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a b s t r a c t
The stress hormone cortisol is assumed to inﬂuence cognitive functions. While cortisol-induced alterations of
declarative memory in particular are well-investigated, considerably less is known about its inﬂuence on executive
functions. Moreover, most research has been focused on slow effects, and rapid non-genomic effects have not been
studied. The present study sought to investigate the impact of acute cortisol administration as well as basal cortisol
levels on cognitive ﬂexibility, a core executive function, within the non-genomic time frame. Thirty-eight healthy
male participants were randomly assigned to intravenously receive either cortisol or a placebo before performing
a task switching paradigm with happy and angry faces as stimuli. Cortisol levels were measured at six points during
the experiment. Additionally, before the experiment, basal cortisol measures for the cortisol awakening response
were collected on three consecutive weekdays immediately following awakening and 30, 45, and 60 min after.
First and foremost, results showed a pronounced impact of acute and basal cortisol on reaction time switch costs,
particularly for angry faces. In the placebo group, low basal cortisol was associated with minimal switch costs,
whereas high basal cortisol was related to maximal switch costs. In contrast, after cortisol injection, basal cortisol
levels showed no impact. These results show that cognitive ﬂexibility-enhancing effects of acute cortisol administration are only seen in men with high basal cortisol levels. This result supports the context dependency of cortisol administration and shows the relevance of taking basal cortisol levels into account.
© 2016 Elsevier Inc. All rights reserved.

Introduction
Non-genomic effects of cortisol and frontal brain functions
When the stress hormone cortisol is secreted into the blood stream,
it has at least two ways of affecting peripheral tissues and the brain. Its
slow genomic effects evolve from 15 min after secretion at the earliest
and operate through the synthesis of proteins (Makara and Haller,
2001). Besides this, a rapid non-genomic pathway inﬂuences cellular
processes within a time frame of seconds to minutes, independent of
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genomic mechanisms (Makara and Haller, 2001). Whereas the genomic
pathway is mediated for most parts by the cytoplasmic glucocorticoid
(GR) and mineralocorticoid receptors (MR) (de Kloet et al., 2005),
glucocorticoid membrane receptors, including i.a. membranous MR
and GR, are responsible for non-genomic effects (Falkenstein et al.,
2000; Groeneweg et al., 2011; Joels et al., 2012; Makara and Haller,
2001). MR and especially GR, which is fully occupied under stressinduced elevated cortisol levels, occur at high density in the hippocampus
(Lupien et al., 2007) and prefrontal cortex (PFC) (de Kloet et al., 2005).
While the link between cortisol and hippocampal functions has been
well established (for a review, see Lupien et al. (2007)), the effect of
cortisol on different cognitive functions based on the prefrontal cortex,
i.e. executive functions, has only recently been attracting attention
(Groeneweg et al., 2011; Miyake et al., 2000), revealing rather inconsistent results (e.g., Elzinga and Roelofs (2005); Plessow et al. (2012); Qin
et al. (2009); Schlosser et al. (2013) and Scholz et al. (2009)). Moreover,
non-genomic effects in particular have not been considered so far,
although they might be opposite to genomic-driven effects and the PFC
is known to be affected by rapid corticosteroid mechanisms (Dolcos,
2014; Groeneweg et al., 2011; Makara and Haller, 2001). Hence, the
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present study aimed to investigate non-genomic effects of cortisol on a
core executive function, namely cognitive ﬂexibility or mental set
shifting, as it is also called (Diamond, 2013; Miyake et al., 2000).

Methods

Impact of stress and cortisol on cognitive control

Forty students of the University of Trier, Germany, took part in the
study. To our knowledge, sex differences in task switching are rarely
reported, if ever (Kray and Lindenberger, 2000; van der Plas et al.,
2009), and Shields et al. (2015) in their meta-analysis did not ﬁnd sex
to moderate the impact of acute cortisol administration on various executive functions. With due regard to this and the fact that Plessow et al.
(2012) did not ﬁnd any differences in their study, we decided to include
only male subjects. Data from only 38 subjects (mean age =
23.00 years, SD = 2.89, range 18–28) are reported as two participants
fainted when the intravenous cannula was inserted. All subjects were
right-handed, non-smokers, and physically and psychologically healthy.
Exclusion criteria were any acute or chronic somatic or psychiatric
illnesses, any history of psychiatric, cardiovascular, or stress-related
disorders, glaucoma, smoking, increased caffeine consumption or any
illicit drug intake within the last six months, or any family history of
epilepsy or aneurysms. The experiment was conducted in accordance
with the Declaration of Helsinki. The Ethical Committee of the State's
Medical Association (Landesärztekammer Rheinland-Pfalz) approved
the study. All subjects gave written informed consent and participation
was compensated with €50.

Executive functions, also often referred to as cognitive control,
conﬁgure the cognitive system for the performance of speciﬁc tasks
through processes such as perceptual selection, response biasing
and on-line maintenance of contextual information (Botvinick et al.,
2001). As a core executive function, cognitive ﬂexibility comprises
abilities such as the change of perspective or ﬂexible adjustments to
new rules, requirements or circumstances (Diamond, 2013) and is
typically examined with a task switching paradigm in which subjects
are confronted with a set of two or more simple tasks (e.g., Altmann
and Gray (2008); Diamond (2013); Meiran et al. (2000) and Monsell
(2003)). These tasks require attention to and classiﬁcation of one speciﬁc
aspect of the stimuli, with the particular challenge that the performance
requirement sometimes changes from one trial to another (switch
trials), while at other times it does not (noswitch trials). This leads to
the necessity of reconﬁguring mental task sets, resulting in extra
processing demands (Kiesel et al., 2010; Monsell, 2003). These socalled switch costs become apparent when comparing switch with
noswitch trials, namely in larger reaction times and frequently in higher
error rates in switch trials (Kiesel et al., 2010; Monsell, 2003).
To our knowledge, so far only a handful of studies have examined
the inﬂuence of acute cortisol on cognitive ﬂexibility, all operating in
the genomic time frame. Wingenfeld et al. (2011) and Vaz et al.
(2011) found no effects after oral administration of hydrocortisone,
testing cognitive ﬂexibility more than an hour after administration.
Using the Trier Social Stress Test to induce stress, Plessow et al. (2012)
found larger error-related switch costs after the stressor in the stress
group relative to the control group, while the reaction times remained
unaltered. The authors used an explicit-cued Task Switch paradigm
with digits as target stimuli which had to be categorized either as odd
or even or according to their quantity (Plessow et al., 2012). However,
there is increasing evidence that the impact of cortisol is greater for
emotional compared to neutral material across different cognitive
processes (e.g., Buchanan and Lovallo (2001); Putman and Roelofs
(2011); Rimmele et al. (2003) and Wolf et al. (2004)). Accordingly,
Breitberg et al. (2013) found an infusion of hydrocortisone to alter
attention to emotional stimuli, albeit testing shifting over an hour
after infusion. As emotional facial expressions are considered as most
signiﬁcant and immediate universal social cues in personal interactions
(e.g., Frith (2009) and cited therein), the present study used these as
target stimuli. Additionally, since Putman and Roelofs (2011) in their
review discuss the implication of task relevance and irrelevance of
emotional information in the context of stress, we chose the cues
accordingly.
Besides the acute secretion of cortisol in stressful situations, the
hormone follows a circadian rhythm with basal levels differing in
an interindividual manner (Wüst et al., 2000). Basal cortisol levels
have been found to inﬂuence cognitive processes in addition to the
acute secretion of cortisol (e.g., Beluche et al. (2009); Lupien et al.
(1994) and Lupien et al. (1998)). As little is known on the interaction
of basal and acute cortisol levels on executive functions, we incorporated
trait basal cortisol as a factor in the experimental design.
Based on the current state of research discussed above, our study
sought to investigate effects of exogenous cortisol on cognitive ﬂexibility, a core executive function, in the non-genomic time frame,
using emotional stimuli. Additionally, we included basal cortisol in
our analysis in order to look into possible mediating effects of cortisol
at trait level. We expected acute cortisol to negatively inﬂuence this
cognitive control process and thus increase switch costs. Furthermore,
we suspected a possible inﬂuence of both basal cortisol and the emotion
of the facial stimuli.

Participants

Procedure
All subjects were examined individually. Subjects were invited to a
preliminary interview in which a medical doctor checked the exclusion
criteria, explored their medical and psychiatric history, and informed
them about the aim and procedure of the study, i.e., the investigation
of the relationship between the steroid hormone cortisol and the
perception of and reaction to visual stimuli. The cortisol sampling and
experimental procedures were also described. Eligible subjects received
sampling devices for the measurement of the basal activity of the
hypothalamic–pituitary–adrenal (HPA) axis and a protocol to record
sampling times, as well as speciﬁc instructions concerning sleep
quality, and bed and wake-up times on the night preceding as well as
the morning of the sampling. We further emphasized the necessity to
adhere to the written instructions and sampling times.
The experiment was conducted between 1:00 pm or approximately
7:00 pm, beginning at 1:00 pm, 3:00 pm, or 5:00 pm, when endogenous
cortisol levels are low (Schreiber et al., 2006). One hour prior to the
beginning of the Task Switch experiment, subjects were welcomed to
the laboratory and gave their ﬁrst salivary cortisol sample (baseline 1,
C1 − 60 min with reference to the drug injection). After a short medical
check, a medical doctor applied the intravenous cannula. Half an hour
before the beginning of the experiment, subjects practiced the
emotion–gender task switching paradigm and were escorted to the
laboratory 15 min later. They were seated in a comfortable chair,
0.80 m away from a computer screen, with a computer keyboard in
front of them. After preparation for EEG-measurement3, the second
salivary sample (C2 − 2 min, baseline 2) was taken. One hour after
the insertion of the cannula, the medical doctor intravenously applied
either a saline placebo solution (NaCl 0.9%, Braun, Melsungen,
Germany) or 4 mg of hydrocortisone (Hydrocortison 100 mg,
Rotexmedia, Trittau, Germany) in a double blind procedure, forming
the independent variable Drug. Two minutes later, the emotion–gender
task switching paradigm (242 trials) started, divided into two blocks. In
the resting period between these blocks, the third salivary sample was
collected (C3 + 9 min after injection). At the end of the second block,
3
In a preliminary analysis of the EEG data, previous ﬁndings of cue-locked eventrelated potential within task switching paradigms could not be conﬁrmed. Most likely, this
is caused by cue-target-intervals (500 ms) too short for analyses of the P3 or the CNV (contingent negative variation). Therefore, EEG analyses and results are not reported here.
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the forth salivary sample was collected (C4 + 18 min). This was followed
by a color-form task switching paradigm which was conducted for
exploratory reasons only, and as results from this part can be explained
by a simple sequence effect, they will not be reported here. At the end
of this experimental session, the ﬁfth salivary sample was gathered
(C 5 + 30 min). After the EEG-equipment was removed, subjects
ﬁlled out several questionnaires and gave their last salivary sample
(C6 + 60 min). Finally, they were informed whether they had received
a placebo or cortisol, were completely debriefed, thanked and compensated for their participation.
Emotion–gender task switch
Amongst facial expressions, faces depicting anger and fury should be
of particular relevance under stressful conditions, which are linked to a
ﬁght-or-ﬂight reaction. Hence, angry faces were used as target stimuli in
the present study. Similar to previous studies (e.g., Roelofs et al. (2005);
Roelofs et al. (2009) and van Peer et al. (2007)), angry faces were
combined with easily distinguishable and happy faces unrelated to a
stressful context. Sixty male and female faces each were taken from
the normative FACES database described by Ebner et al. (2010),
showing each a happy and an angry facial expression, resulting in 240
different faces.
A trial started with the presentation of the cue (visual angle:
horizontal 3.58°; vertical 0.5°) in the middle of a 19″ computer screen
(Eizo FlexScan 1931). The cue was either the German word “Emotion”
(English: emotion) or “Geschlecht” (English: gender), forming the independent variable Cue. The words were presented in black color on a gray
background. The cue was presented for 500 ms, immediately followed
by the target, a happy- or angry-looking male or female face (visual
angle: horizontal 9.93°; vertical 12°). The emotion shown by the face
constituted the independent variable Emotion. By pressing the left or
right arrow button on a keyboard, subjects classiﬁed the faces according
to the cue given either as happy/angry or male/female, with the assignment of happy/angry and male/female to the buttons counterbalanced
across subjects. If the trial before the current one had the same cue,
the current trial was classiﬁed as ‘noswitch’; in case of a cue change,
the trial was a ‘switch’ trial, this distinction forming the independent
variable Task Switch. The next trial started with the presentation of the
cue 2.5 s after the last cue.
Subjects performed two blocks of 121 trials each. The ﬁrst trial of
each block always used the same female or male face showing a
happy or angry emotion. This was followed by 60 switch and 60
noswitch trials, half of them with an angry facial expression, the other
half with a happy facial expression. The sequence of the resulting
eight experimental conditions (Cue × Emotion × Task Switch) was
randomized with the restriction that three identical conditions
appeared in succession at most.
Half an hour before the beginning of the experiment, subjects
practiced 32 trials (4 in each experimental condition). The trial
structure was identical to the experimental trial described above,
with the exception that participants received feedback on the computer
screen in case they made an error or the reaction time exceeded 2 s. In
the case that they made more than ﬁve errors, the training was repeated,
otherwise they were given the option of repeating the training session.
Mean reaction times (RTs) for each combination of Cue (emotion,
gender), Emotion (happy, angry) and Task Switch (switch, noswitch)
were calculated from correct trials only. 3.73% (range: 0,90%–8.30%) of
correct trials were excluded due to data trimming: Individual reaction
time distributions were trimmed by using only reaction times ± 2.5
SDs below and above the subject's mean calculated from all correct
trials.
An error was deﬁned as an incorrect answer to the emotion or
gender classiﬁcation task. If the previous trial was incorrect, the current
trial could not be classiﬁed as a switch or noswitch trial. Therefore, these
trials (2.61%) were classiﬁed as ‘ambiguous’ and excluded from the

analysis. Percent errors were used as an additional dependent variable.
Similarly, the ﬁrst trial of each block was excluded from both RT and
error analyses.
Basal and acute HPA axis activity
Just as in a previous study by our group (Böhnke et al., 2010),
the cortisol awakening response was assessed on three consecutive
weekdays prior to the experiment according to the protocol of
Hellhammer et al. (2007) to obtain a reliable trait measure of HPA axis
activity. Subjects collected samples of native saliva at home each day
at awakening and 30, 45, and 60 min later. Awakening time was arranged between 6:00 and 8:00 am and held constant intraindividually
over the three days for all subjects, since awakening time has been
shown to inﬂuence the cortisol awakening response (Kudielka and
Kirschbaum, 2003). During the sampling period, subjects drank nothing
but water and refrained from brushing their teeth, eating, and exercising. The subjects stored all samples in the refrigerator or freezer until
returning them to our laboratory on the day of the experiment.
The area under the curve with respect to ground (AUCG) of the
cortisol awakening response (nmol/l) was calculated as a trait measure
of HPA axis activity (Hellhammer et al., 2007) with the formula reported
in Pruessner et al. (2003), representing the entire area under the cortisol
awakening response with respect to ground. The AUCG was calculated
for each subject and day and then averaged over all days to form one
reliable indicator of basal HPA axis activity for each subject. All but
two subjects complied with the measurement protocol. Compliance
was deﬁned as a deviation of no more than 10 min from the targeted
time for the ﬁrst and 7 min for the other samples (Kudielka and
Kirschbaum, 2003). The AUCGs of the two subjects (one from each
Drug group) were averaged across only two days due to noncompliance on the third day. Their data was retained since the
reliability of the AUCG when averaged over two days is still acceptable
(Hellhammer et al., 2007).
Based on the average AUCG values, subjects were divided by a
median split into a ‘low’ (AUCG low: M = 529.85; SD = 155.63)
and ‘high’ (AUCG high: M = 946.70; SD = 179.04) basal cortisol
group. This constitutes the independent variable Basal Cortisol. This
results in the following group sizes: Placebo/AUCG low = 10, Placebo/
AUCG high = 9, Cortisol/AUCG low = 9, Cortisol/AUCG high = 10.
During the experiment, six salivary cortisol samples were collected
at the time points reported above. Subjects provided native saliva in
2 ml reaction tubes (Sarstedt, Nümbrecht, Germany). Collection tubes
were positioned on the table in front of the subject and sampling
instructions were given via computer. Immediately following the experiment, samples were frozen for biochemical analysis. Salivary cortisol
was analyzed with a time-resolved immunoassay with ﬂuorescence
detection as described in detail elsewhere (Dressendörfer et al., 1992).
Intra- and interassay variability was b10 and 12%, respectively.
Statistical analyses
For the manipulation check, the values of salivary cortisol (nmol/l)
during the experimental session were submitted to a Drug (cortisol,
placebo) by Basal Cortisol (low, high) by Time (6) ANOVA with repeated
measurement on the last factor. Similarly, a Drug (cortisol, placebo) by
Basal Cortisol (AUCG low, AUCG high) ANOVA was calculated for basal
HPA axis activity (AUCG).
All dependent variables (reaction times, error percentage) were
submitted to a Drug (cortisol, placebo) by Basal Cortisol (AUCG low,
AUCG high) by Cue (emotion, gender) by Emotion (happy, angry) by
Task Switch (switch, noswitch) ANOVA, with repeated measurement
on the last three factors. Signiﬁcant interactions were followed by
Dunn's multiple comparison procedure (Kirk, 1995), which is basically
a Bonferroni-corrected t-Test for speciﬁed a priori contrasts. For each
Dunn's test, the critical difference ψkrit (α = 0.05) and number of
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comparisons c are speciﬁed. Additionally, we report the empirical effect
size Ω2 for all signiﬁcant (signiﬁcance level 0.05) ANOVA effects (Cohen,
1988). In case the assumption of sphericity was violated, the degrees of
freedom for all ANOVAs were Huynh–Feldt-corrected (Huynh and Feldt,
1976).
Given the current discussion on the a priori power of statistical tests
(see Button et al. (2013)), we report the power values for the relevant
statistical tests. The basic hypothesis assumes a Drug by Task Switch
interaction, possibly moderated by Basal Cortisol. Given our sample
size of 38 subjects and a signiﬁcance level of 0.05, the two- and
three-way interactions can detect a relatively small effect of
Ω2 ≥ 0.05 with a probability of 1-β N 0.994. This calculation assumes
a plausible population correlation for reaction time measures of
ρ = 0.90, which is supported by our empirical data. Should these interactions be further qualiﬁed by Cue and/or Emotion, power even increases as the number of observations increases by including these
repeated measured independent variables. All power calculations
were done with G*POWER3 (Faul et al., 2007).
Results
Manipulation checks
The Drug by Basal Cortisol by Time ANOVA for cortisol taken during
the experimental session showed the expected interaction between
Drug and Time (F(5,170) = 15.52; p b 0.001; ω2 = 0.24), depicted in
Fig. 1. Post-hoc analyses (ψkrit = 3.72; c = 6) revealed signiﬁcantly
elevated cortisol levels for the cortisol group relative to the placebo
group at time points C3 to C6; at C1 and C2, before the injection, no
signiﬁcant difference in cortisol levels could be found. No effects
including the independent variable Basal Cortisol were observed (all
Fs b 2.01; all ps N 0.10).
Regarding basal HPA axis activity, the statistical analysis revealed no
signiﬁcant results besides the expected main effect of Basal Cortisol
(F(1,34) = 56.80; p b 0.001; ω2 = 0.60).

Fig. 1. Cortisol during the experimental session. Salivary cortisol in nmol/l at the six
different time points C1 to C6 as a function of time (minutes, with reference to the drug
injection (dotted line)) for the cortisol group and the placebo group. Error bars indicate
standard errors of the mean. *: p b 0.05.

error switch costs for the low relative to the high basal cortisol group for
angry faces, but the reversed pattern for happy faces (ψkrit = 1.12; c =
2, see Fig. A2, Supplement).
Finally, the interaction Drug by Basal Cortisol by Cue by Task Switch
(F(1,34) = 5.61; p b 0.05, ω2 = 0.03) was signiﬁcant. For the post-hoc
analysis, error switch costs were calculated and compared between
the AUCG groups as well as the drug groups (ψkrit = 2.94; c = 8). Within
the low basal cortisol group, error switch costs in the placebo and the
cortisol group did not differ. In contrast, within the high basal cortisol
group, the cortisol group showed higher error switch costs compared
to the placebo group when the cue was gender (see Fig. A3, Supplement). Within each drug group, no difference was found between the
low and the high basal cortisol groups.

Errors
On average, accuracy was very high, with a mean error rate of 2.70%
(SD = 1.85%), indicating limited validity of this analysis (Shadish et al.,
2002). Still, for the sake of completeness, results are reported in brief
(for further information, see Supplement).
The ANOVA Drug by Basal Cortisol by Cue by Emotion by Task Switch
with repeated measurements on the last three factors revealed a main
effect of Task Switch (F(1,34) = 13.22; p b 0.001; ω2 = 0.14), with
more errors in the switch (M = 3.36; SD = 2.56) relative to the
noswitch condition (M = 2.03; SD = 1.69).
Moreover, the analysis revealed a signiﬁcant interaction Cue by
Emotion by Task Switch (F(1.34) = 4.84; p b 0.05; ω 2 = 0.01)
which was qualiﬁed by the quadruple interaction Drug by Cue by
Emotion by Task Switch (F(1,34) = 5.96; p b 0.05, ω2 = 0.02). The
follow-up test for the comparison of error switch costs, i.e. the difference
between switch vs. noswitch errors, between the placebo and the cortisol
group at each combined level of cue and emotion (ψkrit = 2.10; c = 4)
revealed higher error switch costs for the cortisol group relative to the
placebo group for angry faces with the preceding cue emotion (see
Fig. A1, Supplement).
Furthermore, the ANOVA revealed a signiﬁcant interaction Basal
Cortisol by Emotion (F(1.34) = 5.10; p b 0.05; ω2 = 0.05) which was
further qualiﬁed by the interaction of Basal Cortisol by Emotion by Task
Switch (F(1,34) = 9.43; p b 0.01, ω2 = 0.05). Comparing error switch
costs between the low and the high basal cortisol groups for each facial
expression, the Dunn's Multiple Comparison Procedure revealed higher
4
1-β = power: probability to detect a given effect, if it really exists; β = error of falsely
accepting the null hypothesis.

Reaction times
Table 1 contains mean reaction times (RTs in ms) and standard deviations (SD) for the different experimental groups and the conditions
Emotion and Task Switch. When comparing switch and noswitch trials,
it became apparent that RTs in noswitch trials were generally shorter
than in switch trials. Additionally, the difference between switch and
noswitch trials (i.e., switch costs) was descriptively larger when a reaction toward an angry face was required.
Upon analyzing the RTs via a Drug by Basal Cortisol by Cue by Emotion
by Task Switch ANOVA, the main effect of Task Switch (F(1,34) = 73.69;
p b 0.001; ω2 = 0.49) as well as the main effects of Cue (F(1,34) =
40.40; p b 0.001; ω2 = 0.34) and Emotion (F(1,34) = 6.34; p b 0.05;
ω2 = 0.07) were signiﬁcant. As expected, RTs (ms) in noswitch trials
(M = 870.28; SD = 164.64) were signiﬁcantly faster than in switch
trials (M = 939.32; SD = 196.57). Furthermore, RTs following the cue
emotion (M = 941.93; SD = 193.73) exceeded RTs following the cue
gender (M = 867.67; SD = 170.52), and overall, happy faces (M =
895.11; SD = 181.01) were met with a faster reaction than angry
faces (M = 914.49; SD = 180.41).
Besides this, the analysis revealed a signiﬁcant interaction of Task
Switch and Emotion (F(1,34) = 4.36; p b 0.05; ω2 = 0.02). Comparing
switch and noswitch mean RTs within each emotion condition, the
Dunn's Multiple Comparison Procedure revealed signiﬁcant switch
costs for both emotions, but larger costs for angry (switch: M =
955.48; SD = 205.93; noswitch: M = 873.51; SD = 160.83) than for
happy (switch: M = 923.16; SD = 193.57; noswitch: M = 867.05;
SD = 165.60) faces (ψkrit = 26.50; c = 2).
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Table 1
Mean RTs in milliseconds (ms) and standard deviations (SD) in the noswitch and switch conditions, as well as the switch costs for the cortisol and the placebo groups with high or low basal
cortisol (AUCG) in the different experimental conditions of Emotion averaged over Cue.
RTs (ms)
Emotion
Angry
Happy

Noswitch

Switch

Switch costs (switch–noswitch)

AUCG

Placebo

Cortisol

Placebo

Cortisol

Placebo

Cortisol

Low
High
Low
High

819 (119)
914 (229)
794 (131)
931 (252)

885 (148)
877 (145)
864 (128)
879 (155)

844 (139)
1070 (283)
834 (182)
1008 (251)

975 (174)
933 (171)
914 (141)
927 (182)

25
156
50
77

90
56
50
48

Most interestingly, however, the statistical analysis revealed a significant effect of cortisol administration on the reaction times in noswitch
and switch trials, albeit as a function of Basal Cortisol (F(1,34) = 8.96,
p b 0.01, ω2 = 0.10, see Fig. 2). For the post-hoc analysis, switch costs
of the mean RTs were calculated and compared between the AUCG
groups as well as the drug groups. Within the AUCG high group, the
results showed signiﬁcantly higher switch costs in the placebo group
(switch costs: 116.66) compared to the cortisol group (switch costs:
52.50), while the opposite pattern was observed within the AUCG low
group, with lower switch costs in the placebo group (switch costs:
37.44) relative to the cortisol group (switch costs: 69.54). However,
the latter contrast of switch costs just missed signiﬁcance. Comparing
high and low basal HPA axis activity, the post-hoc analysis revealed
signiﬁcantly higher switch costs in the AUCG high versus the AUCG
low group within the placebo group, while no difference was found
within the cortisol group (ψkrit = 42.72; c = 4).
The aforementioned interactions were further qualiﬁed by a four-way
interaction of the factors Task Switch, Emotion, Basal Cortisol and Drug
(F(1,34) = 7.32, p b 0.05, ω2 = 0.04). Comparing the switch costs
between the four groups (Drug × Basal Cortisol) within each facial expression, the post-hoc analysis revealed a very similar structure to the one
found in the triple interaction described above for the angry faces, albeit
more pronounced (ψkrit = 51.42; c = 8; see Fig. 3, left graph, Table 1).
Again, within the AUCG high group, the placebo group showed
signiﬁcantly higher switch costs compared to the cortisol group. The
opposite pattern, with lower switch costs in the placebo group relative
to the cortisol group, was found in the AUCG low group, reaching significance this time. Moreover, high basal cortisol caused higher switch
costs in the placebo group, whereas the groups AUCG low and AUCG

Fig. 2. Impact of basal and acute cortisol on RT switch costs. Mean reaction times (RTs in
ms) for noswitch and switch trials for the drug groups (placebo; cortisol) with low and
high basal cortisol (AUCG low; AUCG high). Error bars indicate standard errors of the
mean. Square brackets indicate signiﬁcant differences between switch costs, i.e., the
difference between the switch and the noswitch condition. p b 0.05.

high showed similar switch costs within the cortisol group. For happy
faces, the switch costs did not differ between the groups (see Fig. 3,
right graph). No further main effects or interactions reached signiﬁcance
(all Fs b 3.74, ps N 0.10).
Discussion
The present study sought to investigate non-genomic effects of
exogenous cortisol on the core executive function of cognitive ﬂexibility
in healthy male subjects.
The cortisol manipulation was successful; the injection of 4 mg led to
a signiﬁcant increase of cortisol, similar to that was found in other
studies using either a similar dose or stress inductions such as the
socially evaluated cold pressor stress test or the Trier Social Stress
Test (Plessow et al., 2012; Schwabe et al., 2008, Fig.1a; Schilling
et al., 2013). Moreover, the task switching paradigm showed the
expected switch costs (Monsell, 2003), with less accuracy and slower
reaction times in switch compared to noswitch trials.
Partly in accordance with our hypothesis, exogenous cortisol administration resulted in altered switch costs in our male sample, both in
error rates and reaction times (RTs). However, regarding accuracy,
error rates were very low in general. Cortisol injection led to slightly
more error switch costs, albeit depending on the cue, the emotion of
the target stimuli and basal cortisol levels, respectively. More importantly, drug administration altered RT switch costs as a function of
basal HPA axis activity and, in addition, of target emotion, but independently of the cue. After placebo administration, switch costs of RTs were
larger in case of high but not of low basal HPA axis activity. In case of
cortisol administration, however, trait basal HPA activity had no additional impact and switch costs were reduced relative to the placebo
group, especially for angry faces.
More precisely, in our male sample, RTs were particularly fast in the
Placebo group with low basal HPA axis activity. This group showed the
smallest switch costs effects, indicating the most effective cognitive control. Thus, without further cortisol treatment, low basal cortisol levels
led to quick and ﬂexible reactions in situations in which task goals
changed. In contrast, in the placebo group, high basal cortisol was
associated with the slowest reactions and largest switch costs. This
difference between participants with high vs. low basal trait levels of
cortisol, as assessed by CAR, in the placebo group is in line with
the well-established negative effects of chronically high cortisol.
Hypercortisolism, apparent in illnesses such as Cushing's disease,
has been shown to change affect and cognition, even leading to a
so-called ‘steroid psychosis’ (Lupien et al., 2007). Likewise, Schlosser
et al. (2011) in their review reported an association of chronically
elevated cortisol levels with cognitive impairments in patients with
major depression. Even though the high basal cortisol group did not
reach pathological levels of cortisol, our ﬁndings point in similar directions. However, so far, there is little knowledge about the inﬂuence of
trait basal HPA axis activity on cognitive performance in healthy
subjects, and the protocol for valid trait measurements of basal cortisol
as speciﬁed by Hellhammer et al. (2007) is rarely, if ever, used.
When acute cortisol was applied, both the low and the high basal
cortisol groups in our male sample showed RTs in the medium range.
The tendency of acute cortisol effects to overlay basal HPA axis activity
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Fig. 3. Impact of basal and acute cortisol on RT switch costs for angry and happy faces. Mean reaction times (RTs in ms) for noswitch and switch trials for the drug groups (placebo; cortisol)
with low and high basal cortisol (AUCG low; AUCG high), separately for the target stimuli: angry (left graph) and happy faces (right graph). Error bars indicate standard errors of the mean.
Square brackets indicate signiﬁcant differences between switch costs, i.e., the difference between the switch and the noswitch condition. p b 0.05.

is also apparent in the relationship between cortisol and aggression,
in which basal cortisol effects were not signiﬁcant after cortisol
administration (Böhnke et al., 2010). Furthermore, Haller et al.
(2004) found a similar effect in rats, in that chronically low basal
cortisol was not followed by abnormal aggression when corticosterone
was injected prior to a conﬂict. Although these results come from
aggression research, they support our ﬁnding that acute cortisol
inﬂuences behavior (i.e., RTs) independent of basal levels. When no
acute stress is present and thus situational demands govern behavior,
basal cortisol does have an impact.
Upon closer inspection, the equalizing effect of intravenous cortisol
administration had opposite effects on the performance depending on
the basal cortisol levels. Whereas the cortisol injection in men with
high basal cortisol levels led to an improved performance, i.e., faster
reactions and reduced switch costs, the cortisol injection diminished
the beneﬁt in men with low basal levels, causing switch costs almost
twice those of the placebo group with low basal cortisol, reaching significance in case of angry faces. Considering the HPA axis hormonal
cascade with the end product cortisol, an additional injection of cortisol
might cause a further decline of adrenocorticotropic hormone (ACTH)
levels due to the negative feedback loop (Joels et al., 2012) of already
low basal ACTH levels, a consequence of low basal cortisol in healthy
subjects. In case of high basal cortisol and thus high basal ACTH levels,
however, an acute administration of cortisol reduces ACTH levels to a
“normal” level. Currently, there is very little knowledge about the
impact of ACTH or other HPA axis players other than cortisol on cognitive functions. However, Wolkowitz (1994) in his review reported
that an administration of corticosteroids caused reduced ACTH levels
which were associated with cognitive impairment.
Alternatively, the interaction of basal and acute cortisol might be
explained by a different receptor density in individuals with high and
low basal cortisol levels and the consequential occupation of only high
or both high and low cortisol-afﬁne receptor types (with more excitatory
or inhibitory effects, respectively) in the case of exogenous cortisol
administration. However, this is speculative so far and further research
is needed to explain the underlying biological mechanism of the interplay between basal and acute cortisol. Nevertheless, the pattern showing
a reversed effect of acute cortisol depending on basal cortisol concentrations might explain why the impact of acute cortisol on performance is
often rather weak without the consideration of basal HPA axis activity,
highlighting its relevance in stress research. Evidently, the effect
observed in our study would not have been detected without the differentiation of basal HPA axis activity, and some previous studies on the

topic which did not consider this aspect (e.g., Plessow et al. (2012);
Steinhauser et al. (2007); Vaz et al. (2011) and Wingenfeld et al.
(2011)) failed to ﬁnd effects of stress and cortisol on RT switch costs.
In general, switch costs in RTs are considered to reﬂect the cognitive
control processes activated when switching between different competing
tasks is required (Monsell, 2003; Wylie and Allport, 2000). However,
higher error rates are also frequently found in switch trials compared
to noswitch trials (Monsell, 2003). In the present study, acute cortisol had opposite effects on errors and RTs. The enhanced switch costs
in the cortisol group are in line with the ﬁndings reported by Plessow
et al. (2012) (see above). However, similar to our results, accuracy
was very high in general and even in the stress group error rates
did not exceed 8%, just as in the present study. Thus, these results
might be caused by ﬂoor effects, which entail reduced reliability
due to a high probability for random results (Cramer and Howitt,
2004; Shadish et al., 2002). Moreover, respective effect sizes in
the present study as well as in the study by Plessow et al. (2012)
are rather small (ω2 ≤ 0.05). Therefore, these results should be
interpreted with caution until conceptual replications with paradigms producing higher error rates are available. However, the stress
effects reported by Plessow et al. (2012) were only found in the error
rates, whereas no signiﬁcant interactions including the factor stress
could be revealed in the RTs. The authors explain this as a change
of strategy in order to keep reactions fast under stress, while error
rates go up (Plessow et al., 2012). This assumption is in accordance
with the cognitive-energetical framework postulated by Hockey
(1997) which states that regulatory processes required for coping
with stress allocate resources at the expense of performance. Thus,
the reduced RT switch costs due to cortisol injection in the present
study with healthy men might be caused by the adoption of a
performance-protection strategy demanding less capacity (Hockey,
1997, p. 78). These compensatory control mechanisms allowed our
male sample to maintain manifest performance, but probably imply
so-called “latent performance decrements” (Hockey, 1997, p. 82),
which might be reﬂected in the slight increase of errors.
On the other hand, others found mere positive effects of hydrocortisone administration on inhibitory performance (emotional distracter
interference in working memory: Oei et al. (2009), emotional Go Nogo
task in healthy control participants: Schlosser et al. (2013)). Hence, contrary to our hypothesis, cortisol can have improving effects on executive
functions. As hydrocortisone was administered orally in both of the
studies mentioned, the positive effect of exogenous cortisol is probably
not solely restricted to non-genomic mechanisms. But it is noteworthy
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that these studies used emotional material, just as the present study,
which might fortify more adaptive reactions in case of elevated cortisol
levels.
Regarding the emotion of the target stimuli, the above-described
effect of acute and basal cortisol on RT switch costs was particularly
pronounced for angry faces. Since low basal cortisol levels have been
associated with aggressive behavior (Böhnke et al., 2010 and cited
therein), it seems plausible that angry faces are processed preferentially
and with enhanced cognitive ﬂexibility by the placebo group with low
basal cortisol, indicated by minimal switch costs and very fast reactions
(see Fig. 3 and Table 1). Less is known about the impact of high basal
cortisol levels on emotional processing. However, van Honk et al.
(1998) reported enhanced avoidance of angry faces in participants
with high baseline cortisol. Our results point in a similar direction,
with slow reaction times and the largest switch costs in the placebo
group with high basal levels of cortisol, suggesting less cognitive control
in this case, probably due to the attention captured by these stimuli.
Regarding the impact of acute exogenous cortisol on the processing of
emotional threat-related material, previous studies have fairly consistently shown alterations, albeit with inconsistent results concerning
the direction of this impact (for a review, see Putman and Roelofs
(2011)). The present study might shed light on these divergence
based on our results regarding basal cortisol. Depending on the level
of basal cortisol in the placebo group, the comparison with the equalizing
effect of acute cortisol resulted in either an enhancement or a reduction of
cognitive ﬂexibility as measured by switch costs, when responding to
angry faces. This is supported by the ﬁnding that cortisol administration
led to increased avoidance of angry faces in highly anxious males (van
Peer et al., 2007), who show higher cortisol awakening responses
(Vreeburg et al., 2010). Nevertheless, three things should be noted. First,
in the present study, the reactions to happy faces showed the same
pattern, albeit without reaching signiﬁcance. Hence, the inﬂuence of
acute and basal cortisol is not entirely exclusive to threat-related stimuli.
Second, in contrast to the effect of cortisol on affective behavior reviewed
by Putman and Roelofs (2011), task-relevance of the emotional faces
as manipulated by the cue did not inﬂuence this effect. Third,
the three-way interaction of basal HPA axis activity and acute cortisol administration on switch costs showed a rather high impact,
explaining about 10% of effect variance, whereas the higher order
interaction with emotion explained only 4% of effect variance. Therefore, we consider the impact of the target's emotion to be rather
weak in comparison to the emotion-independent effect on cognitive
control.
The present study was the ﬁrst to investigate combined effects of
trait basal HPA axis activity and acute exogenous cortisol manipulation
on a core executive function, namely cognitive ﬂexibility, in healthy
men within the non-genomic timeframe. Still, some limitations should
be mentioned. For one thing, the use of an exogenous hydrocortisone
injection allowed a precise timing of peak plasma levels, essential for
the investigation of non-genomic effects. However, hydrocortisone
artiﬁcially raises cortisol levels, thus lacking the quality of a real-life
stressor, while a psychological stressor leads to an activation of both
the HPA axis and the sympathetic nervous system. Since acute sympathetic activation has been found to alter effects of cortisol on executive
functions (Elzinga and Roelofs, 2005), the immediate, acute impact of
a naturalistic stressor on cognitive ﬂexibility might differ from the
present ﬁndings.
Moreover, the study only included healthy young men for which
reason the present results cannot be readily generalized to women.
Although the meta-analysis on effects of acute cortisol administration
on executive functions by Shields et al. (2015) did not reveal sex as a
moderating variable, Breitberg et al. (2013) did ﬁnd dose- and sexdepended genomic impacts of a cortisol injection in an affective Go
Nogo task. Thus, further research is needed to clarify possible sex effects
in the context of cognitive control and especially with regard to the
impact of basal cortisol in this context.

Taken together, the present study provides evidence for the nongenomic impact of acute exogenous cortisol as well as basal HPA axis
activity on cognitive ﬂexibility in healthy men, operationalized with
an emotional task switching paradigm. In our male sample, low basal
HPA axis activity was associated with minimal switch costs regarding
reaction times, whereas high basal HPA axis activity notably impaired
cognitive ﬂexibility. An acute administration of cortisol, however,
abolished this effect at the expense of high accuracy, the latter impact
on errors being independent of basal cortisol but dependent on the
cue and the emotion of the target. These results highlight the relevance
of rapid effects of cortisol on executive functions. At the same time our
results underline the relevance of considering trait basal HPA axis activity in healthy subjects, indicating a possible moderator beyond drug
dosage and time delay between cortisol manipulation and testing
(Shields et al., 2015). Furthermore, threat-related emotions seem to
play an essential role under the inﬂuence of cortisol, as the described
effect is more pronounced toward angry faces and has not been found
in studies using neutral stimuli. To clarify the speciﬁcity of nongenomic relative to genomic effects, the present study should be
replicated in a within-subjects design, including the comparison of
neutral to different emotional stimuli and extending it to both
males and females.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yhbeh.2016.02.002.
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