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Cortisol-induced increases of plasma oxytocin levels
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Cortisol and oxytocin have been shown to interact in both the regulation of stress responses
and in memory function. In the present study we administered cortisol to 35 healthy female
subjects in a within-subject double-blind placebo-controlled design, while measuring oxy-
tocin levels, adrenocorticotropic hormone (ACTH) levels, and free recall of pleasant and
of unpleasant words. We found that cortisol administration suppressed ACTH levels and
(1) induced a decrease in oxytocin associated with ACTH suppression and (2) an increase
in oxytocin that was independent from ACTH suppression. This cortisol-induced increase
in plasma oxytocin was associated with a selective decrease in immediate free recall of
unpleasant words from primacy positions. The present results add to evidence that cortisol-
induced increases in oxytocin could mediate some of the effects of stress and cortisol on
memory, and possibly play a role in the regulation of the hypothalamo-pituitary—adrenal
stress response. This mechanism could significantly impact affective and social behaviors,
in particular during times of stress.
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INTRODUCTION

As part of the hypothalamo-pituitary—adrenal (HPA) axis, corti-
cotrophin releasing factor (CRF) is released by the hypothalamus
to trigger release of adrenocorticotropic hormone (ACTH) and
vasopressin into the bloodstream at the pituitary, which trig-
ger release of glucocorticoids including cortisol from the adrenal
cortex. Oxytocin is secreted from the same hypothalamic nuclei
which regulate plasma vasopressin and the HPA axis, and neu-
roanatomic/electrophysiologic data indicate it is modulated by
the same hippocampal projections which modulate plasma vaso-
pressin and HPA axis activity (Risold and Swanson, 1996; Herman
etal., 2002). Plasma oxytocin levels have been shown to be corre-
lated positively with the integrity of hippocampal-mediated HPA
feedback (Goldman et al., 2008). Additionally, in patients with
Addison’s disease, elevated ACTH levels were accompanied by
higher oxytocin levels (Grenbick et al., 2007). It has been sug-
gested that cortisol-induced increases in oxytocin may be involved
in the feedback regulation of the HPA axis (Liberzon and Young,
1997; Carter, 1998).

Based on findings suggesting that cortisol administration
increases plasma oxytocin levels (Kalin et al., 1985; Tops et al.,
2007b), we previously postulated the hypothesis that cortisol
administration may have beneficial effects on stress coping and

emotional memory that are partially mediated by increases in
oxytocin (Tops et al., 2007a,b): oxytocin inhibits or downregulates
stress responses, seems to inhibit acquisition and/or consolida-
tion of aversive, high arousal experiences, and has analgesic effects
(Uvnids-Moberg, 1998; Lee et al., 2009).

However, these cortisol-oxytocin interactions in stress and
memory function appear to be highly context dependent. Hein-
richs et al. (2004) found that intranasal oxytocin administration
impaired recall depending on the kind of memory test used and
the psychobiological relevance of the stimuli, impairing recall of
reproduction-related words but not neutral words in an implicit
conceptual task. Intranasal has been found to increase the famil-
iarity of previously presented faces (Rimmele et al., 2009). Animal
research has shown that oxytocin is positively involved in social
memory (Young, 2002), while high levels of oxytocin seem to
inhibit acquisition and/or consolidation of aversive, high arousal
experiences such as during labor (e.g., Silber et al., 1990). So it
seems that effects of oxytocin on memory may; like effects of cor-
tisol (De Kloet et al., 1999; Lupien et al., 2005), depend on arousal,
and context. In the present study we investigated whether admin-
istration of cortisol to healthy female subjects increases plasma
oxytocin levels, and whether increased oxytocin levels are associ-
ated with decreased immediate free recall of unpleasant but not
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of pleasant words. We measured plasma ACTH levels to include
as predictor in the analyses, as cortisol administration suppresses
plasma ACTH levels (Tops et al., 2006, 2007¢c) and may affect
memory and plasma oxytocin levels through this route as well
(Grenbick et al., 2007). For the same purpose we will measure
vasopressin, which is also a cortisol releasing factor. Our first aim
is to replicate the finding that cortisol administration increases
plasma oxytocin levels. Our second aim is to investigate whether
the cortisol-induced increase in oxytocin level is associated with
decreased immediate free recall of unpleasant words.

MATERIALS AND METHODS

PARTICIPANTS

Thirty-five healthy female paid volunteers aged 30-57 (M =45,
SD = 8) were enlisted by advertisement in a local newspaper. Each
participant passed a health screening. Inclusion criteria included
Dutch as their native language, regularly cycling, or using oral con-
traception, normal or corrected to normal vision, and no personal
history of psychiatric, metabolic, or neurological disorders, or sub-
stance abuse. Volunteers who reported noxious health behaviors
(drug abuse including excessive alcohol, smoking and caffeine,
and abnormal sleeping habits, e.g., too little sleep), chronic health
problems or psychopathology were excluded from the study. Our
subjects self-reported the phase of their menstrual cycle based
on days since onset of their last menstrual period, and active
contraceptive use. All participants read and signed an informed
consent statement approved by the Medical Ethical Committee of
the University Medical Center of Groningen.

PROCEDURE

The subjects took part in a within-subjects double-blind design
in which they were treated with either cortisol or placebo in two
separate sessions, the order of which was counterbalanced and
were separated by approximately 1 week. The participants arrived
between 9:00 and 10:30. First, a capsule was ingested containing
either cortisol (35 mg of hydrocortisone) or a placebo (avicel cap-
sule). Participants were then allowed to read while they waited
70 min for a blood sampling. After that, the subjects performed
the memory task which took 20 min to complete.

MEMORY TASK

Word lists

The to-be memorized pleasant and unpleasant nouns consisted of
one to three syllables and were selected from two different data-
bases. These words were rated in a pilot study for the degree of
pleasantness of each word. Only words with relatively high emo-
tional impact were used. The memory task consisted of two lists
of pleasant words (e.g., “friendship”) and two lists of unpleasant
words (e.g., “hate”). Each word list contained 11 words from only
one valence category. We constructed two parallel versions of the
memory task, of which the order of presentation was counter-
balanced across sessions. All lists were matched for frequency of
written use, imageability, and word length. The pleasant words
were matched with the unpleasant words for emotional impact.
Examples of pleasant and unpleasant words translate to English as
love, fun, loyalty, regard and resentment, cancer, violence, malaise,
respectively. The lists of words can be obtained from the first
author.

Task

The to-be memorized words were presented on a 15” computer
screen for 2s and were immediately replaced by the next word.
Words were selected from one list at a time and were presented in
random order. After each list, the participants were given 90's to
write down as many words as they could remember from the list,
in any order (Tops et al., 2003, 2004; Rijsdijk et al., 2009), before
moving on to the next list. The order of the lists from which the
words were selected was also randomized.

PLASMA HORMONE LEVELS

The blood samples were collected in ice-chilled tubes. After cen-
trifugation, the plasma was removed, and the samples were stored
at —80°C until analysis. Plasma concentrations of cortisol and
ACTH were determined using an in-house radio immunoas-
say (Pratt, 1978). Vasopressin was extracted from the plasma
using Sep-pak C 18 cartridges. The extracts were analyzed with
a radioimmunoassay (MP-products, Amersfoort). These analyses
were performed at the University Medical Center of Groningen.
Before oxytocin was analyzed, plasma was extracted with ace-
tone [Guarantee Reagent (GR); Merck, Darmstadt, Germany] and
petroleum benzene (GR; boiling point range 40-60°C; Merck) with
a recovery of 92%. Oxytocin levels were measured by radioim-
munoassay at the Swedish University of Agricultural Sciences in
Uppsala, Sweden, at the Department of Animal Physiology. The
antibody KA ¢ was used for the analysis (Euro Diagnostica, Milab,
Malmo, Sweden). The limit of detection was 4.68 pmol/l and
interassay coefficients of variation low 22.06% CV = 9.57; medium
37.83% CV =8.81; high 529.8% CV = 6.81; intrassay% CV < 10
conc = 20.90-1026 (Stock and Uvnis-Moberg, 1985, 1988).

STATISTICAL ANALYSES

The effects of cortisol administration on cortisol, ACTH (i.e.,
ACTH suppression) and vasopressin (vasopressin suppression)
levels were analyzed using a General Linear Model (GLM) analy-
sis with Condition (placebo vs. cortisol) as within-subject factor.
To investigate the effects of cortisol administration on oxytocin
levels, taking into account possible effects through ACTH sup-
pression (level in the cortisol condition minus level in the placebo
condition), a GLM analysis of oxytocin levels was performed
with Condition (placebo vs. cortisol) as within-subject factor and
ACTH suppression as continuous predictor.

Finally, to investigate whether cortisol-induced changes in oxy-
tocin level are associated with changes in recall performance, we
performed a GLM analysis of recall with Condition and Valence
(pleasant vs. unpleasant words) as within-subject factors and with
the effect of cortisol administration on oxytocin level (level in the
cortisol condition minus level in the placebo condition) as con-
tinuous predictor. Means (SD) of hormone levels and recall are
presented, while effects of continuous predictors are presented as
Pearson’s correlation coefficients.

RESULTS

We tried potential confounders, e.g., age, menstrual cycle phase,
oral contraceptive use, and the order of treatments, as covariates.
No potential confounders noteworthy altered the results, and they
were not included in the final analyses. Cortisol and oxytocin levels
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were natural-log transformed to better approximate a normal dis-
tribution. There were two missing values for ACTH levels, reducing
the number of subjects for analyses involving ACTH to 33.

CORTISOL, ACTH, AND VASOPRESSIN

A GLM analysis of cortisol levels with Condition (placebo vs.
cortisol) as within-subject factor showed a main effect of Condi-
tion [F(1,34) =181.16, p < 0.000001]. Cortisol levels were higher
in the cortisol condition compared to the placebo condition
(Table 1). A GLM analysis of ACTH levels with Condition (placebo
vs. cortisol) as within-subject factor showed a main effect of
Condition (F(1,31) = 34.41, p < 0.00001). ACTH levels decreased
in the cortisol treatment condition compared to the placebo
condition (Table 1), reflecting a negative feedback mechanism.
In contrast, there was no significant suppression effect of cor-
tisol administration on vasopressin (F(1,34) =2.41, p=10.130)
although levels were somewhat lower in the cortisol condition
compared to the placebo condition (Table 1).

OXYTOCIN

A GLM analysis of oxytocin levels with the effect of cortisol
administration on ACTH level (“ACTH suppression”; level in
the cortisol condition minus level in the placebo condition) as
predictor showed that plasma oxytocin levels increased in the
cortisol treatment condition compared to the placebo condition
(Table 1; F(1,31) =12.28, p < 0.001). Additionally, there was an
interaction between Condition and ACTH suppression (r =0.58,
F(1,31) =15.48, p < 0.001): subjects who showed strong suppres-
sion of ACTH levels actually displayed a decrease in oxytocin
levels (see Figure 1A). A similar analyses with the effect of cor-
tisol administration on vasopressin level as predictor yielded no
significant results.

MEMORY PERFORMANCE

The mean proportion of words recalled was.64 (SD =0.31). As
we previously showed differential effects of cortisol administra-
tion on primacy (the first four words in each list) compared
to recency (the last four words) recall (Tops et al., 2004), we
analyzed primacy recall and recency recall separately. A GLM
analysis of primacy recall with Condition and Valence (pleas-
ant vs. unpleasant words) as within-subject factors and with the
effect of cortisol administration on oxytocin level as predictor
showed an interaction between Condition, Valence, and oxytocin
level (F(1,33) =8.84, p=0.005). Following up this interaction
by separate analyses of pleasant and unpleasant word primacy
recall showed no effects for pleasant words, but unpleasant words

Table 1 | Mean plasma hormone levels (SD) per condition (placebo vs.
cortisol treatment).

Placebo SD Cortisol SD
condition condition
Cortisol (nmol/l) 255 18 1213 456
ACTH (ng/l) 18.21 9.29 12.43 6.51
Vasopressin (ng/l) 0.89 0.66 0.81 0.53
Oxytocin (nmol/l) 52 12 55 14

recall displayed an interaction between Condition and oxytocin
level [F(1,33) = 8.44, p=0.007]. This cortisol-induced change in
recall of unpleasant words was proportional to the change in oxy-
tocin level: recall increased when oxytocin decreased and recall
decreased when oxytocin increased (r =-0.45, p =0.007). There
was no effect on recall of pleasant words, as shown by the similar
correlation between the change in oxytocin and the change in recall
negativity bias (recall of unpleasant words minus recall of pleas-
ant words; r = -0.46, p =0.005; see Figure 1B). There were also
no significant results regarding recency recall. When included in
the analyses, ACTH, and vasopressin did not significantly predict
recall performance.

DISCUSSION

We showed that administration of cortisol increased plasma oxy-
tocin levels, although subjects who showed strong suppression
of ACTH levels actually displayed a decrease in oxytocin levels:
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FIGURE 1 | Scatterplots of (A) cortisol administration-induced change
in plasma ACTH level (N = 33) and (B) cortisol-induced change in recall
negativity bias (N = 35), both (in (A) and (B)) as a function of
cortisol-induced change in plasma oxytocin level. Levels from the
placebo condition are subtracted from levels from the cortisol condition;
positive values reflect increases. The recall negativity bias is the proportion
unpleasant words recalled minus the proportion pleasant words recalled.
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cortisol appeared to induce both a decrease in oxytocin associ-
ated with ACTH suppression and an increase in oxytocin that
was independent from ACTH suppression. The observed cortisol-
induced increase in plasma oxytocin was associated with a decrease
in immediate free recall of unpleasant words from primacy (first)
positions, but did not relate to recall of pleasant words or of words
from recency (last) positions in lists of words.

Both CRF and oxytocin are secreted from the same hypo-
thalamic nuclei that regulate the HPA axis, and are modulated
by the same hippocampal projections which modulate HPA axis
activity (Risold and Swanson, 1996; Herman et al., 2002). Plasma
oxytocin levels have been shown to be correlated positively with
the integrity of the hippocampal-mediated HPA feedback mech-
anism (Goldman et al., 2008). Indeed, it has been proposed
that cortisol-induced increases in oxytocin may be involved in
the feedback regulation of the HPA axis (Liberzon and Young,
1997; Carter, 1998) and that there may be important interactions
between cortisol-mediated stress and oxytocin-mediated attach-
ment. Stressful experiences (such as pregnancy and parturition),
anxiety, neophobia, isolation, and separation often precede the
formation of social attachments. Correlations between glucocor-
ticoid levels and attachment offer support for a role of gluco-
corticoids in the events which eventually lead to pair bonding
(Carter, 1998; Henry and Wang, 1998). Lower plasma oxytocin
levels during pregnancy have been found to predict postpar-
tum depression and risk for developing postpartum depression,
suggesting that increased oxytocin during pregnancy could pre-
vent postpartum depression (Skrundz et al., 2011). In addition,
both positive social interactions and social bonds could func-
tion to provide a sense of safety and reduce anxiety or stress.
In contrast, negative or traumatic social interactions and rejec-
tion could feed back to decrease oxytocin levels, heighten fear or
anxiety and prevent the formation of social interactions (Carter,
1998).

Results from Dabrowska et al. (2011) suggest that CRF type
2 receptors located on oxytocinergic neurons and axon termi-
nals might regulate the release of oxytocin and hence might be
a crucial part of a potential feedback loop between the hypothal-
amic oxytocin system and the forebrain CRF system that could
significantly impact on affective and social behaviors, in partic-
ular during times of stress. Other studies suggest that oxytocin
release in response to stress may be modulated in part by high
circulating glucocorticoids and their negative feedback on the
release of hypothalamic CRF (Chen and Du, 1999). However,
the positive association in the present study between cortisol-
induced change in ACTH levels and change in oxytocin levels
suggests that the negative feedback on hypothalamic CRF that
is mediated by cortisol did not increase oxytocin levels. Never-
theless, cortisol-mediated feedback on CRF may be involved in
both the decrease in oxytocin associated with ACTH suppression
and the increase in oxytocin that was independent from ACTH
suppression.

Recall from primacy positions, but not recall from recency posi-
tions, has been shown to depend on the integrity of the hippocam-
pal formation (Kesner, 1985; Zola-Morgan and Squire, 1990).
Although the exact mechanism cannot be inferred from this study,
the results suggest the possibility that cortisol administration

impacts on oxytocin levels and memory through effects on the
hippocampus, or that cortisol administration increases oxytocin
levels which impact on memory performance. Moreover, negative
feedback by cortisol on the HPA axis may be involved.

In the present study we failed to find any direct effects of cor-
tisol administration on immediate recall. A review of the effects
of cortisol on memory in humans concluded that fairly consis-
tently over studies, stress, or cortisol treatment does not affect
immediate recall but temporarily blocks retrieval of long-term
memory, especially of emotional arousing material, most likely
through reduction of activity of the hippocampus (Wolf, 2009). In
addition, cortisol appears to only influence memory when arousal
is relatively high (e.g., due to venipuncture such as in the present
study; Tops et al., 2006). In contrast to the effects on retrieval, cor-
tisol enhances memory consolidation (Wolf, 2009). Because in the
present study cortisol was administered before learning, decreased
immediate recall most likely reflects effects on acquisition or
retrieval. Future studies will have to determine whether association
between cortisol-induced oxytocin-changes and reduced immedi-
ate recall of unpleasant words involves direct effects of oxytocin
on retrieval, and whether such effects of oxytocin on retrieval are
also involved in the effects of cortisol on retrieval from long-term
memory. Moreover, future studies should employ receptor block-
ade to demonstrate direct involvement of oxytocin in mediating
cortisol effects on memory.

Several aspects define this study as preliminary, such as reliance
on single samples for hormone determination per session, inclu-
sion of women only, and inclusion of subjects in various phases
of their menstrual cycle. Nevertheless, the correlation between the
oxytocin levels of the placebo and cortisol treatment conditions
despite cortisol administration (r = 0.45, p = 0.006) suggests reli-
ability of oxytocin measurements. Consistent with larger studies
employing between-subjects comparisons, we did not observe any
relationships between menstrual cycle phase or oral contracep-
tive use and the present findings (Light et al., 2005). In contrast,
studies employing a within-subject design report lower oxytocin
levels in the luteal phase (Salonia et al., 2005), which suggests
that menstrual cycle phase variations in oxytocin levels are small
and might be easily masked by individual differences (Light et al.,
2005).

The present results add to evidence that cortisol-induced
increases in oxytocin could mediate some of the effects of stress
and cortisol on memory, and may play a role in the regulation of
HPA stress response. Cortisol-induced increases in oxytocin may
facilitate stress coping and perhaps, by decreasing negative mem-
ory, decrease depressive responses to stress. This mechanism could
significantly impact affective and social behaviors, in particular
during times of stress.
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