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Summary Acute emotional arousal moderates the effects of cortisol on memory. However, it is
currently unknown how stable inter-individual differences (i.e., traits) moderate cortisol’s
effects on memory. In two studies using within-subjects designs — 31 healthy males in Study 1
and 42 healthy subjects (22 female) in Study 2 — we measured trait negative affect (NA) and
presented emotional and neutral pictures. In Study 1, we manipulated endogenous cortisol levels
using a speech stressor following encoding. In Study 2, using a randomized placebo-controlled
design, we pharmacologically manipulated cortisol levels prior to encoding (0.1 mg/kg hydrocortisone vs. saline infused over 30 min). Free recall for pictures was subsequently assessed. Trait
NA repeatedly moderated the relationship between cortisol and memory formation. Findings
suggested the speculative conclusion that the direction of effects may vary by sex. In males,
cortisol was related to memory facilitation in subjects with lower Trait NA. Conversely, females
with higher Trait NA showed greater cortisol-related increases in memory. Trait NA may be a
stable inter-individual difference predicting neurocognitive effects of cortisol during stressors.
# 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Stable (i.e., trait-like) negative cognitive biases increase
vulnerability for affective psychopathology (Alloy et al.,
2006). In addition, stress triggers psychopathological symp-
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tomatology in some but not all individuals (Monroe and
Harkness, 2005). However, the mechanisms responsible for
inter-individual differences in vulnerability to stressors are
not completely understood. One aspect of vulnerability to
stress may involve inter-individual differences in the effects
of stress on neurocognitive processes (e.g., emotional memory biases in depression; over-consolidation of threat-related
material in Posttraumatic Stress Disorder; PTSD).
Elevation in the stress hormone cortisol is a primary
mechanism through which stress alters neurocognitive
processes (de Kloet et al., 1999). The direction of effects
of glucocorticoids (GCs; i.e., cortisol in primates and corticosterone in rodents) on learning vary depending on the
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magnitude of GC elevation — mild-to-moderate elevations in
GCs enhance many neurobiological processes associated with
memory formation, but extremely elevated cortisol levels
often dampen memory formation (Lupien and McEwen, 1997;
Pittenger and Duman, 2008). In addition, the facilitatory
effects of GCs on memory formation depend on emotional
arousal at the time of GC elevation (Okuda et al., 2004;
Abercrombie et al., 2006). Arousal-related noradrenergic
activation in the basolateral amygdala is required in order
for GCs to affect memory (Roozendaal et al., 2006b). In
summary, extensive work has examined how factors at the
time of GC elevations (e.g., current neural milieu and emotional state) moderate GC’s effects on memory. However, it is
not known how long-lasting inter-individual differences (or
‘‘traits’’) moderate effects of stress hormones on emotional
memory.
Dispositional ‘‘affective style’’ refers to consistent interindividual differences in mood, emotional reactivity, and
emotion regulation (Davidson, 2000). Studies examining a
constellation of behavioral and physiological measures
(Davidson, 2000) show that affective style can be indexed
by biological measures as well as measures of self-reported
trait affect. In the current project, we use the Positive Affect
and Negative Affect Schedule (PANAS) — Trait Version (Watson et al., 1988) as an index of inter-individual differences in
trait affective arousal.
We used two different paradigms to examine in healthy
individuals how trait affective arousal moderates the relation
between acute cortisol elevations and memory formation. In
Study 1 we included only males, and manipulated endogenous cortisol levels using a laboratory-based stressor immediately after encoding emotional and neutral stimuli. Data
from Study 1 examining the moderating effects of acute
increases in negative affect (i.e., ‘‘State NA’’) on cortisol’s
relation with memory facilitation have been previously published (Abercrombie et al., 2006). Study 2 included males and
females, and we manipulated cortisol levels exogenously
using hydrocortisone or placebo administration during memory encoding.
Because research shows that cortisol facilitates memory
formation preferentially in individuals in an emotionally
aroused state (mentioned above), we hypothesized that
these findings would extend to trait measures of emotional
arousal. In other words, we hypothesized that cortisol would
facilitate emotional memory formation preferentially in individuals reporting higher levels of trait emotional arousal (in
particular, negative emotional arousal). Furthermore, a
rapidly growing literature has established sex differences
in the relation between memory and stress (Shors, 2006;
Andreano and Cahill, 2009; Wolf, 2009). We therefore
hypothesized that the role of trait emotional arousal as a
moderator may vary by sex.
In order to make firm inferences about the role of cortisol
in cognition, it is essential to jointly examine studies that
pharmacologically manipulate cortisol and studies that
manipulate cortisol levels naturalistically (e.g., with a stressor). Studies that manipulate cortisol levels using a lab-based
stressor limit inferences about the role of cortisol per se
because other elements of a stress response (e.g., autonomic
response; activation of neural circuitry) could be responsible
for observed effects (which may simply co-vary with cortisol
elevations). Studies that pharmacologically manipulate
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cortisol (vs. placebo) permit firm conclusions regarding the
causal role of cortisol elevation, but do not readily allow for
generalization of conclusions because of the artificial druginduced physiological state (i.e., a cortisol elevation absent
of other aspects of a stress response). Thus, we used two
different studies (one with manipulation of endogenous cortisol, and the other manipulating cortisol exogenously) to
examine whether findings replicate across both types of
studies.

2. Study 1
2.1. Study 1 Method
2.1.1. Study 1 Participants
Thirty-four healthy college-aged males met eligibility criteria. Exclusion criteria were: <18 years old, medical illness,
history of head injury, self-reported mental or substance use
disorder, daily tobacco use, night shift work, or treatment
with medication affecting endocrine or nervous systems.
Written informed consent was obtained in accordance with
the University of Wisconsin Health Sciences Institutional
Review Board.
Three participants were excluded from analyses: one
participant revealed marijuana use that was suspected to
have altered his data. Two participants were excluded due to
experimenter error during stimulus presentation. The final
sample contained 31 participants.
2.1.2. Study 1 Procedure
Participants took part in two laboratory visits: an initial
session (beginning at 1630 h) including memory encoding
followed by a speech stressor (Session 1), followed two
evenings later by recall testing in Session 2, which began
at either 1700 h or 1800 h. Additional information regarding
procedures is included in the original report (Abercrombie
et al., 2006).
Session 1. Participants were instructed to refrain from eating, exercising, and drinking anything but water for the hour
prior to the session. Participants encoded 21 pleasant, 21
neutral, and 21 unpleasant photographs (each presented for
6 s) from the International Affective Picture System (IAPS;
Lang et al., 2001). Endogenous cortisol levels were manipulated using a speech stressor immediately following encoding, which involved 5 min of anticipation and 15 min of
videotaped public speaking in front of a two-person evaluative audience.
Session 2. Free recall was assessed 48 h after Session 1.
Participants were given 10 min to list short descriptions of
all pictures they could remember from Session 1. During
Session 2 after all other study procedures were completed,
inter-individual differences in trait affective arousal1 were

1
Trait positive affect (PA) and negative affect (NA) were measured. Analyses for Trait PA and NA were conducted in parallel. Trait
PA did not moderate cortisol’s relation with memory in either study
and is therefore omitted.
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measured using the PANAS — Trait Version (Watson et al.,
1988).
Salivary cortisol. Salivary cortisol samples were obtained
using Salivettes (Sarstedt Inc., Newton, NC), at multiple
timepoints throughout the session. In order to capture cortisol output associated with the speech stressor we used
samples taken after the 5-min anticipation, after the 15min speech, and 10 min after the speech, when cortisol levels
typically peaked (see Fig. 1 from Abercrombie et al., 2006).
Salivary cortisol was assayed using Salimetrics (State College,
PA) cortisol enzyme immunoassay kits. Mean inter-assay CV%
was 7.4%, and mean intra-assay CV% was 3.8%. Cortisol output associated with the speech stressor was computed using
area under the curve with respect to ground (AUC; Pruessner
et al., 2003) for the 3 cortisol samples taken at the timepoints mentioned above (after anticipation, after speech,
and 10 min after speech). AUC was computed using logtransformed cortisol values (which are negative, as all our
samples fell below 1 mg/dL).
2.1.3. Study 1 Data analysis
We conducted a hierarchical regression to test the hypothesis
that inter-individual differences in Trait NA and endogenous
cortisol output during stress interactively predict subsequent
recall performance. In the regression analysis, free recall
performance (number of pictures recalled) was the dependent variable, and independent variables were entered as
follows: 1st, Cortisol AUC; 2nd, Trait NA; and 3rd, the interaction between AUC and Trait NA. Regression analysis was
followed by post hoc analyses. We used a median split on Trait
NA to create Low and High Trait NA groups. Correlations
between Cortisol AUC and memory performance were compared for Low vs. High Trait NA groups. Additionally, we
examined whether findings varied depending on valence.
In order to confirm that these findings were not a recapitulation of findings previously reported for State NA (Abercrombie et al., 2006), we also examined how State NA and Trait NA
together predicted memory performance.

2.2. Study 1 Results and discussion
Interactive effects of Trait NA and inter-individual differences in stress-induced cortisol-output: Table 1 displays
results from a hierarchical regression predicting free recall
performance. The interaction between Cortisol AUC and Trait
NA significantly predicted free recall performance, accounting for 21% of variance in free recall scores, over and above
variance accounted for by Cortisol AUC and Trait NA. In order
to disentangle the significant interaction, a post hoc median
split on Trait NA was used to create Low and High Trait NA
groups, with means for Trait NA of 11.9 (1.03) and 17.5 (3.5),
respectively.2 Higher Cortisol AUC was related to better total

2
The Low vs. High Trait NA groups did not differ on cortisol output
during the speech ( p > 0.35) nor on recall performance for total,
pleasant, neutral, or unpleasant pictures ( p’s > 0.38). It should also
be noted that the ‘‘High Trait NA’’ group exhibits only moderate
levels of negative affect, which should be considered ‘‘high’’ levels
of NA only within the context of a healthy study sample.
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Table 1 Study 1: Log Cortisol AUC and Trait NA interactively
predicted free recall performance (DV = number of words
recalled).
R2

Increment in R 2 F

0.05 —
Log Cortisol AUC
Trait NA
0.06 0.01
Log Cortisol AUC X Trait NA 0.27 0.21

p

1.52 n.s.
0.26 n.s.
7.62 <0.02

recall scores in the Low Trait NA group, r(16) = 0.55,
p < 0.03, but not in the High Trait NA group,
r(13) = 0.01, n.s. (Fig. 1). Thus, in individuals with lower
Trait NA, greater stress-related cortisol output was related to
memory facilitation. In individuals with higher Trait NA,
stress-related cortisol output was unrelated to memory formation.
Findings presented separately by stimuli valence category: In the Low Trait NA group higher Cortisol AUC was
related to better recall for both pleasant, r(16) = 0.56,
p < 0.02, and neutral r(16) = 0.58, p < 0.02, but not unpleasant, r(16) = 0.29, n.s., pictures. In the High Trait NA group,
Cortisol AUC was unrelated to recall across all emotion
categories, r’s ranged 0.11 to 0.26.
Additional analyses to ensure that the findings for Trait
NA were not simply a recapitulation of the findings for
change in State NA previously reported for this sample
(Abercrombie et al., 2006): In this sample, lower Trait NA
was positively related to lower State NA at baseline,
r(30) = 0.43, p < 0.02, and lower Trait NA was marginally
related to greater increase in State NA, r(30) = 0.35,
p = 0.06, potentially suggesting that individuals with lower
Trait NA tended to show greater increase in State NA. Therefore, for the current analyses, we added the variables tested
in the previous report (i.e., change in State NA, the interaction between Trait NA and change in State NA, and the
interaction between Cortisol AUC and change in State NA) to
the model predicting subsequent recall performance. Even
after inclusion of these State NA variables in the model, the
interaction between Trait NA and Cortisol AUC remained,
F(6,24) = 4.10, p = 0.05. Furthermore, the median split on
Trait NA used here produced different subsets of subjects
than did the median split on change in State NA (used in the
previous report); only 32% of the Low Trait NA group also
belonged to the High State NA group, and only 39% of subjects
fell in the same group (i.e., either Low or High) for both State
and Trait NA median splits. Thus, the finding presented herein
is novel with respect to our previous finding in this sample
(Abercrombie et al., 2006).
Summary: Altogether, these findings in males show that
Trait NA moderates the relation between stress-related
endogenous cortisol elevations and subsequent recall performance. However, the direction of these findings is opposite to the prediction based on findings regarding acute
emotional arousal (i.e., that cortisol and memory would
be related only in individuals with High Trait NA). Our current
findings show that cortisol output is related to memory
facilitation only in males with low levels of Trait NA.
The opposite findings for State vs. Trait NA are consistent
with research showing opposite effects of acute vs. chronic
stress on emotional learning in males. Acute stress and/or GC
elevation has been found to facilitate learning on a number of
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Figure 1 Study 1: Scatter plots of the relation between Log Salivary Cortisol AUC and free recall performance (total number of
pictures recalled), presented separately for Low and High Trait NA groups for men in Study 1. Higher salivary cortisol was related to
memory facilitation only in men with Low Trait NA. Removal of the outlier with very low cortisol levels from the High Trait NA group does
not alter the moderating effects of Trait NA. After removal of the outlier, the zero-order correlation reported here for the High Trait NA
group is r = 0.14, n.s. After removal of the outlier, the effects reported in Table 1 are R2 = 0.30 for the total model with a partial R2 (i.e.,
increment in R2) of 0.15, p < 0.03 for the interaction of Cortisol AUC and Trait NA.

tasks in males, while chronic stress often impairs learning
(Andreano and Cahill, 2009). One could speculate that High
Trait NA and a negative affective style (possibly mirroring
certain aspects of chronic stress) might weaken or block
facilitatory effects of acute GC elevation on explicit memory
formation in males.

3. Study 2
3.1. Study 2 Method
3.1.1. Study 2 Participants
Fifty-two healthy males and females met eligibility criteria
(age between 18 and 35; self-reported good health; English
fluency). Exclusion criteria included pregnancy, lactation,
daily tobacco use, fear of needles, history of adverse
responses to IV or blood draw, medical or psychiatric symptomatology, medication affecting central nervous system
function, steroidal medications, adverse responses to steroid
medications, and night shift work. Only women using hormonal contraceptives were included to reduce risk of pregnancy
and somewhat reduce variability in endogenous HPA activity
and reproductive hormones due to menstrual phase (Kirschbaum et al., 1999). Women on different formulations of
hormonal contraceptives were included (e.g., monophasic
and triphasic formulations). Study sessions were scheduled
such that neither drug administration session fell within the
‘‘placebo’’ week of oral contraceptives.
Five participants did not complete memory testing. Data
from three additional participants were dropped due to
failure to follow instructions or experimenter error. An additional subject fell asleep during a memory encoding session,
and was therefore excluded. Another subject showed recall
performance that was 3 SDs lower than mean recall performance, and was therefore dropped. The final sample
included 22 women and 20 men.
3.1.2. Study 2 Procedure
Study sessions took place at the Clinical and Translational
Research Core (CTRC) at the University of Wisconsin Hospital.

Participants completed three sessions, each beginning at
1600 h. Participants refrained from food and caffeine intake
and exercise for 2 h prior to each session. Additional information regarding study procedures can be found in a report
not addressing recall performance (Wirth et al., 2011). Written informed consent was obtained in accordance with the
University of Wisconsin Health Sciences Institutional Review
Board.
In the first two sessions (48 h apart), participants received
0.1 mg/kg body weight intravenous hydrocortisone (CORT;
synthetic cortisol) or physiological (0.9%) saline (placebo) in
a double-blind randomized order, administered over 30 min
using a programmed pump. Blood samples for measurement
of plasma cortisol were taken as follows: 3 samples prior to
drug infusion, 1 sample during infusion, 4 samples in the 1st
hour following infusion while cortisol levels were elevated,
and 3 additional samples were taken during the 2nd and 3rd
hours after infusion as cortisol levels began to drop (see Figs.
1 and 2 from Wirth et al., 2011). This CORT dose resulted in
plasma cortisol levels higher than those caused by moderate
stressors like public speaking (Kirschbaum et al., 1993), but
were still within the physiological range, comparable to
levels resulting from strenuous exercise or asthma-related
distress (Fry et al., 1991; Cydulka and Emerman, 1998). It
should be noted that despite adjustment of CORT dose by
weight, sex differences emerged in peak plasma cortisol,
with average (SD) peak of 28.75 (6.88) mg/dL for men and
52.94 (8.15) mg/dL for women.
During the second half of drug infusion, when cortisol
levels were significantly elevated on the CORT day (see Wirth
et al., 2011), a picture viewing task was administered for
memory encoding. During picture viewing in each session,
participants encoded 23 unpleasant and 23 neutral IAPS
pictures which were displayed for 5 s3 (Lang et al., 2001).
Two sets of psychometrically matched pictures were created

3

For two subjects, pictures were presented for 6 s, which extended the task past the point of automatic shut-off tone on IV pump.
Thus, picture presentation was changed to 5 s.
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3.1.3. Study 2 Cortisol processing
Blood samples were centrifuged for extraction of plasma,
which was aliquoted and stored at 80 8C until analysis.
Cortisol assays were performed with Coat-A-Count radioimmunoassay (RIA) kits (Siemens Healthcare Diagnostics),
which have a lower limit of detection of 0.2 mg/dL. Mean
inter-assay CV% was 5.9%, and mean intra-assay CV% was
4.0%. Post-drug plasma cortisol levels were computed using
area under the curve with respect to ground (AUC; Pruessner
et al., 2003) for the 6 samples starting immediately after
drug infusion and spanning until 2 h after infusion. The final
sample occurring approximately 3 h after drug infusion was
not included in AUC because 5 subjects were missing this
sample because of time constraints. AUC was computed using
log-transformed cortisol values.
3.1.4. Study 2 Data analysis
We analyzed the data using hierarchical regression. The
dependent variable was the difference between recall for
pictures encoded during CORT vs. during placebo, which
reflects magnitude and direction of effects of CORT on subsequent recall for each individual (relative to his/her own
recall performance for pictures encoded during placebo).
Independent variables were entered as follows: 1st Drug
Order, 2nd Cortisol AUC, 3rd Sex, 4th Trait NA, and 5th the
interaction between Sex and Trait NA. Drug Order and Cortisol AUC were entered first to test for any effects of order of
drug administration (i.e., CORT first vs. placebo first) or
variation in magnitude of cortisol elevation, and to adjust
for any variance related to these potentially confounding
variables. Sex and Trait NA and their interaction were
entered to test hypotheses about whether Trait NA moderated effects of CORT on memory formation, and whether
these effects varied by Sex.
Next, we conducted a set of analyses analogous to Study 1
analyses in which we examined variation in post-drug cortisol
levels after CORT administration in relation to memory performance. Last, we examined whether results varied based
on stimuli valence.

Table 2 Study 2: Sex and Trait NA interactively predicted
CORT’s effects on free recall performance (DV = recall performance for number of words encoded during CORT minus
placebo administration). Drug Order and cortisol levels (i.e.,
Log Cortisol AUC) are potential confounds, and have been
placed in the model to adjust for variance related to these
factors. It should be noted that the Sex  Trait NA interaction
remains significant even when Drug Order and/or Log Cortisol
AUC are removed from the model.

Drug Order
Log Cortisol AUC
Sex
Trait NA
Sex  Trait NA

R2

Increment
in R 2

F

p

0.03
0.04
0.05
0.08
0.24

—
0.01
0.01
0.03
0.16

1.52
0.36
0.14
1.07
7.90

n.s.
n.s.
n.s.
n.s.
<0.01

recall (DV = subsequent recall for pictures encoded during
CORT minus placebo administration). The table shows that
(1) neither Drug Order nor Cortisol AUC significantly affected
subsequent recall, (2) neither Sex nor Trait NA alone predicted the effects of CORT on recall, and (3) the interaction
between Sex and Trait NA significantly predicted CORT’s
effects on subsequent recall performance, accounting for
16% of the variance over and above the already-entered
variables. Post hoc tests showed that in women, Trait NA
predicted CORT’s effects on total recall, r(21) = 0.54,
p < 0.01, such that CORT facilitated memory formation predominantly in women with higher Trait NA (Fig. 2). In men,
Trait NA and recall performance were not significantly
related. However, when Trait NA and Trait PA were summed,
which reflects overall emotional arousal, trait emotional
arousal predicted CORT’s effects on total recall,
r(19) = 0.52, p < 0.02, such that CORT facilitated memory
formation predominantly in men with lower trait emotional
arousal (Fig. 3). Thus, findings for overall trait emotional
arousal in men in Study 2 were similar to findings in Study 1 in

Women
25
r = .54
p < .01
20

Trait NA

to allow for presentation of different pictures in CORT and
placebo sessions. To keep participants engaged during picture viewing, they rated pictures for emotional qualities.
The third session (4 days following Session 2) included free
recall testing for pictures encoded during CORT and placebo
sessions. During the third session after all other study procedures were completed, a packet of questionnaires was
administered that included the PANAS — Trait Version (Watson
et al., 1988), for measurement of inter-individual differences
in Trait NA.
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3.2. Study 2 Results and discussion
No main effects of CORT on memory: Drug (i.e., CORT vs.
placebo administration) did not significantly affect subsequent recall performance, nor did Sex interact with Drug,
p’s > 0.60. Thus, across all individuals, CORT did not significantly affect memory.
Trait NA and Sex moderated the effects of CORT on
memory: Table 2 displays results from a hierarchical regression predicting the effects of CORT vs. placebo on subsequent
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Figure 2 Study 2: Scatter plot showing the relation between
Trait NA and CORT’s effects on total subsequent recall in women.
In women, greater Trait NA predicted greater facilitatory effects
of CORT administration (vs. placebo) on subsequent recall.
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Figure 3 Study 2: Scatter plot showing the relation between
trait emotional arousal (i.e., the sum of PANAS NA and PA) and
CORT’s effects on total subsequent recall in men. In men, lower
trait emotional arousal predicted greater facilitatory effects of
CORT administration (vs. placebo) on subsequent recall.

which endogenous cortisol elevations were related to memory facilitation only in men with lower Trait NA.
Tying together Studies 1 and 2: Because we used a placebo-controlled drug manipulation in Study 2, we were able
to use each participant as his/her own control (examining the
difference in memory performance for words encoded during
CORT minus placebo). However, in Study 1, which did not
include a control condition, we were limited to examining
how Trait NA moderated the relation between memory and
inter-individual variation in stress-induced cortisol elevations. In order to directly compare results across both studies, for Study 2 we conducted a set of analyses analogous to
Study 1 — we used a median split on Trait NA to examine
whether Trait NA moderated the relation between memory
and inter-individual variation in post-drug cortisol elevations on the CORT day.4
In women in Study 2, variation in post-drug Cortisol AUC was
related to total recall performance only in women with higher
Trait NA. In the group of women with higher Trait NA, the
correlation between post-drug Cortisol AUC and total recall
was r(9) = 0.84, p < 0.001. In the group of women with Low
Trait NA, the correlation was r(11) = 0.03, n.s. (Fig. 4). Thus,
both sets of analyses for Study 2 suggest that CORT is related to
greater facilitation of memory in women with higher Trait NA.
However, in men, results were not significant using these
analysis methods. After median split based on Trait NA, correlations between post-drug Cortisol AUC and recall performance were not significant in men in Study 2, r’s < 0.30, n.s.
Thus, for men in Study 2, only the first analysis strategy
presented above suggested that trait emotional arousal moderated the relation between cortisol and memory formation.
Findings presented separately by stimuli valence category: Women. Higher Trait NA predicted greater memory
facilitation by CORT for both negative and neutral pictures

4
It should be noted that neither for women nor men did post-drug
AUC values differ for the Low vs. High Trait NA groups, p’s > 0.79.

in women, findings which were significant for negative pictures, r(21) = 0.51, p < 0.02, and trend-level for neutral
pictures, r(21) = 0.39, p = 0.07. When using the analysis
strategy similar to Study 1 (examination of the relation
between subsequent recall and variation in post-drug cortisol
levels on the CORT day), higher cortisol levels were related to
memory facilitation in the High Trait NA group but not in the
Low Trait NA group for neutral pictures: High Trait NA group,
r(11) = 0.82, p < 0.002, and Low Trait NA group r(9) = 0.04,
n.s. A similar pattern was apparent for negative pictures at a
trend-level: High Trait NA group, r(11) = 0.49, p = 0.10, and
Low Trait NA group r(9) = 0.02, n.s. Thus, for both analysis
strategies in women, higher Trait NA predicted greater cortisol-related memory facilitation for both negative and neutral stimuli, findings which were statistically significant or at
trend-levels when broken down by stimulus type.
Men. As mentioned above, Study 2 did not reveal significant moderation of CORT’s effects by Trait NA in men.
However, lower trait emotional arousal (including both positive and negative affective arousal) predicted CORT-related
memory facilitation for total recall in men, a finding most
apparent for recall of negative pictures, r(19) = 0.56,
p < 0.01, but also apparent at a trend-level for neutral
stimuli, r(19) < 0.37, p = 0.11. Thus, findings for Study 2
do not significantly differ for negative vs. neutral stimuli.

4. General discussion
In two studies with very different designs, Trait NA moderated the relation between cortisol elevations and memory
formation. In Study 1, in men with lower Trait NA, greater
endogenous cortisol elevations during stress were related to
memory facilitation. These data suggest that in men with Low
Trait NA, cortisol elevations during stress may enhance learning. In males with higher Trait NA, no relation between
cortisol elevations and recall performance was observed.
These data possibly suggest that High Trait NA weakens or
blocks the facilitatory effects of acute cortisol elevations on
memory formation in males. These findings are somewhat
counter-intuitive, given data showing that higher state emotional arousal appears to play a permissive effect in GCs’
facilitatory effects on memory (Okuda et al., 2004; Abercrombie et al., 2006; Roozendaal et al., 2006a). Some data
even suggest that higher state emotional arousal is a necessary prerequisite for GCs’ effects on memory (Roozendaal
et al., 2006b). Our findings, however, suggest that even after
adjusting for state emotional arousal, higher cortisol levels
are related to memory facilitation in men with lower (but not
higher) Trait NA.
In Study 2, men and women received both CORT and
placebo, such that each participant served as his/her own
pharmacological control. Study 2 showed that Trait NA moderated the effects of CORT on subsequent recall, which was
apparent when the interaction between Trait NA and Sex was
included in the statistical model. Data in males partially
replicated the counter-intuitive findings in Study 1. In Study
2, although Trait NA was not related to memory performance,
analyses using trait affective arousal (summed across both
Trait NA and PA) replicated Study 1. These Study 2 findings in
men showed that lower trait affective arousal was associated
with greater facilitatory effects of CORT on memory.
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Figure 4 Study 2: Scatter plots of the relation between Log Plasma Cortisol AUC and free recall performance (total number of
pictures recalled), presented separately for Low and High Trait NA groups for women in Study 2. These plots present results from
analyses analogous to those conducted in Study 1. As shown here, in Study 2 higher salivary cortisol was related to memory facilitation
only in the group of women with High Trait NA (based on median split).

Conversely, in women in Study 2, higher Trait NA was
associated with greater facilitatory effects of CORT on memory. In women with higher Trait NA, cortisol elevations
enhanced memory for unpleasant and neutral pictures.
The data in women are more consistent with prediction based
on studies manipulating state affect, which show that higher
state affective arousal is related to memory facilitation
(Abercrombie et al., 2006; Roozendaal et al., 2006a).
It should be noted that we did not find a main effect of
CORT on memory performance in Study 2. Although cortisol
and other glucocorticoids robustly affect memory, it is a
variable phenomenon — with acute cortisol elevations at
times impairing and other times enhancing memory (Joëls
and Krugers, 2007; Champagne et al., 2008). A number of
other studies using pharmacological manipulation of GCs
have failed to show effects on declarative memory (Lupien
et al., 1999). In addition, other studies have found effects of
GCs on one type of declarative memory but not other types
(Buchanan and Lovallo, 2001). Many factors alter the effects
of GCs on learning, such as level of cortisol elevation and time
of day (Lupien and McEwen, 1997; Joëls and Krugers, 2007).
The cortisol elevations in Study 2 may have been too high at
the time of day we ran subjects (1600 h) to observe a consistent effect on memory. Further, possibly the within-subjects design hampered our ability to detect effects. However,
the goal of the analyses in humans presented here was to
extend recent work in animals that shows that enduring
qualities of the individual and the past history of the individual alter the effects of GCs on memory. Our goal was to show
that despite null effects of cortisol for the entire group,
inter-individual differences in trait affective style moderate
the effects of cortisol in humans.

4.1. Cortisol and memory: relevance of the
moderating role of Trait NA
Understanding the mechanisms underlying vulnerability to
stressors is of great importance. Cortisol plays a role in
emotional cognition in psychopathological conditions, such
as depression (Abercrombie et al., 2011) and PTSD (de
Quervain, 2008). Some individuals may exhibit a heightened
risk for cortisol’s facilitatory effects on memory for

threatening information. Indeed, PTSD has been associated
with heightened neural sensitivity to cortisol (Grossman
et al., 2006; Yehuda et al., 2006). On the other hand, various
data suggest that depression may be associated with cortisol
insensitivity (Raison and Miller, 2003; Pariante, 2009). Some
depressed individuals may be under-sensitive to cortisol’s
effects on neural processing of positive or neutral information, e.g., its permissive effects on hippocampal neuronal
functioning (McEwen, 1994; Abercrombie et al., 2011). Trait
NA and Sex may be among the stable factors that predict
cognitive and neural sensitivity to cortisol elevations. Data in
rodents also suggest that variation in one’s early environment
(i.e., levels of maternal care) creates lasting inter-individual
differences that predict the direction of GC’s effects on
learning (Champagne et al., 2008).
Behavioral and pharmacological interventions can directly
target processes related to learning (Pittenger and Duman,
2008). As individuals practice behavioral techniques that
alter trait emotional arousal and/or their transient emotional arousal during stress, they may alter the nature in
which stress hormones affect memory and neuroplasticity. In
addition, animal data show that antidepressants ameliorate
the effects of chronic stress on neurobiological mechanisms
associated with learning (Pittenger and Duman, 2008).
Research in humans has only begun to examine the role of
pharmacological agents in the enhancement of therapeutic
learning (and/or prevention of maladaptive learning) (de
Quervain, 2008; Norberg et al., 2008). Pharmacological
manipulation of corticosteroid receptors during psychotherapy is one hypothesized method of enhancement of psychotherapeutic learning.

4.2. Why do inter-individual differences in NA
alter cortisol’s effects on memory?
Animal data show that the basolateral nucleus of the amygdala is necessary for both the enhancing and impairing effects
of GCs on memory (Roozendaal et al., 2006a). Individuals
dispositionally prone to negative affect show enhanced negative affect-related amygdala activation (Abercrombie et al.,
1998; Schwartz et al., 2003; Oler et al., 2010). Possibly, Trait
NA moderates the effects of cortisol on memory by virtue of
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inter-individual differences in thresholds for activation of the
amygdala.
Importantly, the effects of stress and/or GCs on learning
are often in opposite directions for males and females, or
apparent in only one but not the other sex (Andreano and
Cahill, 2009). Work in rodents shows that the basolateral
amygdala is necessary for induction of opposite effects of
stress on learning in males vs. females on an associative
learning task (Waddell et al., 2008). These rodent data are
very important, because they underscore the role of the
basolateral amygdala in stress effects on learning, and provide the novel finding that basolateral amygdala activation is
necessary to induce opposite effects in males and females.
However, data from the current studies do not permit firm
conclusions about sex differences (i.e., whether Trait NA
moderates cortisol’s effects differently for men and women),
because of limitations in our project: in Study 1 only males
were included; in Study 2 all females were in the active phase
of hormonal contraceptive use; and in Study 2, CORT produced differing cortisol levels in males and females. Although
findings remain unchanged in Study 2 after adjustment for
cortisol levels (Log Cortisol AUC), the sex differences
observed here may be due to differences in the magnitude
of cortisol elevations or other factors. Furthermore, variance
within the female sample could be related to different
formulations of hormonal contraceptives. The primary message of the current report is that Trait NA was repeatedly
found to moderate the relation between cortisol and memory
formation; it is unclear whether sex accounts for the differences in direction of findings. Replication of sex differences
observed here is needed, and the contribution of menstrual
phase and hormonal contraceptive use must be determined.
A limitation of this project is that the two studies used very
different designs. Study 1 used a within subjects design with
manipulation of endogenous cortisol immediately after encoding. The lack of a non-stress control condition limits conclusions
that can be drawn from Study 1. Study 2 used a repeatedmeasures design in which each participant received IV administration of CORT or placebo prior to learning. Because Study 2
included a control condition, we were able to examine the
effects of CORTcompared to placebo, which permitted analyses
that did not rely solely on correlations based on inter-individual
differences in cortisol levels. Despite the differences in study
designs, both studies showed that trait affective arousal moderated the relation between cortisol and memory formation.
Another limiting factor is that the current project does not
show whether or not findings depend on the valence of the tobe-remembered stimuli. Although Study 1 showed moderating effects of Trait NA for positive and neutral pictures, Study
2 did not include pleasant pictures and did not show significant differences in the moderating effects of Trait NA on
memory for neutral vs. negative pictures. Thus, conclusions
cannot be drawn regarding differential effects based on
stimuli valence. Future research must specifically examine
whether the moderating effects of trait emotional arousal on
cortisol’s effects on memory depend on stimuli valence.

5. Summary
These data are the first we know of to examine how trait
affective arousal moderates the relation between acute
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cortisol elevations and memory formation in humans. In
two studies using very different methods, we found that
Trait NA moderated the relation between cortisol elevation
and memory formation. Identification of trait-like factors
that alter the effects of stress hormones on emotional cognition may be essential to understand why some individuals
show resilience vs. pathology in the face of stress.
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