placebo (PLC)-
controlled trial by Maier et al. (27) that was collected to explore the
oxytocinergic modulation of chemosensory communication of
stress. The functional magnetic resonance (fMRI) study involved
58 healthy volunteers completing a forced-choice emotion
recognition task with facial stimuli of varying emotion
intensities (neutral to fearful) while exposed to sweat stimuli and
a non-social control (raspberry odor) after intranasal PLC and
OXT administration, respectively. Axillary sweat samples were
obtained from healthy male donors undergoing an acute
psychosocial stressor (stress) and ergometer training (sport) as
control in a pre-study. In this secondary analysis, we investigated
the modulatory effect of CM on the processing of chemosensory
threat signals and whether CM affects the anti-stress effects of OXT
in this context. The measure relevant to the current hypothesis was
the Childhood Trauma Questionnaire (CTQ) (60). Our primary
hypothesis was that CM would be associated with increased neural
reactivity and increased frontolimbic as well as intralimbic FC to
chemosensory threat signals. Secondary, we assumed that CM also
modulates the effects of OXT on the processing of chemosensory
stress cues.
METHODS

The original randomized, double-blind, PLC-controlled, within-
subject, cross-over trial (n = 58) by Maier et al. (27) was
conducted between 2015 and 2017 at the Division of Medical
Psychology of the University of Bonn, Germany. The study
methods were previously described in full detail (27) and are
summarized here.
Participants
The study sample included 58 healthy (26 females, mean ± SD age,
24.90 ± 3.11 years), right-handed, heterosexual, non-smoking
volunteers recruited from the local population via online
advertisement and public posting. The Mini-International
Neuropsychiatric Interview (MINI) (61) was used to screen for a
history of psychiatric or physical disease prior to study enrollment.
Furthermore, participants were screened for anosmia using the
Sniffin’Sticks test battery, which comprises an odor identification
and discrimination test (Burghart GmbH, Burghart Wedel,
Germany). Participants were lifetime naïve to prescribed
psychoactive medication and none of the participants were
Frontiers in Psychiatry | www.frontiersin.org 3
pregnant or used hormonal contraceptives during the study.
MRI contraindications were additional exclusion criteria. CM
experiences were assessed using the 25-item retrospective CTQ
(60). The CTQ measures five types of adverse childhood
experiences: emotional neglect, emotional abuse, physical
neglect, physical abuse, and sexual abuse (62). A 5‐point Likert
scale is used for responses ranging from 1 (never true) to 5 (very
often true) and scores ranging from 5 to 25. In addition, depressive
symptoms within the previous 2 weeks and subjective anxiety for
the past month were assessed using the Beck Depression
Inventory–II (63) and the State-Trait Anxiety Inventory (STAI)
(64). Autistic-like traits were measured via the Autism Spectrum
Quotient questionnaire (AQ) (65). Demographic and
psychometric sample characteristics are listed in Table 1. Eight
participants had to be excluded from the fMRI analysis due to
technical malfunctions or excessive head motion (>3 mm/°)
during scanning, leaving 50 participants (26 females, mean ± SD
age, 24.54 ± 3.09 years) for the fMRI data analyses.

The study was conducted in accordance with the latest
version of the Declaration of Helsinki and approved by the
local ethics committee of the Medical Faculty of the University of
Bonn. All participants provided written informed consent before
screening and were reimbursed for participation.
Study Design
In a randomized, double-blind, PLC-controlled, within-subject
crossover design, participants received either OXT (Novartis,
Basel, Switzerland) or PLC intranasally in two separate
experimental sessions of at least 24 h apart. At the beginning of
each fMRI testing session, participants self-administered a single
intranasal dose of 40 IU synthetic OXT or PLC under the
supervision of an experimenter following a standardized protocol
(66) (5 puffs balanced across nostrils, at an inter-puff interval of 50
seconds to allow the solution to be absorbed into the nasal
epithelium). The amount of administered substance was weighed
and was supplemented by an additional puff if it fell below a set
minimum (40 IU = 1000mg). The PLC solution contained identical
ingredients except for the peptide itself. Functional MRI scanning
TABLE 1 | Demographic and psychometric sample characteristics.

Mean ± SE (Range) (N = 58)

Age (years) 24.9 ± 0.41 (19–31)
Sex (F/M) 30/28
Education (years) 16.83 ± 0.38 (12–25)
CTQ sum score 33.98 ± 0.75 (29–53)
CTQ emotional neglect 7.55 ± 0.35 (5–16)
CTQ emotional abuse 6.66 ± 0.29 (5–16)
CTQ physical abuse 8.66 ± 0.16 (6–13)
CTQ physical neglect 5.86 ± 0.18 (5–9)
CTQ sexual abuse 5.26 ± 0.22 (5–18)
BDI 2.09 ± 1.07 (0–12)
STAI Trait 31.45 ± 0.92 (22–52)
AQ 13.81 ± 0.65 (2–28)
August 2
Childhood maltreatment experiences were assessed by means of the CTQ.
CTQ, Childhood Trauma Questionnaire; BDI, Beck Depression Inventory; STAI, State Trait
Anxiety Inventory; AQ, Autism Spectrum Quotient.
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started 30min after nasal administration and was followed by an
anatomical scan. Participants abstained from caffeine and alcohol
intake for 24 hours prior to arrival. Participants’ olfactory
functioning was verified after nasal spray administration in both
scanning sessions using a staircase olfactory threshold test
(Burghart GmbH, Wedel, Germany) [67) (for full description,
see (27)].

Olfactory Stimuli and Presentation
During the fMRI experiment, participants were exposed to three
different olfactory stimuli: male axillary sweat obtained from an
independent sample of 30 healthy donors (mean ± SD age,
23.30 ± 2.67 years) who underwent both the (i) TSST (stress
sweat) (48) and (ii) ergometer training (sport sweat), and as a
non-social control (iii) chemically synthesized raspberry
(Burghart GmbH, Wedel, Germany) [for detailed description
of stimuli generation, see SI and (27)]. Sweat donors experienced
significantly greater stress during the TSST compared to the
physical exercise condition manifested in elevated salivary
cortisol levels and state anxiety ratings (27). Chemosensory
stimuli did not exhibit detectable differences in odor quality
between treatment scan sessions, which was validated by an
independent sample of participants who rated the pleasantness,
intensity, and familiarity of the stimuli (27).

Olfactory stimuli were administered via a three-channel,
computer-controlled, MRI compatible air-dilution olfactometer
(OG001, Burghart GmbH, Wedel, Germany). Odorant flows (5
lpm) were directed via 10 m tubes through an odorless oxygen
mask, which participants wore inside the scanner. At stimuli
offset, participants breathed ambient air through the exhalation
ports of the oxygen masks. The odor channels were triggered
using a specialized proprietary olfactometer control software
(OG Control, Burghart GmbH, Wedel, Germany).

Respiratory Signal Recording
Respiratory compliance was monitored online throughout fMRI
scanning via an MR-compatible chest-strap-based respiration
transducer (Biopac, RX-TSD221-MRI) to ensure that inhalations
(i.e. thoracic expansions) were temporally aligned with odor
delivery. Respiration signals were recorded using a Biopac MP150
system and the accompanying AcqKnowledge Acquisition &
Analysis Software (Version 4.3.1) applying a sampling frequency
of 1000 Hz. Noise was removed by means of a hardware-based filter
included in the amplifier with a low pass filter of 1 Hz and a high
pass filter of 0.05 Hz.

fMRI Task
For the fMRI scan, an adapted version of an established
emotion recognition paradigm was utilized (29). In a forced-
choice paradigm, male facial stimuli were briefly presented at
four emotion intensity levels (neutral, low fearful, medium
fearful, and high fearful). Participants were instructed to
identify whether the stimuli depicted a neutral or fearful
expression while they were exposed to stress sweat, sport sweat
or raspberry (non-social control odor). Odor delivery via the
olfactometer was synchronized with respiratory cues (green
fixation cross) and participants were instructed to breathe
Frontiers in Psychiatry | www.frontiersin.org 4
orthonasally and inhale on cue throughout the experiment. In
each trial, odor delivery spanned the duration of the inhalation
cue (1300 ms) as well as the emotional facial stimuli (200 ms) for
a total duration of 1500 ms and was preceded by an exhalation
cue (red fixation cross, 2000 ms). Experimental trials were
separated by a jittered inter-stimulus interval (black fixation
cross, 4,000–6,000 ms) and a new trial started immediately after
the response was recorded or after 2000 ms if no response was
made. Each of the three olfactory stimuli were presented 48 times
in a random order, resulting in 144 trials and an experiment
duration of about 20 min (for full description of the fMRi task, see
SI and (27).

Image Acquisition
A Siemens MAGNETOM Trio MRI system (Siemens, Erlangen,
Germany) operating at 3T and equipped with a 32-channel
phased-array head coil (Siemens, Erlangen, Germany) was
used to acquire T2*-weighted echoplanar (EPI) images with
blood-oxygen-level-dependent contrast (TR = 2500 ms, TE =
30 ms, pixel size: 2 x 2 x 3 mm, slice thickness = 3.0 mm, distance
factor = 10%, FoV = 192 mm, flip angle = 90°, 37 axial slices).
High-resolution anatomical reference images were obtained on
the same scanner using a T1-weighted 3D MPRAGE sequence
(imaging parameters: TR = 1660 ms, TE = 2.54 ms, matrix size:
256 x 256, pixel size: 0.8 x 0.8 x 0.8 mm, slice thickness = 0.8 mm,
FoV = 256 mm, flip angle = 9°, 208 sagittal slices).

fMRI Data Analysis
Functional imaging data were realigned and spatially normalized
to the standard Montreal Neurological Institute (MNI) space
and smoothed (Gaussian kernel, 6mm FWHM) using SPM12
software (Wellcome Trust Centre for Neuroimaging, London,
United Kingdom; http://www.fil.ion.ucl.ac.uk/spm) implemented
in MATLAB R2010b (MathWorks, Natick, Massachusetts) [for
further detail, see SI and (27)].

Onsets and durations of the 24 experimental conditions
(treatment (PLC, OXT) × odor (stress, sport, raspberry) ×
emotion intensities (neutral, low fearful, medium fearful, high
fearful) were modeled by a stick function convolved with a
hemodynamic response function, with the trial onset defined
as the onset of odor delivery. Respiratory noise correction was
performed using the PhysIO toolbox (68). The movement
parameters (realignment parameters) and respiratory noise
regressors were included as nuisance regressors in the design
matrix. For the fMRI statistical analysis, we used a two-level
random-effects approach based on the general linear model as
implemented in SPM12 [for full description, see SI and (27)].

On the group-level we performed multiple regression analysis.
Due to the absence of specific neural effects of emotion intensity,
chemosensory-induced responses were averaged across all
intensity levels. The modulatory effect of CM on the processing
of chemosensory threat signals was measured by regressing CTQ
sum scores on the differential contrast between blood-oxygen-
level-dependent (BOLD) signal response to stress relative to sport
odor [(Stress (PLC) > Sport (PLC))]. To explore whether CM
moderates the stress-specific effects of OXT on the processing of
chemosensory threat signals, CTQ scores were regressed on neural
August 2020 | Volume 11 | Article 783
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responsiveness to the contrast [(Stress(PLC) > Sport(PLC)) – (Stress
(OXT) > Sport(OXT))]. Furthermore, we also tested potential
modulatory effects of CM on the neural processing of the non-
social odor (raspberry) by regressing CTQ sum scores on the
BOLD signal response to the contrasts [(Raspberry(PLC))] and
[(Raspberry(PLC) > (Raspberry(OXT))]. The fMRI analysis focused
on a set of a priori defined bilateral regions of interest (ROIs)
consisting of the amygdala, hippocampus, ACC, FFA, lateral OFC
(lOFC) and medial OFC (mOFC). All ROIs were anatomically
defined according to the Wake Forest University PickAtlas,
version 3.0. P-values were corrected for multiple comparisons
(family-wise error (FWE)) based on the size of the ROI, and P <
0.05 was considered significant. Parameter estimates were
extracted from significant clusters of the BOLD response
analysis (for full description, see SI).

Connectivity Analysis
To explore the modulatory effects of CM on the functional
interplay of brain regions showing significant CM-associated
changes in neural responsiveness to chemosensory stress cues
in the BOLD analysis, we regressed CTQ sum scores on the FC
between these regions and the a priori defined ROIs (amygdala,
hippocampus, ACC, FFA, lOFC and mOFC). For this purpose,
we carried out a generalized psychophysiological interaction
[gPPI; (69)] in SPM12. Seed regions were identified as
significant clusters of the BOLD analysis. All target ROIs were
anatomically defined using theWake Forest University PickAtlas,
version 3.0. On the first level, hemodynamic deconvolution was
performed on the extracted time series to remove the effects of
the canonical hemodynamic response (HRF). The resulting time
series were multiplied by the psychological variables and
reconvolved with the HRF to obtain the PPI interaction terms.
The gPPI analysis for each subject was performed on the first
level and included the same task regressors as specified for the
BOLD analysis. On the second level, we regressed CTQ sum
scores on the FC between seed and target regions for the contrasts
[Stress(PLC) > Sport(PLC)] and [(Stress(PLC) > Sport(PLC)) − (Stress
(OXT) > Sport(OXT))]. Results were considered significant at PFWE

< 0.05 (peak-level inference) adjusted to the size of the ROIs.
Given that FC is susceptible to small frame-to-frame head
movements, we calculated the mean frame-wise displacement
(FD) (70) for each subject in each session. The FD has been
shown to have a strong association with motion-induced artifacts
in functional connectivity (71). Results revealed that all subjects
exhibited FDs below the recommended threshold for task-based
FC of 0.9 mm (72) during scanning in both testing
sessions, respectively.

Statistical Analysis
Statistical analyses were conducted with SPSS, version 24 (IBM,
Armonk, N.Y.). Linear regression analyses were performed to
estimate the effect of CM on emotion recognition during axillary
sweat presentation. For these regression models, CTQ sum
scores were used as the predictor variable and the differences
in fearful recognition ratings of the emotional facial stimuli
(range: 0 faces rated as fearful - 12 faces rated as fearful)
Frontiers in Psychiatry | www.frontiersin.org 5
between the stress and the sport condition for each emotion
intensity level (neutral, low fearful, medium fearful, and high
fearful) served as the criterion variables, respectively. The
resulting four regression analyses were performed for the PLC
condition and the modulating effects of OXT (OXT < PLC). For
the regression models testing the effect of CM on emotion
recognition during the presentation of the non-social control
odor raspberry, CTQ sum scores served as the predictor variable
and fearful recognition ratings for each emotion intensity level
functioned as the criterion variables, respectively. These four
regression analysis were computed for the PLC condition and the
modulating effects of OXT (OXT > PLC). Furthermore, we tested
multiple regression models predicting CM-related behavioral
(emotion recognition rating) and neural responses (extracted
parameter estimates) by the five CTQ subscales in order to explore
maltreatment-specific predictions in the current sample. Pearson’s
product-moment was used for correlation analyses. Reported P-
values are one-tailed for directional analyses and two-tailed for all
non-directional analyses.

Mediation and Moderation Analysis
To control for the influence of possible confounding variables on
our observed CTQ-associated response pattern, moderation, and
mediation effects were assessed for the covariates subjective
anxiety, depressive symptoms, autistic-like traits, age, sex and
education time using the PROCESS macro for SPSS, version 3.1
(model 1 and model 4) (73). For all regression analyses, CTQ sum
scores served as the predictor variable, respectively. CTQ-
associated differences in fearful recognition ratings of the
emotional facial stimuli between the stress and the sport
condition and parameter estimates extracted from significant
clusters of the BOLD analysis to the contrasts [(Stress(PLC) >
Sport(PLC))] and [(Stress(PLC) > Sport(PLC)) − (Stress(OXT) > Sport
(OXT))] served as the criterion variables, respectively. Using
heteroscedasticity-consistent standard errors and mean-centering,
the significance of indirect effects was examined using 95%
bootstrapped (10,000 bootstrap samples) symmetric confidence
intervals (95% CIs). Indirect effects were considered significant
when the upper and lower bound of 95% CI did not contain zero.
As the underlying mediation framework of PROCESS does not
support dichotomous mediators, we explored a potential
mediation effect of sex by employing the Baron and Kenny four
steps regression approach (74). A moderation effect was assumed
when the interaction term between the predictor variable CTQ and
a moderation variable was significant. For these analyses the level
of statistical significance was set at P < 0.05 and all reported P-
values are two-tailed.
RESULTS

Behavioral Results
Regression analyses revealed that CTQ sum scores were
associated with an increased stress-specific recognition of high
fearful faces under PLC, (b = 0.29, P = 0.015), with 8% of the
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variation explained by the model (R2 = 0.08, F(1,57) = 5.03, P =
0.015) (cf. Figure 1; for further detail, view SI and Figure S1).
After Bonferroni-correction, we observed a trend toward
significance for this association (P = 0.06). Salivary oxytocin
levels were significantly increased after intranasal OXT
administration relative to intranasal PLC administration, which
we reported in (27). However, CTQ sum scores did not predict
the modulatory effect of OXT on stress-specific fearful
recognition ratings across all four emotion intensity levels (all
Ps > 0.05; for more detail, view SI). Moreover, CTQ sum scores
did not predict fearful recognition ratings for all emotion
intensities during trials in which subjects were exposed to the
non-social control odor raspberry under PLC (all Ps > 0.05; for
more detail, see SI).

Correlation analyses did not yield significant associations
between CTQ sum scores and post fMRI pleasantness,
intensity, and familiarity ratings of either social or non-social
odor stimuli (all Ps ≥ 0.05; for further detail, view SI). Thus, CM
did not influence the perception of odor quality.

fMRI Results
Regression analyses yielded a positive association of CTQ sum
scores and stress-specific right amygdala hyperreactivity (peak
MNI coordinates x, y, z: 26, −6, −12; t(48) = 3.51, PFWE = 0.015)
(cf. Figure 2A) and a negative association of CTQ sum scores
and stress-specific left hippocampal hyporeactivity (−30, −40, 0;
t(48) = 3.96, PFWE = 0.017) (cf. Figure 2B) under PLC (for further
detail, view Figure S2). Furthermore, CTQ scores were positively
associated with the stress-specific effect of OXT in the right
amygdala (24, −6, −14; t(48) = 3.41, PFWE = 0.038) (cf. Figure 3).
Stress-associated increases in amygdala reactivity suggest CM
may induce hypervigilance to chemosensory threat cues in the
present sample. Moreover, stress-specific attenuating effects of
OXT in the amygdala appear to be more pronounced in
participants with increasing levels of CM exposure.
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Connectivity Results
For the right amygdala seed region (26, −6, −12), the gPPI
analysis revealed a stress-specific positive association of CTQ
scores and functional coupling with the left mOFC (peak MNI
coordinates x, y, z: −6, 40, −14; t(48) =4.09, PFWE = 0.019, ACC
(−10, 36, −8; t(48) = 4.08, PFWE = 0.039) and hippocampus (−32,
−24, −10; t(48) =3.87, PFWE =0.046) under PLC (cf. Figure 4).
Furthermore, we observed a positive association of CTQ scores
with OXT effects for the functional coupling between the right
amygdala seed region (26, −6, −12) and the left mOFC (−2, 28,
−12; t(48) = 4.41, PFWE = 0.008) in the stress relative to the sport
condition. There were no CTQ-associated changes in FC for the
hippocampus as a seed region. The CTQ-associated increase in
FC may reflect an inefficient top-down regulation of the
amygdala via the ACC and the mOFC. Administration
of intranasal OXT appear to reinstate the frontolimbic
regulatory mechanism.

Mediation and Moderation Effects
We did not detect significant mediation or moderation effects for
any covariate. All 95% confidence intervals of indirect effects
overlapped with zero and all interaction terms between CM and
moderation variables were non-significant (all Ps > 0.05). Thus,
the observed modulatory effect of CM on the behavioral and
neural levels were not significantly moderated or mediated by
sociodemographic factors, depression or anxiety levels.

Effect of Maltreatment Type
Multiple regression analyses with the five CTQ subscales as
predictors revealed an association of emotional neglect (b =
−0.36, P = 0.04) and emotional abuse (b = 0.54, P = 0.004) with
the chemosensory induced bias in the recognition of high fearful
faces under PLC (b = 0.31, P = 0.016). Stress-specific amygdala
hyperreactivity was associated with emotional neglect (b =
0.53 P = 0.002) and physical neglect (b = 0.29, P = 0.022).
Entering all five subscales into the model did not reveal an
association of hippocampal hypoactivation with a specific
subscale (all Ps > 0.05). Stress-specific FC between the
amygdala and the hippocampus was associated with emotional
abuse (b = 0.43, P = 0.019). Multiple regression analysis revealed
no association of amygdala-ACC FC with a specific CM subscale.
Stress-specific FC between the amygdala and the mOFC was
associated with sexual abuse (b = 0.29, P = 0.043). We observed
no significant association between the stress-reducing effects of
OXT and specific CM subtypes. Correlation analysis revealed
that the subscale emotional neglect highly correlated with the
subscale emotional abuse (r = 0.64, P < 0.001) and moderately
correlated with physical neglect (r = 0.3, P = 0.023).
DISCUSSION

In the present study, we primarily examined the modulatory
impact of CM on the processing of chemosensory threat signals
in axillary sweat. Given the long-term consequences of CM on
the oxytocinergic system, our secondary aim was to investigate
FIGURE 1 | Childhood maltreatment and the impact of chemosensory stress
signals on fear recognition. Childhood Trauma Questionnaire (CTQ) scores
are positively associated with a stress odor induced bias in the recognition of
high fearful faces (range: 0 faces rated as fearful - 12 faces rated as fearful).
CTQ, Childhood Trauma Questionnaire.
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A

B

FIGURE 2 | Childhood maltreatment and the impact of chemosensory stress signals on (A) amygdala and (B) hippocampus reactivity. Childhood Trauma
Questionnaire (CTQ) scores are associated with a stress-specific amygdala hyperreactivity and hippocampal deactivation. CTQ, Childhood Trauma Questionnaire;
PLC, placebo; L, left hemisphere; R, right hemisphere.
FIGURE 3 | Childhood maltreatment and the modulatory effect of oxytocin on stress-specific amygdala reactivity. Childhood Trauma Questionnaire (CTQ) scores are
associated with a stress-specific dampening effect of oxytocin in the amygdala. OXT, oxytocin; PLC, placebo; L, left hemisphere; R, right hemisphere.
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whether CM affects the stress-attenuating effects of OXT in this
context. As expected, a secondary analysis of our recent study
(27) revealed a modulating role for CM in the olfactory domain
of social threat communication. CM was associated with
increased amygdala reactivity, decreased hippocampal
activation and increased FC between the amygdala and the
hippocampus, ACC and mOFC during exposure to threat-
associated olfactory signals. This neural response pattern was
paralleled by a threat-related increase in the recognition of high
fearful faces. Furthermore, in line with our second hypothesis, we
found that CM moderated the effects of OXT on threat-related
processing of these olfactory signals. The observed response
pattern was not moderated or mediated by sociodemographic
factors, current depression or trait anxiety levels. Here, we extend
previous evidence of a phenotypic hypervigilance in adults with a
history of CM (4) to the olfactory domain, highlighting an
underexplored vulnerability pathway to psychopathology in
those affected.

Our finding of CM-associated amygdala hyperreactivity to
social olfactory threat cues is directly in line with frequently
Frontiers in Psychiatry | www.frontiersin.org 8
reported elevated amygdala responses to threatening faces in
individuals with a history of CM (7–9). Moreover, converging
evidence demonstrates changes in frontolimbic FC following CM
both at rest (75) and during emotional face processing tasks (10,
11, 59). While this response pattern may reflect a mechanism
mediating resilience when measured at rest, increased task-based
FC between the amygdala, the ACC and the OFC has been linked
to an inefficient regulatory system in adults following CM (56). It
is well established that the amygdala, hippocampus, ACC, and
PFC are central to efficient threat and fear regulation (76, 77). Both
the ACC and the mOFC exert top-down control on limbic and
endocrine systems through mechanisms such as attentional
control and contextual processing (16–18, 77). Our findings
suggest that threat-associated amygdala activation prompted
individuals with a history of CM to up-regulate activations of
cognitive control regions. In healthy adults, increased FC between
the amygdala and the OFC as well as the ACC was associated with
threat-induced anxiety (78) and in trauma-exposed adolescents
increased amygdala-ACC connectivity was paralleled by a reduced
ability to regulate emotional conflict (79). In the current sample,
FIGURE 4 | Childhood maltreatment and stress-specific functional connectivity. Childhood Trauma Questionnaire (CTQ) CTQ scores were associated with a
heightened functional connectivity between the amygdala (purple sphere) and the medial orbitofrontal cortex (mOFC), the anterior cingulate cortex (ACC) and the
hippocampus (blue spheres) when subjects were exposed to stress sweat. ACC, anterior cingulate cortex; CTQ, Childhood Trauma Questionnaire; mOFC, medial
orbitofrontal cortex; PLC, placebo; L, left hemisphere; R, right hemisphere.
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elevated amygdala reactivity and concomitantly increased
frontolimbic FC might reflect hypervigilance to the threatening
properties of the olfactory signals used in the fMRI paradigm.
Further, our data support the notion that CM is associated with
long-term downstream perturbations of frontolimbic emotion
circuits (1, 4). Previous data show hippocampal hypoactivation
both following psychosocial stress induction (80) and in response
tomasked fearful faces (81) in individuals with a history of CM. By
contrast, other studies found increased activation of the
hippocampus in response to threatening faces (82, 83). These
conflicting findings may arise from variations in the
operationalization of CM, time between trauma exposure and
data collection and psychiatric comorbidities. However,
accumulating evidence suggests CM-related hippocampal
deactivation in response to emotional faces may represent a
mechanism of resilience (57). The hippocampus and the
amygdala are highly susceptible to adaptions following early life
stress (4) and subtle interactions between these structures are
central for forming representations of emotional significance and
contextually modulating physiological threat responses (77, 84).
Furthermore, amygdala-hippocampal FC is crucially involved in
the regulation of the hypothalamic-pituitary-adrenal (HPA) (85)
axis and has been shown to predict the capacity of the HPA axis to
restore homeostasis of the stress response after perturbations (86).
Along this line, there is evidence showing that upon induction of
psychosocial stress, deactivation of the hippocampus plays an
essential role in initiating a stress response (87). Notably, recent
evidence demonstrates that CM-related differences in amygdala-
hippocampus FC in response to threatening facial stimuli are
linked to adult adaptive functioning (59). Thus, we propose that
enhanced recruitment of the amygdala-hippocampus complex
during exposure to social olfactory threat cues might reflect a
compensatory mechanism for inefficient frontolimbic circuitry in
individuals with a history of CM. Resilient individuals with a
history of CM may exhibit an enhanced capacity for
contextualizing social olfactory threat signals due to an
amygdala-dependent increased presentation of these cues in the
hippocampus (77). Enhanced encoding of these signals may allow
resilient individuals with a history of CM to adaptively refine
physiological stress responses in a safe context.

In the current sample, CM-related neural responses to social
olfactory threat signals were paralleled by increased recognition of
fearful faces. This shows that the cross-modal sensory integration
of visual and olfactory threat cues is modulated by a history of CM.
Previous findings revealed that effective olfactory-visual emotion
integration results in biased detection of fear that is accompanied
by enhanced amygdala responsiveness and increased functional
connectivity between the amygdala and the OFC (88). Moreover,
the ACC and the OFC have been suggested to be part of a network
that initiates increased sensory responses during cross-modal
sensory integration of fear (89). Thus, given their hypervigilant
sensory profile, individuals with a history of CM may exhibit
increased evaluation of social olfactory threat cues that leads to
biased emotion detection. (7). Enhanced cross-modal fear
detection during the exposure of social olfactory threats may
represent an adaptive mechanism, by which individuals
Frontiers in Psychiatry | www.frontiersin.org 9
accentuate their automatic response in a threatening
environment (4).

Burgeoning evidence implicates the oxytocinergic system in
CM (1). Mechanistically, a stronger effect of OXT on threat-
specific amygdala activation in individuals with a history of CM
appears to be rooted in a reinstated top-down regulatory function
of the mOFC over the amygdala, thereby emulating a more
normative response to social olfactory threat cues in individuals
with a history of CM (16–19, 76). Evidence corroborating this
interpretation comes from studies demonstrating that OXT
reduces threat hypersensitivity in women with Borderline
Personality Disorder (90, 91) which is frequently associated with
CM. Likewise, OXT enhanced the stress-buffering effects of social
support in women with more severe CM exposure (51). The
oxytocinergic system is highly sensitive to the adverse effects of
CM, withmost studies reporting decreased levels of peripheral and
central OXT in a dose-dependent manner following CM exposure
(44–46). These findings could reflect a downregulation of the OXT
system and increased OXT sensitivity in individuals with higher
levels of CM exposure. However, previous studies also reported
diminished stress-attenuating (92) or prosocial (93) effects of OXT
in individuals who have experienced CM. Thus, the moderating
role of CM on OXT effects is also evident in the olfactory domain,
but the direction of this moderation seems to vary depending on
baseline differences and sample characteristics.

The stress-specific chemosensory effects were predominantly
associated with emotional and physical neglect as well as emotional
abuse subscales. However, given the high intercorrelation of the
subscales, these results need to be interpreted carefully.
Importantly, our moderation and median analyses revealed that
CM-associated symptoms, such as depression and anxiety, did not
significantly influence the observed pattern of results. Furthermore,
recent findings of CM-related structural and functional alterations
(37) as well as aberrant responses to non-social olfactory threat
cues (94) corroborate the notion of an etiological olfactory pathway
to psychopathology in individuals with a history of CM. Consistent
with this idea, enhanced amygdala reactivity to threatening facial
stimuli has been found to mediate the link between CM and the
development of adult anxiety disorders and PTSD (14, 15). Thus,
future work is warranted to examine whether the observed
alterations of the social olfactory pathway precipitate a latent
vulnerability to later psychopathology in the context of CM.

There are a number of limitations in this study that need to be
addressed in future research. First, the retrospective and self-report
assessment of CMmay be subject to misreporting of CM. While we
did thoroughly control for current anxiety and depression levels,
which may provoke a negative recall bias (95), we cannot exclude
that a recall-related underreporting of CM in the present healthy
sample may have influenced our results (96). Second, we were not
able to ascertain whether the observed alterations in olfactory
processing were associated with specific types of maltreatment
due to the interrelatedness of CM types in the present sample.
Given that various forms of CM frequently co-occur (2), future
studies employing a longitudinal design are needed to probe the
associations between specific forms of CM, neural responses to
olfactory threat cues, and psychopathology. Third, while the study
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used a well-controlled healthy sample, subjects of the study
exhibited mild CM, limiting the interpretation of the findings to
the context of less severe forms of CM. However, given the robust
finding of dose-dependent effects of CM, we speculate that a neural
threat response to olfactory signals may also be observed in
individuals with a history of severe CM exposure. Fourth, here we
report that CM is associated with altered responses to social
olfactory stress cues compared to sport-related social olfactory
cues. However, in contrast to the difference scores, we did not
observe a significant association between CM and parameter
estimates of the amygdala and hippocampus responses to stress
and sport odor cues compared to baseline (cf. SI). Thus, it is
conceivable that a differential response to sport odor cues
contributed to the observed CM-associated changes. Future
studies should include additional non-stress-related social control
conditions in their design to further investigate the specificity of
stress-related responses in subjects with a history of CM. Finally,
while the fMRI analysis did not include a correction for small
frame-to-frame head movements, an additional control analysis
demonstrated that subjects in the present sample exhibited no
critical head movements during scanning.

In conclusion, we extend prior findings of a phenotypic
hypervigilance to social threat signals in individuals with a
history of CM to the domain of social olfactory signals. We
propose that CM disrupts the neural circuitry of threat detection
by weakening top-down regulatory systems. Increased intralimbic
connectivity may reflect an effective compensatory mechanism in
resilient individuals. Furthermore, CM moderates the effects of
OXT on the processing of chemosensory stress signals. The current
study highlights a potential vulnerability pathway in individuals
with a history of CM that needs to be addressed in future work.
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