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Loss aversion is a well-known behavioral regularity in financial decision making, describing humans’ tendency to overweigh losses compared
to gains of the same amount. Recent research indicates that stress and associated hormonal changes affect loss aversion, yet the underlying
neuroendocrine mechanisms are still poorly understood. Here, we investigated the causal influence of two major stress neuromodulators,
cortisol and noradrenaline, on loss aversion during financial decision making. In a double-blind, placebo-controlled between-subject design,
we orally administered either the α2-adrenergic antagonist yohimbine (increasing noradrenergic stimulation), hydrocortisone, both
substances, or a placebo to healthy young men. We tested the treatments’ influence on a financial decision-making task measuring loss
aversion and risk attitude. We found that both drugs combined, relative to either drug by itself, reduced loss aversion in the absence of an
effect on risk attitude or choice consistency. Our data suggest that concurrent glucocorticoid and noradrenergic activity prompts an
alignment of reward- with loss-sensitivity, and thus diminishes loss aversion. Our results have implications for the understanding of the
susceptibility to biases in decision making.
Neuropsychopharmacology (2018) 43, 334–341; doi:10.1038/npp.2017.75; published online 10 May 2017
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INTRODUCTION

Most people would prefer to avoid losing 5 EUR than to win
5 EUR. This phenomenon is called loss aversion, a well-
known behavioral regularity in financial decision making,
describing humans’ tendency to overweigh losses compared
to gains of the same amounts (Kahneman and Tversky,
1979). Accumulating evidence suggests that stress has an
impact on loss aversion (Porcelli and Delgado, 2009; Putman
et al, 2010; Takahashi et al, 2012; Pabst et al, 2013a;
Chumbley et al, 2014; Sokol-Hessner et al, 2015), however,
there is fundamental disagreement on the direction of the
effects, and the underlying neuroendocrine mechanisms are
largely unknown.
Organisms respond to acute stress with a rapid release of

noradrenaline (NA) through the sympathetic nervous system
and a slower release of glucocorticoids (mainly cortisol
(CORT) in humans) as the end-product of the hypothala-
mic–pituitary–adrenal axis. The effects of CORT and NA on
brain function shape cognition and behavior in a concerted,
time-dependent fashion (Joels and Baram, 2009; Joëls et al,
2011; Schwabe et al, 2012), characterized by overlapping,

non-genomic cortisol and catecholaminergic action shortly
after stress onset, followed by genomic cortisol effects that
develop several hours later and can have opposite effects on
brain function to those in the immediate aftermath of stress
(Hermans et al, 2014).
In the present experiment, we contrast two competing

hypotheses on how CORT and NA influence loss aversion.
Recent findings on the effect of stress hormone action on
cognition and decision-making suggest that stress prompts
the upregulation of a salience network in the brain,
including insula, amygdala, and other limbic regions, while
simultaneously suppressing higher cognitive prefrontal
control networks (Hermans et al, 2011, 2014; Schwabe
et al, 2012; Margittai et al, 2016), resulting in hypervigilance
to potential losses. Activation of the salience network is
boosted by catecholamines, such as noradrenaline, whose
effects are further enhanced when combined with gluco-
corticoids such as cortisol (van Stegeren et al, 2008, 2010;
Hermans et al, 2011, 2014). Importantly, two key regions of
the salience network, the amygdala (De Martino et al, 2010;
Sokol-Hessner et al, 2013; Gelskov et al, 2015), and insula
(Canessa et al, 2013; Markett et al, 2016), have been
associated with loss aversion, likely by mediating attention
to potential losses. On the basis of this presumption, the
‘salience of losses’ hypothesis postulates that combined
action of the stress-neuromodulators NA and CORT should
amplify loss aversion by boosting loss-related neural
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functioning, and thus enhancing the salience of potential
losses.
By contrast, CORT and NA are also known to impact

reward processing (Pruessner et al, 2003; Starcke and Brand,
2012). For example, Mather and Lighthall (2012) proposed
that stress can increase the salience of rewards, and enhance
learning about positive choice outcomes while impairing
learning about negative outcomes. In line with this
presumption, several studies have reported that acute stress
leads to increased reward sensitivity (Sinha, 2008; van den
Bos et al, 2009; Putman et al, 2010) and decreased loss
sensitivity in risky decision making (Pabst et al, 2013a,
2013b). In a recent meta-analysis, Starcke and Brand (2016)
reported that stress affects decisions made under risk and
ambiguity, particularly in situations where reward seeking is
disadvantageous. Importantly, the direction of the stress
effect on reward and loss sensitivity seems to depend on the
concomitance of the stress-neuromodulators CORT and NA.
While isolated exogenous administration of CORT (ie, in the
absence of elevated NA) has been shown to reduce reward
sensitivity and neural activation in reward-related regions
(Montoya et al, 2014; Kinner et al, 2016), concurrent CORT
and NA action is associated with enhanced reward sensitivity
and ventral striatal activation, particularly at higher levels of
cortisol elevations (Oei et al, 2014), as well as reduced anxiety
and vigilance to threat (Vasa et al, 2009). On the basis of
these findings the ‘alignment hypothesis’ suggests that when
CORT and NA act concurrently, CORT may offset NA-
induced vigilance to threats by amplifying reward sensitivity,
presumably by stimulating dopaminergic release in the
midbrain mesolimbic reward pathway, in particular the
nucleus accumbens (Piazza and Moal, 1997; Marinelli and
Piazza, 2002; Oei et al, 2014). Hence, the alignment
hypothesis predicts that combined CORT and NA action

results in an alignment of reward- with threat-susceptibility
and, thus, ultimately, diminished loss aversion.
No study to date has delineated whether stress neuromo-

dulators increase the salience of expected losses, as con-
jectured by the salience-of-losses hypothesis, or prompt an
alignment of reward- with loss-sensitivity, as hypothesized by
the alignment hypothesis. Importantly, these two theories
make opposing predictions regarding the effects of stress
neuromodulators on loss aversion. While the salience-of-
losses hypothesis predicts linear, additive effects of CORT and
NA on loss sensitivity, resulting in increased loss aversion, the
alignment hypothesis predicts that CORT and NA in concert
diminish loss aversion relative to either neuromodulator
alone. To contrast these theoretical predictions, we pharma-
cologically manipulated CORT and NA in a double-blind,
placebo-controlled experimental design and probed their
combined and isolated causal effects on loss aversion.

MATERIALS AND METHODS

Participants

Ninety-two healthy, male participants took part in the
experiment after prior eligibility screening. Individuals who
reported the use of medication, psychiatric or medical
treatment, acute or chronic illness, heavy smoking, drinking,
regular drug use, or enrollment in Economics or Psychology
study programs were excluded from participation. All partici-
pants were fluent German speakers, gave their informed
consent and received financial compensation for their partici-
pation. The study was carried out in line with the Declaration
of Helsinki and was approved by the medical ethics committee
of the University Hospital Düsseldorf. Participants were asked
to refrain from sexual activities 24 h before participation, not to
smoke, eat, and drink anything other than water, and to avoid

Table 1 Demographic and Trait Control Measures

Placebo Yohimbine Cortisol YohCort F (YOH) p F (CORT) p F (YOHCORT) p

M (SD) M (SD) M (SD) M (SD)

Age 26.62 (7.24) 22.85 (3.00) 25 (5.89) 24.29 (8.96) 2.40 0.125 0.004 0.950 1.12 0.294

BMI 22.96 (2.50) 22.62 (2.10) 22.90 (2.13) 22.96 (2.40) 0.08 0.773 0.08 0.774 0.17 0.680

Baseline cortisol 15.57 (13.90) 14.42 (9.31) 12.51 (6.39) 14.41 (8.65) 0.03 0.856 0.54 0.466 0.53 0.469

Baseline sAA 49.31 (25.50) 63.67 (64.11) 69.56 (84.11) 49.70 (40.46) 0.05 0.827 0.06 0.802 1.87 0.175

Baseline VAS 17.57 (15.96) 11.95 (12.33) 14.56 (12.50) 12.43 (13.89) 1.76 0.189 0.19 0.667 0.36 0.552

STAI 41.41 (11.29) 37.10 (6.04) 36.17 (9.84) 38.00 (9.25) 0.39 0.536 1.19 0.279 2.37 0.127

Empathy (SPF) 41.55 (6.13) 42.10 (7.46) 41.54 (4.27) 41.39 (6.78) 0.02 0.879 0.07 0.788 0.07 0.790

BIS-15 32.41 (7.93) 31.60 (4.75) 31.92 (6.84) 32.30 (5.64) 0.02 0.878 0.01 0.938 0.19 0.663

BIS 20.00 (4.42) 18.45 (3.72) 18.00 (3.19) 19.17 (3.46) 0.06 0.812 0.66 0.421 2.98 0.088

BAS 41.32 (4.02) 42.55 (4.01) 43.00 (3.84) 41.17 (4.64) 0.11 0.736 0.03 0.862 3.02 0.086

SDS-17 9.82 (3.67) 9.75 (2.99) 9.75 (2.91) 9.48 (2.83) 0.07 0.798 0.07 0.798 0.02 0.878

Risk taking 4.32 (0.72) 3.95 (1.10) 4.25 (1.03) 4.04 (1.36) 1.57 0.214 0.00 0.956 0.124 0.726

Chronotype 12.14 (3.52) 12.00 (3.32) 11.88 (3.15) 11.78 (3.68) 0.02 0.875 0.11 0.743 0.00 0.976

Abbreviations: BAS, Behavioral Approach Scale; BIS-15, Short version of the Barratt Impulsiveness Scale; BIS, Behavioral Inhibition Scale; BMI, body mass index; F (CORT),
main effect of hydrocortisone; F (YOHCORT), yohimbine× hydrocortisone interaction; F (YOH), main effect of yohimbine; sAA, salivary alpha amylase; SDS-17, Social
Desirability Scale; SPF, Saarbrücker Persönlichkeitsfragebogen (German version of the Interpersonal Reactivity Index); STAI, State Trait Anxiety Inventory; VAS, visual
analog scale.
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exercising 2 h before the experiment. These criteria were similar
to those employed in prior studies, (eg Vinkers et al, 2013).
Two participants were unable to complete the experimental
tasks due to technical failure and were thus excluded from all
analyses. One further participant was excluded because he
exclusively selected the gamble option on all trials, irrespective
of the payoff and risk contingencies. We used an exclusively
male sample in order to avoid differential HPA-axis activation
caused by the intake of oral contraceptives and variations in
menstrual cycle (Kirschbaum et al, 1999). See Table 1 for
demographic measures.

Trait Measures

In order to control for potential trait confounds between
treatment groups, participants completed a number of online
questionnaires several days before testing. We recorded trait
anxiety (State Trait Anxiety Inventory-STAI, Spielberger
et al, 1983), impulsivity (Barratt Impulsiveness Scale—
BIS-15; Meule et al, 2011), reward and punishment
sensitivity (BIS/BAS scale; Carver and White, 1994), social
desirability (SDS-17; Ströber, 2001), general willingness to
take risks, chronotype (short version of the Morningness-
Eveningness Questionnaire; Randler, 2013), and empathy
(Saarbrücker Persönlichkeitsfragebogen, Paulus, 2007, which
is a German version of the Interpersonal Reactivity Index,
Davis, 1980). See Table 1 for statistics.

Pharmacological Manipulation, Physiological and
Subjective Stress Measures

In a double-blind, placebo-controlled experimental design,
participants were randomly assigned to one of four
experimental groups: (A) placebo (N= 24), (B) placebo +
yohimbine (20 mg, Cheplapharm, N= 21), (C) placebo +
hydrocortisone (20 mg, Jenapharm, N= 24), (D) yohimbine
+ hydrocortisone (20 mg each, N= 23). Dosage was in line
with prior studies (Schwabe et al, 2010; van Stegeren et al,
2010). To assess the effectiveness of the treatment, saliva
samples were collected at baseline and +30, +45, and
+75 min after pill intake using Salivette devices (Sarstedt,
Germany) and subsequently analyzed for cortisol and alpha-
amylase (sAA, a marker of noradrenergic activity) concen-
trations. Samples were frozen and stored at − 20 °C until
analysis, and they were analyzed as reported by Rohleder
et al (2004). In total, 15 of the 460 saliva samples used for
analysis were compromised, missing data were excluded
from the analysis. Subjective stress ratings were assessed
using visual analog scales (VAS, 100 mm scale) at the same
time points as the saliva samples.

Risk and Loss Aversion Task

The experimental task (Wang et al, 2010) was similar to that
used by Sokol-Hessner et al (2009), Chumbley et al (2014)
and Sokol-Hessner et al (2015). Participants made 40 binary
choices between receiving amount (x) for sure and a lottery,
where they had a 0.5 probability of either winning amount
(y) or losing amount (z), Figure 1. The task used an adaptive
design; thus, choice options were dynamically selected based
on participants’ prior answers, according to an informational
criterion that optimized the estimation of individual

parameters describing loss aversion (λ), and risk aversion
(ρ). In line with Sokol-Hessner et al (2009, 2015), we used the
prospect-theory (Kahneman and Tversky, 1979) inspired
utility function u(w+)=wρ to determine positive payoffs
(w+), and u(w− )=− λ(w)ρ to determine negative payoffs
(w− ). Next, we fitted a softmax function (equation 1) to the
data, such that the probability of choosing the risky lottery for
a given utility function was:

p lotteryjr; l; mð Þ ¼ 1

1þ e�m 1
2u xð Þþ1

2u zð Þ�uðyÞð Þ ð1Þ

where the nuisance parameter (μ) assesses consistency in
choice behavior. Note that λ41 indicate loss aversion, λo1
indicate loss seeking and λ= 1 indicates loss neutrality.
ρ41 indicate risk aversion, ρo1 indicate risk seeking and
ρ= 1 indicates risk neutrality. We log-transformed λ values
for all analyses, a common approach (Sokol-Hessner et al,
2015) because the distribution of λ is positively skewed. The
experiment was incentive compatible: upon completion of
the session one of participants’ choices was chosen at
random, played, and paid out. Participants were aware of this
before the commencement of the task.

Procedure

All experimental sessions took place in the afternoon
between 14:00 and 18:00 hours in order to control for
diurnal variations of cortisol levels. Upon arrival at the
laboratory, participants were asked to give their informed
consent and complete a number of baseline measures
(Table 1). Thereafter participants consumed the drugs. After
a waiting period of 45 min (Schwabe et al, 2010) participants
were asked to start with the experimental tasks. The
experiment included three separate tasks in a counter-
balanced order: the present task and two unrelated tasks that
were reported elsewhere (Margittai et al, 2016). The total
duration of the three tasks was ~ 20 min.

Analyses of Trait and Baseline Measures,
Pharmacological Manipulation Check and Analysis of
Loss- and Risk Aversion Parameters

We analyzed trait and baseline measures using univariate
analyses of variance (ANOVA) with the between-subject

Figure 1 Example decision screen of the experimental task. Participants
had to decide, whether they would like to gamble (in this example 50%
chance of winning 4 Euros and 50% chance of losing 3 Euros), or choose the
safe option (in this example, winning 2 Euros for sure).
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factors noradrenergic activation (yohimbine vs placebo), and
cortisol administration (hydrocortisone vs placebo). Analyses
of the loss- and risk-aversion parameters were performed in
a similar fashion.
As a confirmation of our pharmacological manipulation,

we analyzed baseline-corrected changes in salivary cortisol
and salivary alpha-amylase- and baseline-corrected changes
in subjective feelings of stress using mixed ANOVAs
(between-subject factor: noradrenergic activation (yohim-
bine vs placebo) and cortisol administration (hydrocortisone
vs placebo), within subject factor: time point of
measurement.

RESULTS

Trait and Baseline Measures

Our analyses showed no significant differences in baseline,
demographic or trait measures between the groups (Table 1).

Manipulation Check

Salivary cortisol and alpha amylase. Salivary cortisol
significantly increased in participants taking hydrocortisone;
main effect of hydrocortisone on salivary cortisol:
F1, 78= 100.24, po0.001, Z2p ¼ 0:56; time point × hydrocorti-
sone interaction F1.15,89.83= 12.44, po0.001, Z2p ¼ 0:14. There
was no significant effect of yohimbine on salivary cortisol
(F1,78= 0.60, p= 0.440, Z2p ¼ 0:01) nor a cortisol × yohimbine
interaction (F1,78= 0.42, p= 0.520, Z2p ¼ 0:01), indicating that
yohimbine did not alter cortisol levels, Figure 2a. Conversely,
sAA increased significantly after taking yohimbine:
F1, 83= 16.84, po0.001, Z2p ¼ 0:17, time point × yohimbine
interaction (F1.52,126.14= 4.68, p= 0.018, Z2p ¼ 0:05), but not
after taking hydrocortisone: (F1,83= 0.14, p= 0.710,
Z2p ¼ 0:002). There was no hydrocortisone × yohimbine
interaction on sAA levels (F1,83= 0.06, p= 0.815,
Z2p ¼ 0:001), indicating that hydrocortisone did not alter
sAA levels, Figure 2b.

Subjective Stress Ratings

Baseline-corrected changes in subjective feelings of stress
increased in participants who received yohimbine (main
effect of yohimbine: F1,85= 5.75, p= 0.019, Z2p ¼ 0:06), in line
with prior research (eg, Elman et al, 2012), but not in those
who received cortisol (main effect of hydrocortisone:
F1,85= 0.27, p= 0.61, Z2p ¼ 0:003). There was no interaction
between the two substances on subjective feelings of stress,
nor a time point × hydrocortisone interaction, nor a three
way interaction between yohimbine, hydrocortisone, and
time point of testing (p40.141). This is in line with existing
results indicating that cortisol administration does not
usually result in changes in subjective affect or mood
(Schwabe et al, 2010, 2012).

Hydrocortisone and Yohimbine Jointly Reduce Loss
Aversion but do not Affect Risk Attitude

To assess the influence of cortisol and noradrenaline on loss
aversion and risk attitude, we analyzed individual loss
aversion and risk attitude parameters using a 2× 2 between-
subjects ANOVA with the factors noradrenergic activation
(yohimbine vs placebo) and cortisol administration (hydro-
cortisone vs placebo). This analysis revealed a significant
interaction effect of noradrenergic and cortisol activation on
the loss aversion parameter log(λ), (F1,85= 6.37, p= 0.013,
Z2p ¼ 0:07, Figure 3b). Breaking down this interaction effect,
an independent samples t-test revealed that hydrocortisone
significantly reduced log(λ), but only when accompanied by
yohimbine intake (t(45)= 2.46, p= 0.018, d= 0.73; Bonferro-
ni–Holm corrected), and yohimbine decreased log(λ) depend-
ing on hydrocortisone availability (t(41)= 2.35, p= 0.023,
d= 0.76; Bonferroni–Holm corrected, Figure 3b). Finally,
loss aversion in individuals who received both drugs was
significantly lower compared to all other participants
(t(87)= 2.41, p= 0.018, d= 0.34). A similar analysis with the
risk aversion parameter ρ or the consistency parameter μ as

Figure 2 Baseline-corrected increases in salivary cortisol and alpha-amylase. (a) Salivary cortisol increased significantly (po0.001) over time after taking
hydrocortisone in the hydrocortisone and yohimbine+cortisol (yohcort) groups. (b) Salivary alpha-amylase also increased significantly (po0.05) over time
after taking yohimbine in the yohimbine and yohcort groups. The gray bars indicate the time of behavioral testing. Error bars indicate± 1 SEM.
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the dependent variables revealed no significant main or
interaction effects of drugs (all p40.286, Figure 3a).

Treatment Expectancy

Following the experimental tasks, we asked participants to
indicate whether they believed to have received placebo or an
active substance during the experiment. The number of
participants who believed to have been given placebo vs
active substances did not significantly differ between the four
treatment conditions (χ2(3, N= 89)= 6.63, p= 0.085). To
further rule out expectancy effects, a point biserial correla-
tion revealed no significant relationship between belief about
treatment (placebo vs active substance) and the loss aversion
parameter (r=− 0.11, p= 0.298). Thus, belief about
treatment is unlikely to have interfered with the results.

DISCUSSION

Stress is known to alter loss aversion (Porcelli and Delgado,
2009; Takahashi et al, 2012; Pabst et al, 2013a, 2013b;
Chumbley et al, 2014), but the underlying neuroendocrine
mechanisms have remained elusive so far. Here, we
examined the causal effects of the exogenous manipulation
of two stress neuromodulators, CORT, and NA, on loss
aversion. We found that cortisol combined with noradre-
nergic stimulation diminished loss aversion relative to the
action of either drug alone. By contrast, we found no drug
effects on risk attitude or choice consistency measured in the
same financial decision-making paradigm.
Our study provides evidence for a putative neuroendocrine

mechanism underlying loss aversion. Our results are in
disagreement with the predictions of the salience-of-losses
theory according to which NA and CORT have additive
effects on the salience of anticipated punishment and losses

(Gullo and Stieger, 2011), and thus loss aversion. By contrast,
our data support the alignment hypothesis according to
which the combined action of NA and CORT decreases loss
aversion, presumably through the alignment of reward- to
punishment-susceptibility associated with the upregulation
of reward-sensitivity (Piazza and Moal, 1997; Marinelli and
Piazza, 2002; Oei et al, 2014). This conclusion is in line with
a recent neuroimaging study showing that elevated cortisol
was associated with increased activity in reward-processing
regions such as the nucleus accumbens after behaviorally
induced stress (Oei et al, 2014).
Through the systematic manipulation of both NA and

CORT, which allowed us to disentangle the isolated and
combined effects of these two stress neuromodulators on loss
aversion, we were able to demonstrate that NA and CORT in
concert, but not in isolation, prompt an alignment of reward-
and punishment-sensitivity. Thus, our results contribute to
resolving contradictions in previous results regarding the
direction of the stress effect on loss aversion, and its precise
neuroendocrine foundation, and hopes to pave the way
towards a unified theory on the neuroendocrine mechanisms
underlying decision making under risk.
While some studies (Putman et al, 2010; Takahashi et al,

2012; Chumbley et al, 2014; Sokol-Hessner et al, 2015)
reported stress or stress neuromodulator action to be
negatively correlated with loss aversion, others found a
positive relationship (Rogers et al, 2004; Porcelli and
Delgado, 2009; Sokol-Hessner et al, 2009). In addition, one
study by Sokol-Hessner et al (2016) found no effects of the
cold-pressor task on loss aversion. These studies either
correlated arousal—an indirect manifestation of sympathetic
activity—with loss aversion (Sokol-Hessner et al, 2009,
2013), reduced NA-activity via exogenous administration of
beta-blockers (Rogers et al, 2004; Sokol-Hessner et al, 2015),
correlated endogenous measures of long term CORT
exposure (extracted from hair cells) with loss aversion

Figure 3 (a) Risk aversion parameters were not affected by the pharmacological manipulation. (b) The effects of hydrocortisone and yohimbine on loss
aversion. Individuals who received yohimbine and hydrocortisone had reduced loss aversion compared to those who received either substance alone. Loss
aversion in the yohimbine+hydrocortisone group was also lower compared with all other participants. Significant effects (po0.05) are indicated by an asterisk.
Error bars indicate± 1 SEM.
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(Chumbley et al, 2014), or administered only CORT
(Putman et al, 2010).
Overall, while all of the aforementioned studies focused on

either CORT or NA alone, none of them controlled for the
respective other stress neuromodulator, or systematically
explored the interplay of NA and CORT on loss aversion.
Consequently, given the neurohormonal interplay reported
here, the influences of one hormone on loss aversion was
likely modulated by the uncontrolled action of the other
hormone, resulting in heterogeneous findings. In addition,
procedural differences are also likely to account for some of
the disparity between existing findings. More specifically,
while some studies used a behavioral stress induction, eg,
Porcelli and Delgado, 2009; Pabst et al, 2013a, 2013b; Sokol-
Hessner et al, 2016, our primary focus was a pharmacological
manipulation to investigate the causal effects of the two main
stress mediators on loss aversion. The effects are thus not
directly comparable, as pharmacological manipulations, such
as the one used in the present experiment, have some
differences from naturally occurring stress. For instance, they
tend to result in supraphysiological levels of the neuromo-
dulators compared to natural stress (Lupien et al, 1999), and
do not bring about the affective response to threat in the
same way that naturally occurring stress usually does. This
point is important to keep in mind, as it has been reported in
prior research that low elevations in cortisol may have a
different, even opposite, effect on reward-sensitivity (Oei
et al, 2014) than higher elevations. However, an advantage of
a pharmacological design is that allows for precise, causal
conclusions about the effects of cortisol and noradrenaline
on behavior.
In line with the above, a review published by Porcelli and

Delgado, 2017 also emphasizes the wide array of methodo-
logical and theoretical differences present in existing research
that pose a challenge for the comparison of findings. In
addition to not controlling systematically for both neuro-
modulators, the different stress induction procedures are
likely to result in different elevations in neuromodulator
levels, and the timing of the behavioral tasks in relation to
stress onset may also explain some of the disparity between
findings (Pabst et al, 2013b; Starcke and Brand, 2016).
Whereas our findings showed a striking interactive effect

of our cortisol and noradrenergic action on loss aversion, the
stress neuromodulator manipulation did not affect risk
aversion (ρ). This is consistent with other reports
(Chumbley et al, 2014; Sokol-Hessner et al, 2015), but in
contrast to some prior findings that have shown that stress
hormone actions, particularly cortisol, go along with
sensitivity to risk (Coates and Herbert, 2008; Starcke and
Brand, 2012; Kandasamy et al, 2014). However, while our
task allowed disentangling loss from risk aversion and choice
consistency (by using a prospect theory-driven adaptive
design that maximized the information gained from each
decision; Chumbley et al, 2014), other studies did not
conceptually discriminate between these parameters with the
same theoretical rigor. Our results replicate those of
Chumbley et al (2014) and Sokol-Hessner et al (2015), who
used the same task and structural model, and also found no
relationship between endocrine stress markers and risk
attitude, or choice consistency. These results suggest that
stress-related neuromodulatory action might not have a

general effect on risk attitude, but only on risky choices in
which losses and gains are involved.
One limitation of our study is that we included only male

participants in order to avoid an influence of hormonal
variations due to the use of oral contraceptives or menstrual
cycle phase that have been shown to affect cognition (Mather
and Lighthall, 2012). There is evidence that males and
females behave differently in economic decision making
under stress (Croson and Gneezy, 2009). For example,
women have been shown to become more risk averse and
men more risk seeking under stress (Lighthall et al, 2009),
and stress impacts reward-related decision processes differ-
ently for the two genders (Lighthall et al, 2012). Women have
also shown to be more loss averse than men in
certain situations (Rau, 2014). Future research should
therefore investigate whether the results reported here
generalize across genders.
In summary, we independently manipulated CORT and

NA activity to disentangle their isolated and combined causal
effects on decision-making. This is a crucial feature of our
design because the two neuromodulators in combination
affect cognition differently than they do in isolation (Joels
and Baram, 2009; van Stegeren et al, 2010; Joëls et al, 2011;
Schwabe et al, 2012; Vinkers et al, 2013). Our main finding,
that combined action of CORT and NA diminished loss
aversion relative to the action of either neuromodulator
alone substantiates the body of research, and extends these
findings to decision-making under risk. Further, our
behavioral task allows disentangling loss aversion from risk
attitude and choice consistency, while maximizing the
informational gain from each participants’ decision, and
thus reducing measurement noise. An interesting expansion
of the current findings would be to investigate the underlying
neural activation during the decision making tasks
using fMRI.
Our findings highlight the effect of combined NA and

CORT action on loss aversion, and thus provide further
insight into how acute stress, associated with concurrent NA
and CORT activity, may lead to poor decision making.
Increased hypersensitivity to reward paired with reduced
sensitivity to punishment may result in heightened suscept-
ibility to substance abuse (Lovallo, 2008). Thus, our findings
have particular relevance to vulnerable populations such as
drug users, problem gamblers, and other individuals
suffering from addiction.
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