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State-dependent regulation of cortical activity by cortisol: An EEG study
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Abstract

In the present study we investigated the effects of cortisol administration on EEG activity in eight healthy volunteers. We administered 35 mg of
cortisol in a within-subjects double-blind placebo-controlled design. Cortisol administration caused a global decrease in cortical activity except for
an increase frontally at the left, resulting in a significant change in frontal asymmetry. This pattern of results is almost the exact mirror image of one
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f our previous studies. Comparing subjective activation measures from the present and previous study showed that activation was substantially
igher in the present study that was performed in formal testing conditions involving venipuncture, compared to the previous EEG study that was
erformed in non-formal testing conditions. However, the direction of the present cortisolinduced change in frontal activity asymmetry is consistent
ith the cortisolinduced change in asymmetric rotation behavior that we recently reported in similar testing conditions. We also found indications

hat, in contrast to the effects on the EEG measures, effects of cortisol administration on subjective anxiety and plasma oxytocin levels may be
ex-dependent. These results are preliminary because of the post-hoc nature and the small number of subjects in the present study. However, they
re in line with recent findings by others, suggesting that the effects of cortisol on cortical activity and subjective activation are state dependent
nd are influenced by testing conditions.

2006 Elsevier Ireland Ltd. All rights reserved.
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he hormone cortisol has a wide range of physiological
unctions, including the mobilization of resources and stress-
rotective down-regulation of other physiological systems [3].
ffects of cortisol are context- and state-dependent [3]. Reuter
tudied the effects of cortisol administration on self-reported
ood and activation under stress (violent film) and nonstress

neutral film) conditions [13]. Reuter summarized his results as
ndicating an adaptive activating effect of cortisol in conditions
n which there is a loss of activity due to lack of stimulation since
t prevents a further decrease in activity, whereas in stress con-
itions the organism is protected from overactivation. Indeed,
ecently it was found that acute cortisol treatment attenuated
ncreases in fear in response to phobia-related stimuli in both

group of subjects with social phobia and a group with spi-
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der phobia [15]. Similarly, mere testing conditions modulate the
effects of cortisol on memory retrieval. In line with observations
in rats, Kuhlman and Wolf observed that cortisol administration
impaired memory retrieval in a formal testing condition, while
it had no impact on retrieval in a very relaxed non-formal testing
condition [9].

These results support the idea that a certain emotional arousal
is a prerequisite for certain cortisol effects to occur. Indeed,
Elzinga and Roelofs found that effects of cortisol administra-
tion on working memory depended on sympathetic activation
[5]. Abercrombie et al. found that larger stress-induced cortisol
elevations were related to memory facilitation only in subjects
who reported stress-related negative affect [1]. Alternatively,
differential activation by cortisol of mineralocorticoid receptors
(MR) and glucocorticoid receptors (GR) may be involved. For
instance, in hippocampal CA1 neurons, activation of MR main-
tained neuronal excitability and activation of GR suppressed
excitability transiently raised by excitatory stimulation [8]. In a
very relaxed condition cortisol will tend to mainly activate MR
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receptors, while with increasing stress more GR receptors will
be activated [8].

In a recent study that was performed in a relaxed, non-formal
testing condition, we investigated the acute effects of cortisol
(35 mg) administration on cortical activity as measured by EEG
alpha power suppression in male volunteers [18]. Cortisol com-
pared to placebo globally increased activity, including at right
frontal sites but except for at the left lateral frontal site. How-
ever, in another recent study, which was performed in a formal
hospital environment and included venipuncture, we found that
35 mg of cortisol modulated a behavioral measure (asymmetri-
cal turning behavior) indicative of reduced right frontal activity
[17]. Also in the present study we measured EEG activity after
administration of 35 mg cortisol or placebo in healthy volun-
teers. In comparison to our previous EEG study, this time both
male and female volunteers were included, and capsule adminis-
tration took place at 10:25. In the previous EEG study the capsule
was administered at 9:00 to one half of the volunteers, and at
13:00 to the other half of the volunteers; these different times of
administration did not seem to make a difference in the results.
Another difference between the present and previous EEG study
is that in the present study blood sampling by venipuncture took
place. Venipuncture and catheterization are potent psychologi-
cal and physiological stressors, and have been found to increase
cortisol levels for between 1 and 2 h [14]. Moreover, whereas in
the previous EEG study the subjects were measured in between a
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by the Medical Ethical Committee of the University Hospital of
Groningen and all subjects provided written informed consent.
Selection procedure, level of education and inclusion criteria
were similar to the previous EEG study, in which the mean age
of the participants was 28 years.

We used a within-subject double-blind design. Placebo and
cortisol sessions, the order of which was counterbalanced, were
separated by approximately 1 week. Participants came to the
experimental room at 10:15. At 10:25 (T0) participants ingested
a non-labelled capsule, containing either 35 mg hydrocortisone
or placebo. At 11:30 blood samples were taken. At 12:45 (T1)
participants started to work on a free recall task that took about
25 min. Directly before (starting 1 h after venipuncture) and
directly after this task resting EEG was recorded. The Profile
of Mood States (POMS) short version [20] was filled out by the
subjects at T0, T1 and after the last EEG measurement (T2). The
POMS measures vigor, fatigue, depression, tension and anger.
Additionally, the state version of the State-Trait Anxiety Inven-
tory (STAI) was filled out at T0 and T2.

Plasma concentrations of cortisol and ACTH were deter-
mined using a radio immunoassay. Vasopressin was extracted
from the plasma using Sep-pak C 18 cartridges. The extracts
were analyzed with a radioimmunoassay (MP-products, Amers-
foort). All analyses were performed at the University Hospital of
Groningen. Oxytocin levels were measured by radioimmunoas-
say at the Swedish University of Agricultural Sciences in Upp-
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engthy performance of a monotonous cognitive task in a dimly
it room in the relaxed, non-formal environment of the psychol-
gy department, in the present study the subjects were measured
n the formal environment of a university hospital in a fully lit
oom, similar to our behavioral study. In the previous EEG study
he experimenter observed the subject by camera from outside
he room, while in the present study and the behavioral study,
ne or two experimenters were present in the room during mea-
urements.

In the present study, the effects of cortisol administration on
ortical activity were almost exactly opposite to the previous
EG study. Because the most notable difference between this
nd the behavioral study compared to the first EEG study seems
o be the activating level of the experimental conditions, apart
rom presenting the results of the present study, we will also
ompare the subjective reports of activation with those from the
revious EEG study. Although this comparison is post-hoc, it
ay inform future studies in pointing to dependency on testing

onditions of the effects of cortisol administration on cortical
ctivity. As the present study, similar to the previous studies,
ntended to investigate the effects of cortisol administration on
rontal activity asymmetry, we will also include hemisphere as

factor in our analyses. We also measured plasma levels of
ortisol, adrenocorticotropic hormone (ACTH), vasopressin and
xytocin. Plasma levels of vasopressin and oxytocin have been
elated to cortical activity and subjective activation [11].

Five females aged 37–51 (M = 41) and five males aged 38–55
M = 47) participated who were right-handedness and had no
ersonal history of psychiatric, metabolic, or neurological dis-
rders. The female subjects did not take oral contraceptives,
ere not pregnant or breast feeding. The study was approved
ala at the Department of Animal Physiology. The antibody
A19 was used for the analysis (Milab, Sweden). The limit of
etection was 4.68 pmol/l and interassay coefficients of vari-
tion low 22.06% CV = 9.57; medium 37.83% CV = 8.81; high
29.8% CV = 6.81; intrassay %CV <10 conc = 20.90–1026 [16].

EEG signals were recorded using the Onyx recording pro-
ram (Version 1.02: Silicon Biomedical Instruments BV 2000),
sing an average reference. Horizontal EOG was measured with
n electrodes on the outer canthi. Vertical EOG was measured
rom the upper and lower edge of the left orbit. A ground
lectrode was connected to the participants’ sternum. Electrode
mpedance was held under 5 k�. EEG and EOG were sampled
t 256 Hz.

Each measurement consisted of a series of eight 1-min record-
ng periods, during which EEG was recorded while the par-
icipant sat quietly with eyes opened and closed alternately in
ounterbalanced orders. With eyes opened, participants were
nstructed to look at a fixation point in front of them.

EEG signals were processed off-line, with the Vision
nalyzer program (Version 1.03: Brain Products GmbH 2000).
ignals were re-referenced to an average-ears reference, and the
ata of each 1-min recording period were segmented into 2-s
egments, with 50% overlap. Automatic ocular correction and
utomatic artifact rejection were performed on these segments.
ubsequently, we performed a Fast Fourier Transform (half
pectrum method) on these data with a resolution of 0.5 Hz and a
amming window of 100% length, resulting in power estimates

or each 0.5 Hz bin. Next, data was averaged across each block.
e visually inspected the data to exclude blocks that contained

isible artifacts. By also removing the same block in the other
ession, we saw to it that for each participant an equal number of
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‘eyes-closed’ and ‘eyes-open’ blocks remained in both sessions.
At least four blocks per session remained. We ln transformed
the average power values of the frequencies 8–13 Hz, resulting
in ln alpha power density (�V2/Hz). Statistical analyses were
performed on the average power density across all recording
periods, per participant per session.

Due to technical problems, we failed to obtain usable EEG
data from one male and one female subject. Similar to our previ-
ous EEG study, as the effects of cortisol treatment did not interact
with ‘eyes open’ versus ‘eyes closed’ conditions, we collapsed
the data across these conditions. We conducted a MANOVA
repeated measures analysis with Capsule (cortisol, placebo),
Hemisphere (left, right), Caudality (frontal, posterior), Lateral-
ity (middle, lateral) and electrode as within-subject factors. The
grouping of electrodes was as follows: left mid-frontal (Fp1, F3);
left lateral frontal (F7, T7); left mid-posterior (C3, P3); left lat-
eral posterior (P7, O1); and similarly on the right side. Decreases
in alpha power are indicative of increased activity [10].

A capsule by hemisphere interaction (F(1,7) = 7.66, p = .028)
indicated a global decrease in activity that was more pronounced
over the right hemisphere than over the left hemisphere (see
Fig. 1). There was an interaction of capsule × hemisphere ×
caudality × laterality (F(1,7) = 6.67, p = .036) originating from
a capsule by hemisphere interaction on the frontal electrodes
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which was significant lateral frontally (F(1,7) = 18.62, p = .004).
The participants tended to display less frontal activity
left (M = −.82 �V2/Hz, S.D. = 1.21) compared to right in
the placebo condition (M = −.90, S.D. = 1.16) (F(1,7) = 4.31,
p = .076); in the cortisol condition this activity increased on
the left (M = −.96, S.D. = 1.18) and decreased on the right
(M = −.79, S.D. = 1.25) (see Fig. 1).

Except at the left lateral frontal electrodes, activity decreased
at all electrodes. At local electrodes the decreased activity after
cortisol administration was significant for electrodes P4 and O2
(ps < .05) and a trend for electrodes F4, T8, C4 and O1 (ps < .10).
When looking at the male and female subjects separately, both
sexes showed a similar cortisol-induced decrease of cortical
activity and an increase at the left lateral frontal sites.

We ln-transformed cortisol and ACTH values to better
approach a normal distribution. A significant capsule effect
on plasma cortisol levels (placebo: M = 248 nmol/l, S.D. = 89;
cortisol: M = 1057, S.D. = 313; F(1,8) = 114.33, p < .001) indi-
cated a large increase in levels of cortisol after administra-
tion of cortisol. Plasma levels of ACTH were found to be
significantly lower after cortisol administration than in the
placebo condition (placebo: M = 24.0 ng/l, S.D. = 12.3; corti-
sol: M = 15.5, S.D. = 8.7; F(1,8) = 14.04, p = .008), demonstrat-
ing negative feedback. Administration of cortisol did not sup-
press vasopressin (placebo: M = 1.11 ng/l, S.D. = 49; cortisol:
M = 1.19, S.D. = .54).
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ig. 1. Interpolation by spherical splines of ln-transformed alpha (8–13 Hz)
ower in �V2; see [18]. Power in the placebo condition is subtracted from power
n the cortisol condition. This means that blue colors reflect more alpha power,
ndicative of less activity [10], in the cortisol condition compared to placebo.
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The subjects of the present study were part of a larger,
on-EEG study on the effects of cortisol administration on
lasma oxytocin levels that will be presented elsewhere. Here,
e present the oxytocin data of the subjects that participated

n the EEG measurements as they may be relevant for the
EG findings. The plasma oxytocin levels demonstrated a sig-
ificant sex by capsule interaction (F(1,8) = 5.37, p = .049).
n the placebo condition oxytocin levels tended to be lower
n females (M = 42.7 pmol/l, S.D. = 12.3) compared to males
M = 64.6, S.D. = 7.3; F(1,8) = 3.54, p = .097). In females levels
ncreased with cortisol administration (M = 49.3, S.D. = 11.8;
(1,4) = 8.22. p = .050). In males there was a nonsignificant
ecrease (M = 53.2, S.D. = 11.6; p > .10).

MANCOVA repeated measures with the STAI-state scores
t baseline as covariate showed an interaction between sex
nd capsule (F(1,7) = 7.31, p = .030). In the placebo condi-
ion females tended to report more anxiety (females: M = 29.8,
.D. = 2.8; males: M = 26.4, S.D. = 2.8; F(1,26) = 3.02, p = .10).
n females anxiety decreased with cortisol administration (cor-
isol: M = 26.1, S.D. = 2.8; F(1,3) = 11.88, p = .041), whereas
n males cortisol increased anxiety (M = 28.0, S.D. = 2.8;
(1,3) = 37.31, p = .009).

Most results regarding the POMS mood scales were not sig-
ificant. However, the size of the present study is small, and we
resent the effects of cortisol on mood scores of the female sub-
ects elsewhere as part of a larger non-EEG study. The pattern
f results in the present study is the same as in the larger study:
he female subjects showed a pronounced increase in fatigue
nd decrease in vigor from before the start to after finishing
he testing session in the placebo condition but not in the cor-
isol condition. The male subjects show a different pattern as
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described below. There were no differences between males and
females in baseline (T0) levels of any of the mood scales.

Both in the present and previous EEG study, mood was mea-
sured by the POMS (but not the STAI in the previous study)
at T0, T1 and T2. This allows us to compare the activational
properties of the testing conditions in both studies. Vigor scores
were higher in the present study (M = 14.2, S.D. = 2.9) compared
to the previous study (morning: M = 9.1, S.D. = 3.0; afternoon:
M = 9.3, S.D. = 3.0; F(1,19) = 10.78, p = .004). Fatigue scores
were lower in the present study (M = .5, S.D. = 1.8) compared
to the previous study (morning: M = 3.5, S.D. = 1.7; afternoon:
M = 3.6, S.D. = 1.7; F(1,19) = 9.00, p = .007). As only male sub-
jects were tested in the previous study, and in the present study,
after cortisol administration, vigor scores increased in females,
but decreased in males, we compared the male subjects of
both studies. Compared to the decrease in the present study,
cortisol increased vigor in the previous study (MANCOVA:
study × capsule F(1,13) = 4.68, p = .052, see Fig. 2). Regarding
the other mood scales no effects approached significance.

In the present study cortisol administration caused a global
decrease in cortical activity except for an increase frontally at
the left, resulting in a significant change in frontal asymmetry.
This pattern of results is almost the exact mirror image of the
results from our previous study [18]. Similarly, while in our pre-
vious study we found that in the placebo condition activity was
significantly higher at the lateral frontal electrodes on the left
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ferent arousing qualities of the testing conditions, the subjects
of the two EEG studies reported significantly different levels of
subjective activation. In the formal testing conditions, includ-
ing venipuncture, of the present study, self-reported activation
was higher compared to in the non-formal testing conditions of
the previous EEG study. For the male subjects, intake of cor-
tisol decreased activation in the present, high activation study,
compared to an increase in activation in the previous, low acti-
vation study. Although this effect was borderline significant, it
replicates the similar findings by Reuter who tested only male
subjects [13].

We found sex differences in the effects of cortisol administra-
tion on plasma oxytocin levels and state anxiety scores. In males
oxytocin levels decreased and anxiety increased, in females
oxytocin levels increased and anxiety decreased. Although the
analyses of sex differences are based on very small groups, the
opposite changes in oxytocin levels and state anxiety are con-
sistent with the anxiolythic effects of oxytocin [19]. Moreover,
increasing plasma oxytocin levels by bolus injection decreases
subjective deactivation, fatigue, benumbing, but also arousal and
anger, in male subjects [11]. This is consistent with the hypoth-
esis that oxytocin promotes the state of “calm and connection”
to facilitate social interaction [19]. It is also the same pattern
of decreased subjective deactivation and decreased subjective
overactivation as reported by Reuter after administration of cor-
tisol to male subjects [13]. This suggests that changes in plasma
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ompared to on the right side, in the present study there was
trend in the placebo condition of an opposite asymmetry at

he lateral frontal electrodes. Notice that the present results are
imilar to the previous EEG results, in that the largest changes
n asymmetry were found at the lateral frontal sites, and the
hange at the right lateral frontal site was in the same direction
s a global change in activity, while only at the left lateral frontal
ite there was a nonsignificant change in the other direction. The
irection of cortisol-induced change in frontal activity asymme-
ry is consistent with the cortisol-induced change in asymmetric
otation behavior, that was found in similar testing conditions as
n the present study [17].

Consistent with the possibility that the opposite effects of
ortisol administration on cortical activity are mediated by dif-

ig. 2. Mean POMS vigor scores and S.E.s for the treatment and placebo con-
itions of the present formal, high activation study 1 (only the males) and the
revious, low activation study 2. Means at T1 and T2 are adjusted for differences
t T0; means at T0 are averaged over both sessions.
xytocin levels, inductions of which have also been inconsis-
ently related to cortical activity [11], may be mediating some
f the effects of cortisol administration, perhaps including the
pposite changes between males and females in anxiety, and
tate-dependent effects. We are not aware of an explanation of
he sex difference in treatment response in oxytocin levels and
nxiety, but not cortical activity. Perhaps a larger replication
tudy can try to address this issue.

Another candidate mechanism for mediating the state-
ependent effects of cortisol involves the locus ceruleus/
orepinephrine (NE) system. Cortisol serves as a negative feed-
ack control on this system [2]. The NE arousal system is rela-
ively right lateralized [4]. Serotonin effects on the NE system
eem to depend on the baseline activity level in the NE system:
E activity increases when it is low at baseline, but it decreases
hen it is high at baseline [7]. This means that an indirect effect
f cortisol administration on activity in the NE arousal system
hrough an effect on serotonergic activity [12] may hypotheti-
ally explain the presently reported state-dependent effects on
ortical activity. As the locus ceruleus/NE system participates in
he initiation of fight/flight and cortisol responses, counter regu-
ation of increased activity in this system by cortisol may be part
f a functional regulatory loop [2]. Other mechanisms that may
xplain the present results were mentioned in the introduction.

The inclusion of female participants and older mean age in
he present study, or the different time of day of ingestion of
he capsule, are not likely explanations of the opposite results
f the present and previous EEG study. The effects of cortisol
dministration on alpha power were similar for our female and
ale participants. No effects are known to us of variations in

ge between 20 and 55 years that would offer a plausible expla-
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nation for the present results. Moreover, age did not correlate
with outcome measures in either study. In our previous study
the effects of cortisol administration were similar in participants
who ingested the capsule at 9:00 compared to participants who
ingested the capsule at 13:00; in the present study the capsule
was ingested at a time halfway in between those two times.

An alternative explanation for the presented results is that
effects of cortisol administration do not really depend on testing
conditions, but that cortisol administration prevents testing con-
dition from having effects on the outcome measures. It may be
hypothesized that the sustained, very high cortisol levels after
cortisol administration may exclude both MR and GR receptors
from further activation, thereby decreasing the responsivity of
several brain systems. Both decreases of cortical activity (and
of subjective activation) by non-formal testing conditions and
lack of stimulation, and increases in cortical activity (and sub-
jective activation) by formal testing conditions would not take
place after cortisol administration, to the extent that cortisol,
or other systems that are rendered unresponsive by high cor-
tisol levels, are normally involved in the modulation of such
activity.

The effects on frontal activity asymmetry also seemed to
depend on testing conditions. Left and right frontal activity
asymmetry have been related to approach and avoidance moti-
vation, respectively, and to psychopathology [6]. The present
finding of cortisol-induced reduced right frontal activity is con-
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