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Systematic manipulations of the biological stress systems result
in sex-specific compensatory stress responses and negative

mood outcomes

Nida Ali'?, Jonas P. Nitschke @', Cory Cooperman’, Mark W. Baldwin' and Jens C. Pruessner®*

Women are twice as likely as men to be diagnosed with anxiety and mood disorders. One potential underlying mechanism is sex
differences in physiological and psychological responses to stress; however, no studies to date have investigated this proposed
mechanism experimentally. In a double-blind, placebo-controlled design, pharmacological challenges were administered to
individually suppress the hypothalamic—pituitary—adrenal (HPA) axis, or the sympathetic nervous system (SNS) prior to stress
exposure, to investigate sex differences in the resulting cross talk among the physiological and psychological stress responses. Sex-
specific compensatory patterns and psychological effects emerged when the stress systems were manipulated. Men demonstrated
heightened SNS reactivity to stress when the HPA axis was suppressed, and greater HPA reactivity after SNS suppression. This ability
to react appropriately to the stressor, even with one system, did not lead to significant negative mood effects. In women, higher
baseline activation (but dampened reactivity to stress) of SNS or HPA was observed when the other system was suppressed. This
was coupled with worsened mood in response to stress when either stress system was compromised. Our results indicate that men
and women may be differentially sensitive to fluctuations of their stress systems. This might be a potential link that underlies the

sexual dimorphism in vulnerability for psychopathology.

Neuropsychopharmacology (2020) 45:1672-1680; https://doi.org/10.1038/s41386-020-0726-8

INTRODUCTION
Men and women differ in their biological and psychological
responses to stress [1, 2]. This difference is proposed as one
potential mechanism to explain why women are at greater risk of
developing anxiety and mood disorders [3, 4]. Both anxiety and
mood disorders are also associated with dysregulated biological
responses to stress [5]. In this regard, while sex differences in
stress reactivity are often studied separately for individual stress
systems, the specific mechanisms that underlie these differences,
and how they might contribute to mood dysregulations have not
been examined while considering possible interactions among the
stress systems. We pharmacologically manipulated the physiolo-
gical stress systems to systematically investigate: (1) the inter-
relationships among them in the context of acute stress; (2) the
consequential effects on subjective stress and mood; and (3)
criticality, to compare these effects among men and women.
The biological stress response is characterized by the synchro-
nized activity of the autonomic nervous system (ANS) and
hypothalamic-pituitary-adrenal (HPA) axis. Stimulation of the
ANS immediately activates the sympathetic nervous system (SNS)
branch, triggering catecholamine release from the locus coeruleus,
resulting in increased heart rate (HR), blood pressure, and
secretion of salivary alpha-amylase [6]. Activation of the slower
acting HPA axis results in the secretion of corticotropin-releasing
hormone (CRH), adrenocorticotropic hormone (ACTH), and cortisol
[7]. Once activated, these systems play a role in the adaptive

physiological, affective, cognitive, and behavioral responses to
stress [8].

Previous studies have found that compared to women, men
mount stronger HPA axis responses to psychosocial stress,
resulting in greater ACTH and cortisol release [9, 10]. Pharmaco-
logical administration studies provide further evidence for this
sexual dimorphism, with women exhibiting greater pituitary
sensitivity to CRH [11], and adrenal-cortex sensitivity to ACTH
signals [12] suggesting constitutional sex differences in HPA
reactivity. These disparities have been proposed to stem from
differential levels of circulating gonadal hormones and
corticosteroid-binding globulin (CBG) in men and women, and
their interactions with cortisol [13]. Moreover, in women HPA axis
responses fluctuate throughout the menstrual cycle [1], which is
also associated with changing levels of gonadal hormones and
CBG. With respect to SNS, men exhibit higher blood pressure and
catecholamine responses to stress [9], while women have more
pronounced HR reactivity [12]. Fewer studies have investigated
sex differences in sAA responses, and inconsistent findings are
reported, with some studies reporting increased sAA reactivity in
women [14, 15], and others finding no significant sex differences
[16, 17]. Sex differences are also observed in affective responses to
stress, with increased subjective stress, and negative mood (e.g.,
anger, depression, fear, anxiety) in women [15].

One potential mechanism for this might be related to sex/
gender differences in underlying social motivational factors,
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particularly during stress. Taylor et al. [18] proposed that during
stress men engage in fight-or-flight responses, whereas in women,
stress induced sympathetic and HPA activation modulates a tend-
and-befriend approach that is characterized by behavioral
responses that promote the creation and maintenance of social
bonds. Likewise, Tamres et al. [19] showed that men and women
differ in their appraisal and coping responses to stress, and that
some of these effects might be dependent on the nature of the
stressor. Relatedly, Stroud et al. [2] found that men had higher
stress responses to stressors that were associated with challenge
and competition, whereas women demonstrated stronger phy-
siological reactivity and psychological distress following inter-
personal stressors such as social rejection. These findings suggest
that while both men and women show robust SNS, HPA, and
psychological responses to stress, the magnitude of these
responses appear to be driven in part by sex/gender specific
effects.

While sex differences in stress reactivity within individual stress
systems are frequently studied, a systematic investigation,
through experimental manipulation, of the interactions between
stress systems in men and women is missing. Histological
evidence has identified reciprocal neural connections between,
for example, the hypothalamus and locus coeruleus [7], suggest-
ing an important mechanism of cross talk and interaction between
the two systems. Consequently, studies have begun examining
this cross talk during acute stress. Using a cross-correlational
approach, Engert et al. [20] demonstrated that stress induced sAA
increase correlates with cortisol in a time-lagged manner, with sAA
preceding cortisol by around 14 minutes. Recently our group has
utilized pharmacological challenges to experimentally investigate
the interrelationships between the stress systems, and found that
suppressing the HPA axis resulted in compensatory increases in
HR and subjective-stress responses to stress. Likewise, following
SNS suppression, cortisol reactivity was heightened, indicating
that the stress systems do indeed cross talk [21, 22]. While these
studies demonstrated the efficacy of using pharmacological
manipulations to examine interactions among the stress systems,
they did not address possible sex differences (all participants were
male), or psychological outcomes such as changes in mood.

Here, we investigated sex differences in the interrelationships
between physiological and psychological responses to acute
stress. While previous research has found important associations
between chronic dysregulations of the stress systems and anxiety
and mood disorders (for a review see [23]), here we investigated
whether an acute—one time—pharmacological dysregulation of
individual stress systems would result in altered stress responses,
and negative psychological effects in men and women. Thus, in a
double-blind placebo (PLC)-controlled design, we administered
dexamethasone (DEX) or propranolol (PROP) before stress
induction. DEX is a synthetic glucocorticoid that binds to
peripheral and pituitary glucocorticoid receptors, and suppresses
ACTH and cortisol production [24]. PROP is a 1 and [32 receptor
antagonist that has been shown to suppress SNS activity [25]. The
following hypotheses were tested: (1) under PLC, HPA axis stress
reactivity would be higher in men than women, who, in turn,
would show increased SNS (specifically sAA and HR), and
psychological responses [1]; (2) following HPA suppression (DEX
administration), SNS responses would be higher than PLC.
However, since women routinely have lower cortisol responses,
compensatory sAA and HR responses would be higher in women
than men [21]; (3) following SNS suppression (PROP administra-
tion), men would compensate with higher cortisol, compared with
PLC, and women [22]; (4) since dysregulations of the stress
systems are linked to negative affect [26, 27], manipulating the
systems should result in increased subjective stress and negative
mood in men and women. While these effects are typically more
pronounced in women [28], a previous study by our group did not
find sex differences in mood dysregulations following stress [29].
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We therefore explored whether suppressing either stress system
would result in differential effects on subjective stress and mood
in women and men.

MATERIALS AND METHODS
Participants (18-35 years old) were recruited via advertisements
posted on the McGill University website classifieds section and
screened for eligibility. Exclusion criteria included recreational
drug use, consuming > 10 alcoholic beverages/week, smoking > 7
cigarettes/day, current or previous significant medical or psychia-
tric illnesses, or use of medications that affect HPA functioning.
Women were tested during the luteal phase of their menstrual
cycle (17-28 days after menstruation onset). To establish luteal
phase, women recorded the first day of their menses, for two
consecutive cycles before testing. Participants provided informed
consent for the study, which was approved by the McGill
University Faculty of Medicine Institutional Review Board.
Sample size was determined via power calculations based on
previous pilot studies in our lab [21, 22] using the same paradigm. In
these studies, the difference between groups of 15 subjects (per cell)
yielded a medium to high effect size of f=0.25-04 [30]. For the
current study, using the statistical software G*Power [31], an
assumed effect size of 030, power=0.95 and a=0.05 we
estimated that a cell size of at least 16 participants would be
needed to detect an effect. A total of 60 men (mean age = 23.28,
range = 18-35, SD + 3.85), and 61 women (mean age = 23 range =
18-35, SD +4.47) were randomly assigned to receive: PLC (20 men,
21 women), DEX (20 men, 20 women), or PROP (20 men, 20 women).
Participants took 2 mg of DEX (or PLC) at bedtime the night before
stress induction, and 80 mg of PROP (or PLC) 1h before stress. A
physician was on call each day in case of serious side effects. No
adverse reactions occurred in any participants. To ensure double
blinding every subject received two pills, one the night before, and
one 60 min before stress, resulting in the following experimental
conditions: double PLC, DEX-PLC, and PLC-PROP.

Testing paradigm

Testing occurred on 2 consecutive days in our laboratory. On day
1, participants received one pill (PLC or DEX) with instructions to
take it at bedtime. The next morning, on day 2 of testing,
participants received one pill (PLC or PROP) 1 hour before the
onset of stress, and were then seated in a waiting room for a 60-
min rest period for the PROP to take effect. Participants were then
exposed to the psychosocial stressor (described below), following
which they completed questionnaires to assess stress-related
changes in subjective stress and mood. More detailed information
about the testing protocol is described in [29]. A design figure of
the day 2 protocol is presented in the Supplementary Materials
(Fig. S3).

Stress paradigm

Psychosocial stress was induced via the Trier Social Stress Test
(TSST; [32]). The TSST consists of a 10-min anticipation phase,
followed by a testing phase encompassing a 5-min speech and a
5-min mental-arithmetic task, performed in front of trained
confederates. The TSST reliably produces increases in cortisol,
sAA, HR, subjective stress, and negative mood [6, 26, 32].

Stress biomarkers

Cortisol and sAA were analyzed from saliva samples (Sarstedt Inc.,
Nimbrecht, Germany). Cortisol (nmol/l) was measured using a time-
resolved fluorescence immunoassay [33]. Alpha-amylase (U/ml) was
determined using the enzyme kinetic method [20]. HR was
measured using an ambulatory sphygmomanometer (A&D Com-
pany, Tokyo, Japan). Assessments were made at nine timepoints, in
10-min intervals, throughout the experiment (Baseline: —20, —10,
stress: 0, post stress: +10, +20, 430, +40, +50, +60 min).
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Psychological assessment

Participants provided self-reports of subjective stress and mood.
Subjective stress was measured using a ten-point visual analog
scale [(VAS; [34]) asking “How stressed do you feel right now?”
Responses ranged from “not at all” to “extremely.” The VAS was
administered with saliva samples at timepoints —10, 0, +10, +20.
The Profile of Mood States (POMS; [35]) questionnaire was
administered at baseline (before stress); during the anticipation
period before TSST; and immediately after the TSST. The 66 items
of the POMS are used to compute six subscales and a composite
measure of total mood disturbance (TMD). Based on our previous
work [29], and given the stress-related context of this study, we
focused exclusively on the “depression,” “anxiety,” and “anger”
subscales, and TMD.

Statistical analyses

One participant (male in the DEX condition) was excluded due to
missing mood measures. Three participants were excluded on
account of unsuccessful pharmacological suppression (biomarker
values > 3 std-dev. above mean) via DEX (one female), and PROP
(one male, one female). Final analyses were conducted with 117
participants (PLC: n =41; DEX: n = 38; PROP: n = 38).

Two-way (sexxdrug) MANOVAs were conducted for age,
depressive symptoms, body mass index, and self-esteem as
dependent variables, to ensure that the groups did not differ on
these variables.

Biomarkers. Mixed-effects multilevel models (MELM; [36]) were
computed to examine the relationship between sex, and repeated
measures of biomarkers (cortisol, sAA, HR), in the PLC condition.
Sex (male = 0, female = 1), sampling times (time 1 =10), and sex x
time interaction were entered as fixed effects. Based on the
recommendation by Barr et al. [37], the intercept of time nested
within subject was added as a random effect.

Separate MELMs were computed to examine the relationships
between sex, drug, and repeated measures of biomarkers. Sex
(male =0, female = 1), drug (PLC=0, DEX=1; PLC=0, PROP =
1), sampling times (time 1=0), and interactions of sex x drug;
sex X time; drug X time; and sex X drug X time were entered as
fixed effects. Time nested within subject was added as a random
effect. Likelihood ratio tests were conducted to compare
interaction models.

For all MELMs, main effects models were conducted first. If
either the double-interaction model, or the triple-interaction
model was deemed to be more parsimonious, as defined by a
significant reduction in AIC, the most significant model was
adopted. For ease of reading, here we report only the results of
the best performing model. Model fit indexes comparing the
different models are presented in the Supplementary Materials
(Tables ST1-ST3).

Psychological outcomes. To examine the effects of drug suppres-
sion on psychological responses to stress, area under the curve
increases (AUCis) for VAS, and subscales of POMS were computed
[38]. Multiple imputation analyses were computed for missing
mood data using the MICE [39] package to estimate missing
values (6% missing). A MANOVA was conducted to investigate
the effect of stress on psychological responses in the PLC
condition. AUCis for VAS, and mood were entered as dependent
variables, and sex as independent variable. To investigate the
effects of drug on psychological responses, we conducted
MANOVAs (sex x drug), for AUCis of VAS and mood as dependent
variables, and sex and drug conditions (PLC, DEX); (PLC, PROP) as
independent variables.

All analyses were conducted using R, version 3.4.4 [40]. Mixed-
effects analyses were conducted using the LME4 [41] package.
Significant effects were decomposed using the formula by
Preacher et al. [42].
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RESULTS

MANOVAs revealed no significant differences in age, depressive
symptoms, body mass index, and self-esteem (Fs < 0.84, ps > 0.36),
indicating that men and women across all drug groups were
comparable on these factors.

Manipulation check

Based on the 1.5nmol/l threshold for increase in cortisol from
baseline to peak levels, proposed by Miller et al. [43], across all
participants in the PLC condition, the TSST induced a 74.4% increase
in cortisol. While, to our knowledge, no such criteria have been
proposed for sAA, in our study, participants in the PLC condition
showed a 126.6% increase in sAA, from baseline to stress, indicating
that the TSST induced significant increases in stress markers.

Biomarkers

Figure S1 in the Supplementary Materials illustrates the stress
response in the PLC, DEX, and PROP conditions, separately for men
and women, using untransformed values for cortisol, sAA, and HR.

Placebo. In the PLC condition, the MELM showed significant
sex X time interactions for cortisol, F(8, 212.08) =3.98, p < 0.001,
and sAA, F(8, 326.49) = 2.77, p < 0.01. Post-hoc tests revealed that,
as predicted, men had stronger cortisol responses to stress than
women, 20-30 min after the TSST (timepoints 6, 7; ts > 2.37; ps <
0.01), and women had significantly higher sAA than men at the
onset of the TSST (timepoint 3; t =3.93, p <0.001). There was a
significant main effect of time on HR, F(8, 216.17)=11.66, p <
0.001, indicating increased HR responses to stress; however, there
was no main effect of sex, nor a sex x time interaction (Fig. 1a).

Dexamethasone-placebo. Comparing DEX to PLC, the MELM
revealed a significant triple interaction of sex x drug x time for
cortisol, F(8, 409.85) =3.31, p<0.01. Post-hoc tests showed that
cortisol levels were significantly lower across all timepoints for
men and women in the DEX group, (ps <0.001) indicating that
DEX administration effectively suppressed the HPA axis (Fig. 1b).

For the intact biomarkers, we observed significant sex x time,
F(8, 423.11) =2.36, p=0.01, and drug x time, F(8, 423.11) = 1.90,
p > 0.05, interactions for sAA, and a significant triple interaction of
sex x drug x time, F(8, 432.89) =2.02, p = 0.04 for HR.

Within-sex contrasts. Comparing between drug conditions, men in
the DEX condition had marginally higher sAA, immediately after
the TSST (timepoint 4; t = 1.71, p = 0.08), and significantly greater
HR reactivity (timepoint 4; t = 2.19, p = 0.02) than PLC. This finding
is consistent with previously reported effects of compensatory
stress responses in men [21]. In women, the DEX group already
had overall higher sAA at baseline (timepoint 2; t = 2.05, p = 0.04),
stress reactivity (timepoint 4; t=3.06, p=0.002), and also
recovery, 30 min after the TSST (timepoint 7; t =2.33, p=0.02).
DEX was also associated with higher HR at baseline (timepoint 2;
t=241, p=0.01), and 40 min post stress (timepoint 8; t = 2.08,
p=0.03), but not reactivity (timepoint 3; t=1.01, p=0.3),
suggesting that women too showed compensatory responses,
however, with a somewhat different pattern (Fig. 2).

Between-sex contrasts. Compared to men, women in DEX had
higher sAA over all timepoints (all ps <0.01), and higher HR at
baseline (timepoint 2; t =2.16, p =0.03), and 50 min post stress
(timepoint 8; t=2.22, p=0.02). There was no significant sex
difference in peak HR stress reactivity (timepoint 4; t = —0.51, p =
1.38) (Fig. 1b).

Propranolol-placebo. Comparing PROP to PLC, the MELM
revealed a significant triple interaction of sex x drug x time for
sAA F(8, 418.56)=2.61, p<0.01, and significant drug xtime
interaction for HR F(8, 436.49) =5.82, p<0.001. Post-hoc tests

Neuropsychopharmacology (2020) 45:1672 - 1680
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revealed that sAA and HR were significantly lower in PROP,
indicating that PROP administration effectively suppressed SNS
responses (ps < 0.01) (Fig. 1c).

For cortisol we observed a significant triple interaction of sex x
drug x time, F(8, 385.59) =2.97, p < 0.01.

Within-sex contrasts. Comparing between drug conditions, men in
the PROP group had higher cortisol at timepoints corresponding
with stress response, i.e.,, 20-40 min post TSST (timepoints 5-7;
ts > 2.73; ps < 0.001), replicating previous findings on compensa-
tory HPA activity following SNS suppression in men [22]. In
women, the PROP group had higher cortisol at baseline (timepoint
1; t=1.99, p=0.04), and recovery from stress (timepoint 7; t =
1.81, p = 0.07), but not at peak stress reactivity, i.e., 20-30 min post
TSST, (timepoint 5, 6; ts < 0.98; ps > 0.32); paralleling compensatory
responses in men but with a somewhat different pattern (Fig. 2).

Between-sex contrasts. Women in PROP had higher cortisol at
baseline (timepoints 1, 2, ts > 2.14, ps < 0.03) than men; however,
stress response was higher in men 20-40 min post TSST (time-
points 5-7; ts > 4.17, ps < 0.001) (Fig. 1c).

Psychological outcomes

Across all drug conditions subjective stress and mood responses
were strongly correlated with each other (rs>0.15, ps <0.001).

Neuropsychopharmacology (2020) 45:1672 - 1680

A MANOVA was conducted to examine whether men and women
differed at baseline affective markers. The results revealed no
significant effects of sex at baseline for TMD, anxiety, depression,
anger, or VAS (Fs < 2.5, ps>0.11).

Figure S2a, b in the Supplementary Materials illustrate the linear
trajectories of POMS and subjective stress in the PLC, DEX, and
PROP conditions, separately for men and women.

Placebo. In the PLC condition, the MANOVA revealed a
significant main effect of sex for AUCis of depression, F(1, 39) =
5.51, p = 0.02, n> = 0.12, and marginal effect for anxiety, F(1, 39) =
3.86, p=0.056. Examination of means revealed that stress
induction resulted in greater negative affect in women than in
men (Fig. 3a). There were no sex differences on TMD, anger, or
VAS (ps>0.19). See Table 1 for mean AUCs of all psychological
variables for men and women in each drug condition.

Dexamethasone-placebo. The MANOVA revealed significant sex x
drug interactions for TMD, F(1, 75)=4.02, p=0.04, n*>=0.05,
anger, F(1, 75)=22.83, p<0.001, n2:0.21, and VAS, F(1, 75) =
367, p<0.05 n?=0.04, and significant main effects of sex
for depression, F(1, 75)=17.91, p <0.001, n>=0.19, and anxiety,
F(1,75)=9.17, p=0.003, n? =0.11.
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Within-sex contrasts. Comparing between drug conditions, in men
the MANOVA revealed a significant main effect of anger, F(1, 37) =
7.40, p = 0.01, > = 0.17. Post-hoc tests revealed that men in the DEX
condition had reduced anger following stress (Fig. 4a). There were
no differences between drug conditions on TMD, anxiety, depres-
sion, or VAS (ps > 0.24). In women, there was a significant increase in
TMD, F(1, 38) = 4.73, p = 0.03, 2 = 0.11; anger, F(1, 38) = 16.09, p <
0.001, n*=029; and VAS, F(1, 38)=648 p=001, n>*=0.15,
indicating that women in the DEX group experienced greater
subjective stress, and negative mood following stress (Fig. 4b).

Between-sex contrasts. The MANOVA revealed significant sex
differences on all psychological markers: TMD, F(1, 36) = 8.56, p <
0.01, n? = 0.19; anxiety, F(1, 36) =5.35, p = 0.03, n> =0.13; depres-
sion, F(1, 36) =17.95, p<0.001, n>=0.33; anger, F(1, 36) = 27.85,
p <0001, N> =0.44; and VAS, F(1, 36) = 14.21, p <0.001, n* = 0.28,
indicating that women in the DEX condition had increased
subjective stress and broad mood disturbance in response to stress,
compared to men (Fig. 3b).

Propranolol-placebo. The MANOVA revealed a significant sex x
drug interaction for anger, F(1, 75) =7.21, p < 0.01, r]2 =0.09, and
a main effect of sex for depression, F(1, 75) = 8.64, p < 0.01, n> =
0.10.

Within-sex contrasts. Comparing between drug conditions, the
MANOVAs revealed no effects of drug on TMD, anxiety,
depression, anger, or VAS (all ps>0.21) in men. In women, there
was a marginal increase in TMD, F(1, 38) =3.30, p =0.07, and a
significant increase in anger, F(1, 38)=7.57, p<0.01, n>=0.17,
indicating that women in the PROP group experienced greater
mood dysregulation in response to stress (Fig. 4b).

Between-sex contrasts. The MANOVA revealed significant sex

differences in anger, F(1, 36)=5.52, p=0.02, n?=0.13; and
marginal differences in TMD, (p =0.07), and depression, (p =
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0.08), indicating that compared to men, women had greater
mood disturbance, particularly anger, in response to stress
(Fig. 3c).

DISCUSSION

In this study we individually suppressed the SNS, or the HPA axis
to investigate sex differences in the cross talk between
physiological and psychological responses to acute stress.
Consistent with our hypotheses, when both systems were intact,
men mounted a stronger HPA axis response, whereas women
showed stronger SNS reactivity to stress. When either stress
system was suppressed, men showed increased stress reactivity in
the intact system, whereas women compensated with overall
heightened biomarker levels. This differential compensatory
response pattern corresponded with increased subjective stress
and negative mood in women only, highlighting a potential
mechanism underlying sex differences in vulnerabilities to mood
and anxiety disorders.

Previous studies have shown that men typically mount
stronger reactive cortisol responses to stress than women
[1, 9, 12]. Our results are consistent with these findings and
demonstrate that under PLC men are indeed more reliant on the
HPA axis during stress. In the DEX condition, replicating previous
findings [21], men compensated with increased sAA and HR
reactivity. Likewise, in the PROP condition, men showed
increased cortisol stress reactivity, as previously shown [22].
Consistent with the literature, our results thus indicate that
when either stress system is functionally compromised in men,
stress reactivity of the intact system—SNS or HPA axis—is
enhanced. Importantly, within men a dysregulation of either
system was not associated with changes in subjective stress or
mood.

Under PLC women mounted stronger sAA stress responses
than men. When either stress system was suppressed, women
too demonstrated compensatory responses in the intact stress

Neuropsychopharmacology (2020) 45:1672 - 1680



A 400, PLC
B Men
300 Women
o k *
8 200 —_— —_—
<

100+ I
I I

TMD Anxiety Depression  Anger VAS
B 400, DEX
*
—
3004
= 2004 sk % sk *
% — — — —
< 1
1004
I
s _H N
04
E H
TMD Anxiety Depression  Anger VAS
C 400 ¢ PROP
—
3004
5 200] ,_,+ —_
-
<«

100 I I
‘,ﬂ -8 _a

™

Anger VAS

TMD Anxiety Depression

Fig. 3 Effect of TSST on mood and subjective stress. Area under
the curve increase (AUCi) values (+SEM) for mood on total mood
disturbance (TMD), Anxiety, depression, anger, and subjective
stress (VAS) between men and women in the a placebo (PLC),
b dexamethasone (DEX), and ¢ propranolol (PROP) conditions.

systems. However in contrast to men, who had greater
biomarker reactivity, women showed predominantly increased
overall stress markers in the intact systems, indicating overall
sensitivity of the stress pathways. Specifically, when the HPA axis
was compromised, women had elevated sAA and HR, even
before stress induction. Likewise, when the SNS was suppressed,
compared with PLC, women had elevated cortisol, at baseline
and after stress. Importantly there were no differences between
DEX and PLC women at peak HR reactivity, and PROP and PLC
women at peak cortisol reactivity. We interpret this to suggest
that higher baseline HR and cortisol levels in response to the
pharmacological manipulation prior to stress exposure may
have caused a “ceiling effect,” which prevented women from
mounting strong reactive responses when confronted with
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stress. These elevated basal HR and cortisol levels may have thus
potentially strained the stress system (and flattened the stress
response) and prevented it from adaptively reacting to acute
stress [12, 44].

One potential mechanism underlying this dimorphic pattern of
results might be related to sex differences in gonadal hormones,
specifically estrogen and progesterone. These hormones have
been found to modulate the HPA axis [45, 46], and higher
sensitivity to endogenous fluctuations of gonadal hormones has
been associated with mood dysregulations and depression in
women [47]. Importantly, since the levels of these hormones vary
significantly across the life span [3] (i.e., puberty, menstrual cycle,
pregnancy, menopause), women may have developed a greater
reliance on the SNS to respond to and cope with stress. In
addition, there is some evidence that compared with men, women
objectively and subjectively experience stressful life events more
frequently [13], and appear to be more vulnerable to adverse
effects of stress [48]. Thus, it could be that women have adapted
to continually compensate for fluctuating levels of stress
hormones (in response to biological cycles, and external stressors),
resulting in increased sensitivity of their stress systems to any
external and internal perturbations. Additional support
comes from animal studies showing that female rats are
slower to adapt to repeated or chronic stressors, and in fact
show higher baseline and stress reactive corticosterone
levels during chronic stress inductions [49]. Likewise, in humans,
increased basal and reactive cortisol levels are observed
earlier in preadolescent girls, than boys [50]. Pharmacological
challenges have also found that women show greater HPA axis
responsivity, and decreased feedback sensitivity, compared
with men [13]. Overall, this literature suggests that the stress
system is highly sensitive in women, not only during stress, but
also basally. Our results are consistent with this, and demonstrate
that functional impairments of either stress system result in
increased activity in the intact system, even before stress has
occurred. Moreover, these manipulations result in significantly
worse mood in women during stress. We propose that this
systemic sensitivity of the stress systems impacts how women
physiologically react to acutely stressful situations, and the
inability to respond effectively to stress might leave them more
psychologically reactive.

Psychologically, under PLC women reported greater anxious
and depressed affect following stress, than men. Dysregulation of
either system was further associated with increased subjective
stress and negative affect in women. Previous studies have linked
chronic dysregulations of the stress systems with negative
psychological consequences, i.e., increased subjective stress
[21, 22], mood disturbance [26], and higher risk for psychopathol-
ogy [5]. Our results in women are consistent with these findings.
One potential mechanism for this sex difference may be that
women in either pharmacological condition had elevated stress
biomarkers, even before stress occurred. This can be considered in
the context of emotion theories that posit that the perceived
stressfulness of a situation together with physiological cues of
arousal impact how we assess our ability to cope with the
situation. This results in feelings of competence, or a depressive
state, which comprise the emotional stress response [51]. In our
study, baseline activations of the stress systems may have
impacted how women attended to the contextual, and/or internal
bodily cues associated with stress. In addition, the inability to
mount strong physiological reactive responses may have resulted
in the detrimental mood outcomes we observed. Support for this
comes from the literature on the mood-buffering effects of
cortisol. Here, both pharmacological and psychosocial laboratory
based acute stress studies have shown an inverse relationship
between cortisol and negative mood, such that higher cortisol
reactivity to stress has been associated with lower negative affect
[52, 53]. Moreover, a recent study by our group also exhibited this
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Table 1. Means of change in mood and subjective stress for men and women in each drug condition.

PLC DEX PROP

Men Women Men Women Men Women
TMD 104 (189) 91.8 (265) 91.9 (79.4) 271 (255) 96.1 (227) 261 (323)
Anxiety 69.5 (58.3) 118 (94.1) 88.5 (88.4) 150 (75.1) 99.5 (86.5) 109 (122)
Depression —11.6 (44.4) 33.3 (73.5) —26.3 (32.1) 28.1 (45.8) 3.46 (29.3) 37.8 (78.3)
Anger 2.72 (29.5) —11.1 (39.5) —27.8 (40.1) 36.2 (34.6) —10.9 (51.2) 26.5 (46.9)
VAS 34.5 (29.1) 49.4 (41.8) 37.9 (27.9) 85 (46.7) 51.8 (31) 61.7 (53)
Mean and standard deviations (in parentheses) for AUCs of mood and subjective-stress measures across drug conditions in men and women.
PLC placebo condition (no suppression), DEX dexamethasone (HPA suppression), PROP propranolol (SNS suppression), TMD total mood disturbance, VAS visual
analog scale.
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Fig. 4 Effect of TSST on mood and subjective stress. a Area under
the curve increase (AUCi) values (+SEM) for mood on total mood
disturbance (TMD), anxiety, depression, anger, and subjective stress
(VAS) in men across all drug conditions. b Area under the curve
increase (AUCi) values (+SEM) for mood on total mood disturbance
(TMD), anxiety, depression, anger, and subjective stress (VAS) in
women across all drug conditions.

inverse relationship such that pharmacological suppression of
both stress systems resulted in increased subjective stress and
negative mood [29]. However, we did not observe sex differences
in that study. We suspect that this might be due to the lower
statistical power, or a stronger global effect from the double
suppression, which might have masked sex differences. Finally, it
is important to note that while we link pharmacological
suppressions of the stress systems with negative psychological
consequences following laboratory stress in a healthy sample,
similar adverse psychological consequences of stress system
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dysregulations have been observed in clinical populations [54],
and individuals with severe allostatic load (e.g., histories of early
life adversity and burnout) [55].

LIMITATIONS AND CONCLUSION
This study has some limitations. Firstly, while DEX was adminis-
tered to suppress the HPA axis, this may not have resulted in a
complete suppression during acute stress. DEX principally acts on
the pituitary to suppress ACTH and cortisol production [24]. Thus
given the blunted cortisol levels in the DEX condition, we can be
certain that the observed outcomes were not due to peripheral
increases in cortisol during stress. However since DEX does not
cross the blood-brain barrier [24], acute stimulation of the HPA
axis may have resulted in central increases in CRF, contributing to
some of our effects. In addition, we administered PROP to
effectively block sAA release by inhibiting beta-adrenergic
receptor activation [22]. However, since PROP crosses the
blood-brain barrier, it may have only partially blocked the effects
of peripheral or central adrenaline and noradrenaline, via effects
on the beta-adrenergic receptors but not via alpha adrenergic
receptors [56]. Thus, we recognize that the effects of PROP and
DEX on the physiology of the stress systems may be more
widespread and nuanced, and that both pharmacological agents
may have effects that extend beyond the observed decreases in
sAA and cortisol responses. Secondly, we assessed sex as a binary
factor. Given that estrogen and progesterone exert strong
modulating effects on the HPA axis [13], future investigations
should include assessements of these gonadal hormones to
examine their role in the sex-related effects we observed.
Relatedly, since we only included women in the luteal phase our
results may not generalize to women in other menstrual phases,
or those on oral contraceptives [57]. Moreover, given the limited
age range of our participants, whether our results can be
generalized across all ages is yet to be determined. In addition,
given that higher biomarker reactivity to stress in men was not
associated with detrimental affective responses to stress, our
findings cannot comment on the potential mechanisms that
underlie the onset and maintenance of stress-related neuropsy-
chiatric disorders in men. Relatedly, we used limited measures to
assess psychological effects of stress. Future studies should
consider investigating affective and cognitive processes (e.g.,
social threat assessment, emotional memory), since these may
have been altered in men (and women) across drug conditions.
Notwithstanding these limitations, this study demonstrates that
men and women differentially rely on the HPA axis and SNS
during stress. Importantly, sex-specific compensatory patterns and
affective outcomes emerge when either stress system is
functionally compromised, highlighting a potential mechanism
underlying increased vulnerability for psychopathologies
in women. The authors declare no competing interests.
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