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Stress is a potent modulator of brain function and particularly mnemonic processes. While chronic stress is associated with

long-term deficits in memory, the effects of acute stress on mnemonic functions are less clear as previous reports have been

inconsistent. Some studies suggest that cortisol, a stress hormone that modulates biological changes in response to stress,

may enhance memory consolidation and impair memory retrieval. However, other studies report no effect of cortisol

on either memory consolidation or retrieval. These discrepancies could be due to differences in the timing and sequencing

of the experimental procedures or individual differences in participants’ stress response. In the present study, we examined

the effect of increased cortisol levels due to acute stress, induced by the Trier Social Stress Test (TSST), on a pattern sep-

aration memory task while differentiating the distinct stages of memory processing and controlling for the effects of diurnal

variation. Sixty-nine young adults completed a 2-d study in which subjects either underwent the TSST immediately follow-

ing the encoding part of the memory task, targeting memory consolidation, or immediately prior to the recognition part of

the memory task on the second day, targeting memory retrieval. Control subjects completed the same study procedures

but underwent a control version of the TSST that did not induce a stress response. Mnemonic discrimination of highly

similar stimuli was enhanced by stress induced during consolidation with better discrimination showing a significant corre-

lation with increased cortisol responses. Stress induced during memory retrieval showed no significant effect on memory

performance. These findings suggest that stress induced changes in cortisol differentially affect the consolidation and re-

trieval stages of memory function.

Extensive evidence has suggested that stress is a potent modulator
of brain function and cognition, affecting attention, sensory, and
particularly mnemonic processes (de Kloet et al. 1999; McEwen
1999; Sandi 2003; Sandi and Pinelo-Nava 2007). While chronic
stress, or prolonged activation of the stress response, is associated
with long-term deficits in memory (for review, see Joëls et al.
2004), acute stress has been observed to have differential effects
on mnemonic functions. Glucocorticoids (cortisol in humans,
corticosterone in rats) are stress hormones that modulate changes
in the body that occur in response to stress. In healthy adults,
several studies have suggested an enhancing effect of cortisol
on memory consolidation, the process of converting memories
into long-term storage (Smeets et al. 2008; McCullough and
Yonelinas 2013; for review, see de Quervain et al. 2009) and a det-
rimental effect of stress onmemory retrieval (Roozendaal, 2002; de
Quervain et al. 2003; Coluccia et al., 2008). However, others have
failed to find such beneficial and detrimental effects of stress
on consolidation and retrieval (Rimmele et al. 2003, 2015;
Boehringer et al. 2010).

One possible explanation for these conflicting results is that
the effect of stress is nonlinear and instead follows an inverted
U-shape dose response curve where moderate stress levels are
associated with improved memory performance compared to
very low or high levels of stress (Kovacs et al. 1976; Flood et al.
1978; Andreano and Cahill 2006). An alternative explanation is
provided by the significant differences observed by Het et al.
(2005) between studies that administered cortisol in the morning
compared to the afternoon, likely due to diurnal changes in corti-

sol concentrations and the timing of glucocorticoid treatment
(e.g., before learning, after learning, or before retrieval) suggesting
acute stress may affect learning, consolidation, and retrieval differ-
ently. Upon the induction of stress, peaks in cortisol levels typical-
ly occur 10 min after cessation of the stress exposure (Smeets et al.
2008; Het et al. 2009; Petrowski et al. 2010), although peaks have
also been observed 20–25 min after the beginning of stress induc-
tion (Rohleder et al. 2001). The delayed peak response could cause
elevated glucocorticoids to act onmultiple memory processes if re-
call was tested immediately following new learning.

The present study aimed to investigate the effects of acute
stress on hippocampus-dependent memory function by differenti-
ating between the distinct stages of memory processing while con-
trolling for the effects of diurnal variation. The Trier Social Stress
Test (TSST), a standardized laboratory protocol that combines pub-
lic speaking,mental arithmetic, threat anticipation, and social eval-
uation, was used to induce a robust and reliable acute stress
response in participants either immediately following encoding
or immediately preceding retrieval 24-h later (Kirschbaum et al.
1993). Memory performance was assessed using the object version
of the behavioral pattern separation (BPS-O) task designed to tax
hippocampus-dependent memory function (Kirwan and Stark
2007; Bakker et al. 2008; Stark et al. 2013). The BPS-O consists of
an encoding phase and a retrieval phase facilitating the examina-
tion of differential effects of stress on memory consolidation and

Corresponding author: abakker@jhu.edu

# 2019 Jiang et al. This article is distributed exclusively by Cold Spring Harbor
Laboratory Press for the first 12 months after the full-issue publication date (see
http://learnmem.cshlp.org/site/misc/terms.xhtml). After 12 months, it is avail-
able under a Creative Commons License (Attribution-NonCommercial 4.0
International), as described at http://creativecommons.org/licenses/by-nc/4.0/.Article is online at http://www.learnmem.org/cgi/doi/10.1101/lm.048546.118.

26:121–127; Published by Cold Spring Harbor Laboratory Press
ISSN 1549-5485/19; www.learnmem.org

121 Learning & Memory

mailto:abakker@jhu.edu
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.learnmem.org/cgi/doi/10.1101/lm.048546.118
http://www.learnmem.org/cgi/doi/10.1101/lm.048546.118
http://www.learnmem.org/site/misc/terms.xhtml


retrieval. The task assesses pattern separation, the ability to dif-
ferentiate highly similar experiences into distinct nonoverlap-
ping representations, a process thought to rely on the dentate
gyrus (DG) subregion of the hippocampus and crucial to reducing
interference in the formation of new episodic memories. Balanced
against pattern separation is pattern competition, a process
enabling the retrieval of previously stored information based on
commonalities between the current input and prior experiences.
Pattern completion is thought to rely on the significant auto-asso-
ciative collaterals of the CA3 subregion of the hippocampus. The
significance of pattern separation and pattern completion in epi-
sodic memory function has been previously examined in rodents
(Leutgeb et al. 2004, 2007; Wilson et al. 2005), normal memory
function in humans (Bakker et al. 2008), age-related memory im-
pairment in older adults (Yassa et al. 2010; Huffman and Stark
2017; Stark and Stark 2017) and patients with amnesticmild cogni-
tive impairment (Bakker et al. 2012, 2015; Tran et al. 2017). While
only an inferential measure, this behavioral task is thought to pro-
vide a measure of DG and CA3-mediated memory function which
has been shown to be sensitive to stress and aging (Joels et al.
2008; Stark et al. 2013; for review, see Fa et al., 2014).

These methods were used to test the hypothesis that acute
stress enhances the consolidation but impairs the retrieval of
highly similar stimuli. Results show that acute stress induced dur-
ing memory consolidation led to improved discrimination accura-
cy and better recollection of detailed memory across varying
degrees of similarity. Measures of cortisol showed a positive linear
relationship suggesting that increased cortisol levels are associated
with stronger consolidation of separated representations of highly
similar items. In contrast, stress induced
during the retrieval phase did not signifi-
cantly impact memory performance for
similar items when compared to controls.
These findings show that increased corti-
sol levels resulting from an acute stress
response affect specifically the consolida-
tion phase of memory encoding, enhanc-
ing the encoding of pattern separated
information thereby increasing the level
of detail available for retrieval while the
retrieval process itself is not affected by
acute changes in cortisol levels.

Materials and Methods

Participants
Eighty healthy young adult males partici-
pated in the study. Female participants
were excluded to avoid potential con-
founds due to menstrual cycle phases
and use of hormonal contraceptives
(Kirschbaum et al. 1999; Bouma et al.
2009). Inclusion criteria required all par-
ticipants to be between the ages of 18
and 30 yr old, native English speakers,
and able to providewritten informed con-
sent. Exclusion criteria prevented individ-
uals who met any of the following
characteristics from participating in the
study: major psychiatric or behavioral
disorders including current major depres-
sion, major neurological conditions, or
the presence of clinically significant
disease. These criteria were evaluated
through interviews and self-report.

The study was approved by the
Institutional Review Board of the Johns

HopkinsMedical Institutions. All participants provided written in-
formed consent and were compensated with class credit for their
participation in the study.

Study design and procedures
Participantswere asked to complete two visits over the course of 2 d
and were randomly assigned to one of four groups: consolidation-
stress, consolidation-control, retrieval-stress, or retrieval-control
(Fig. 1). In the consolidation-stress group, exposure to stress
was aimed to specifically influence the conversion of short-term
memories into long-term memories (memory consolidation).
Participants in the consolidation-stress group first completed the
encoding phase of behavioral pattern separation objects memory
task (BPS-O; see 2.3), which presented images of objects for the par-
ticipant to study. Immediately afterwards, participants were ex-
posed to a stressful situation through the TSST. In the second
visit which occurred 24 h after the first visit, participants complet-
ed the recognition phase of the BPS-O task, which tested the partic-
ipant’s memory for the images seen the day before.

In the retrieval-stress group, exposure to stress was aimed to
influence the process of retrieving long-term memories (memory
retrieval). Participants in the retrieval-stress group completed the
encoding phase of the BPS-O task during their first visit. After a
24-h delay they were exposed to a stressful situation with the
TSST and completed the recognition phase of the BPS-O memory
task immediately afterwards.

All control participants in the study completed the same pro-
cedures except with a nonstressful, control version of the TSST
(control-TSST). Of the control participants, half were exposed to
the control-TSST after the encoding phase of the memory task
(consolidation-control group) while the other half were exposed

A
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Figure 1. (A) Outline of study design. Participants in the consolidation-stress group completed the en-
coding phase of the memory task followed by the TSST during the first visit. During the second visit, 24 h
later, participants completed the recognition phase of thememory task. Participants in the retrieval-stress
group completed the encodingphase of thememory task during their first visit, and thenwere exposed to
the TSST and recognition phase of the memory task in the second session. Consolidation-control and
retrieval-control groups followed the same sequence and timing of procedures as the corresponding ex-
perimental groups but completed a nonstressful control-TSST instead. (B) Behavioral pattern separation
task. On the first day, participants completed an incidental indoor–outdoor judgment task during the en-
coding phase. Twenty-four hours later, recognition was tested using an old-similar-new judgment task
with repeat, first, and lure images. (C ) Sample stimuli and their lures arranged in order of mnemonic sim-
ilarity from most similar (L1) to least similar (L5).
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prior to the recognition phase of the BPS-Omemory task (retrieval-
control group).

All participants were asked to provide saliva samples immedi-
ately before and after the TSST or control-TSST. Finally, partici-
pants completed a self-report questionnaire (the State Trait
Anxiety Inventory) to assess the subjective level of psychological
stress (Spielberger and Sydeman 1994). Following completion of
all the study procedures, participants were debriefed about the pur-
pose of the study.

Behavioral pattern separation memory task
The behavioral pattern separation task-object version (BPS-O) is a
computer-based memory task designed to tax hippocampus-
dependent memory function. The task has been studied extensive-
ly and used in both normal and clinical populations (Kirwan et al.
2007; Bakker et al. 2008, 2012, 2015; Stark et al. 2013, 2015; Tran
et al. 2017). The BPS-O task consists of an incidental encoding
phase and a three-alternative forced-choice recognition phase
(Fig. 1B). In the incidental encoding phase, participants passively
encoded pictures of everyday objects by determining whether
the observed item is most commonly an indoor or an outdoor
item (128 items shown for 2.5 sec each, with an inter-stimulus in-
terval (ISI) of 0.5 sec). In the recognition phase performed 24 h lat-
er, participantswere tested onwhether images they sawwere “old,”
“similar,” or “new” to the images they saw in the study phase (192
items total, 2.5 sec each, 0.5 sec ISI). One-third of the images (64
images) were exactly the same from the study phase (repeats), one-
third of the images were similar but not identical to those seen dur-
ing the study phase (lures), and one-third of the images were novel
images seen for the first time (firsts). The critical trials were the lure
trials assessed by the rates at which the participant correctly iden-
tified lure items as “similar.” Correct identification of the merely
similar lure items is thought to depend on DG mediated pattern
separation, referring to the ability to separate overlapping inputs
into distinct representations. Incorrectly identifying lures as
“old” is thought to reflect evidence of pattern completion, a com-
plementary function thought to be mediated by the CA3 and its
strong auto-associative network, reflecting retrieval of previously
stored information based on commonalities between the current
input and prior experiences. Based on the probability of calling
lures “old” in a previous study, lure items were further divided
into five bins ranging from most mnemonically similar lures (L1)
to least mnemonically similar lure (L5) (Fig 1C; Lacy et al. 2011).

Trier Social Stress Test
The TSST is designed to provide a standardized exposure to stress in
a laboratory setting (Kirschbaum et al. 1993). The component of
the TSST designed to induce stress is divided into three 5-min parts.
In the first part, participants were asked to prepare a speech ex-
plaining why they were the best candidates for an ideal job.
Participants were allowed to use pen and paper during a prepara-
tion period, but were not allowed to use their notes during the pre-
sentation. In the second part, participants presented their speech
to a panel of two researchers, one male and one female, posing
as expert judges. The judges maintained neutral expressions and
observed the participant without comment. If the participants
did not use the full 5 min allocated for this portion of the test,
the judges asked the participants to continue until time was up.
In the final part of the TSST, participants performed amental arith-
metic task by serially subtracting the number 13 from 3087. If a
mistake was made, the judges asked the participants to start again
from the beginning. The TSST has been shown to reliably induce
stress in participants and meta-analysis suggests that the TSST is
the most useful and appropriate standardized protocol for studies
of stress hormone reactivity (Dickerson and Kemeney 2004).

Prior to and immediately following the stressful portion of the
TSST, participants were given a 10-min rest period and 10-min re-
covery period. The rest period at the beginning of the TSST gave
participants a chance to reach baseline hormone levels for an accu-
rate pre-TSST cortisol measurement. Cortisol has a delayed release,

so the recovery period and post-TSST tasks were scheduled to coin-
cide with the peak hormonal response.

The control version of the TSST was designed to be as similar
as possible to the TSST, but without the stressful components, for
example specifically lacking the social evaluative threat (Het
et al. 2009). The control-TSST was performed in the same room
as the TSST. Instead of preparing a speech to give in front of a panel
of judges, the control-TSST gave participants 5min to prepare for a
5-min talk about amovie, novel, or recent holiday trip. Participants
were told that they would speak alone in an empty room, and were
given paper and pen to prepare and use throughout the task. The
researcher only entered the roombetween each part to give instruc-
tions to the participants. After preparing and talking on the topic
of their choice, participants were asked to begin serially adding
by increments of 15, starting at 0. The researcher, once again, left
the participants alone to complete the task, and controlled for
the participants’ compliance by asking them for the final number
reached in the serial addition.

Saliva sampling and biochemical analysis
In order to minimize differences in baseline cortisol levels and en-
able adequate saliva sampling for cortisol assessment, participants
were asked to refrain from consuming alcohol or any recreational
drugs 12 h before each session; heavy physical activity and caffein-
ated drinks 3 h before each session; and food, noncaffeinated
drinks, tooth brushing/flossing, and smoking 1 h before each ses-
sion. To reduce the impact of diurnal variation in cortisol levels,
all testing was performed in the afternoon between 3:00 and
6:00 p.m., when hormone levels are relatively stable. Upon arrival,
participants were asked to rinse their mouth with water to prevent
potential contamination of the saliva sample.

Saliva samples were collected to obtain free cortisol levels, a
marker of hypothalamic-pituitary-adrenal axis activity. Saliva
sampleswere collected by the passive droolmethod into 2mL cryo-
vials. Samples were kept at −20°C until they were analyzed. Saliva
was assayed for salivary cortisol concentrations using a commer-
cially available immunoassay kit (Salimetrics). The minimal con-
centration of cortisol that could be distinguished from 0 was
0.007 µg/dL. The intra-assay coefficient of variation (n=38) was
3.7%, and the inter-assay coefficient of variation (n=5) was 10.2%.

Results

Statistical analysis
To ensure that participants understood and completed the memo-
ry task as instructed, the accuracy of identifying novel (first) and re-
peated images was examined. Eleven participants (two from the
consolidation-stress group, two from consolidation-control group,
four from retrieval-stress group, and three from retrieval-control
group) were excluded from data analysis due to poor memory
task performance, which was defined as scoring below a 33%
(chance) correct response rate for foil or repeat images.

Seven participants (three from the consolidation-stress group,
two from consolidation-control, one from retrieval-stress, and one
from retrieval-control) were further excluded from cortisol data
analysis due to undetectable salivary cortisol levels in the samples
collected either pre- or post-TSST administration. After removing
these participants, the consolidation-stress group included 21
participants, the consolidation-control group included 10 partici-
pants, retrieval-stress group included 20 participants, and retrieval-
control group included 11 participants.

First, differences between the two control subgroups (consol-
idation-control and retrieval-control) were examined for differ-
ences in age (t(22) = 0.779, P=0.44), pre-TSST STAI score (t(22) =
1.544, P=0.14), post-TSST STAI score (t(22) = 0.983, P=0.34),
pre-TSST cortisol levels (t(22) = 0.130, P=0.90), and post-TSST corti-
sol levels (t(22) = 0.020, P=0.98), using independent samples t-tests.
BPS-O task performance was also compared between the two
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control groups for correct identification of repeats (t(22) = 0.318, P=
0.75), lures (t(22) = 0.130, P=0.90), and firsts (t(22) = 0.166, P=0.87).
As no significant differences between the control groups were ob-
served, data from the two control groups were collapsed to form
a single control group (n=24 for behavioral data, n=21 for cortisol
analysis) for the remainder of the analyses (Table 1). Differences in
performance and cortisol levels between groups were examined us-
ing analysis of variance (ANOVA). Differences within group before
and after administration of the TSST were examined using within
sample t-tests.

Effectiveness of stress induction
Prior to administration of the TSST, self-report State Trait Anxiety
Inventory (STAI) scores did not show a difference between the con-
trol group, consolidation-stress group, and retrieval-stress group
(F(2,66) = 0.72, P=0.49) in a one way-ANOVA. Analysis of the STAI
scores before and after administration of the TSST revealed that
the TSST successfully induced subjective psychological stress (Fig.
2A). A two-way repeated measures ANOVA of group (consolida-
tion-stress and control) and response (pre- and post-STAI scores),
showed a significant interaction between group and pre- and post-
stress STAI scores (F(1,46) = 65.5, P<0.001). A separate two-way re-
peated measures ANOVA of group and response similarly also
showed an interaction between the retrieval-stress group and
the control group in pre- and post-stress STAI scores (F(1,43) =
29.92, P<0.0001). Planned post-hoc analysis showed that
10 min after administration of the TSST, STAI scores were signifi-
cantly higher in the consolidation-stress group (t(23) = 5.73, P<
0.0001) and retrieval-stress group (t(20) = 6.37, P<0.0001) com-
pared to STAI scores within the same group before the administra-
tion of the TSST. Participants in the control conditions did not
exhibit an increase in subjective stress following the control-TSST
(t(23) = 1.18, P=0.25) using a repeated measures t-test.

To verify that the TSST also induced a physiological stress re-
sponse, we compared the salivary cortisol levels between stress and
control groups (Fig. 2B). Prior to the TSST,
concentrations of salivary cortisol did
not show a difference between the con-
trol group, consolidation-stress group,
or retrieval-stress group (F(2,59) = 1.218,
P=0.30). A two-way repeated measures
ANOVA of group (consolidation-stress
and control group) and cortisol levels,
showed a significant interaction (F(1,40) =
16.33, P<0.001) between group and pre-
and post-stress cortisol levels. A separate
two-way repeated measures ANOVA
showed a similar interaction between the
retrieval-stress group and the control
group pre- and post-stress cortisol level
(F(1,39) = 23.38, P<0.0001). Planned post-
hoc analysis showed that 10 min after ad-

ministration of the TSST, concentrations of salivary cortisol were
significantly higher in the consolidation-stress group (t(20) = 4.90,
P< 0.001) and retrieval-stress group (t(19) = 5.26, P<0.001) com-
pared to the salivary concentrations within the same group before
the administration of the TSST. Participants in the control condi-
tions did not exhibit an increase in salivary cortisol following the
control-TSST (t(20) = 0.47, P=0.65) (Table 1).

Memory performance
Participants identified repeats as “old” and firsts as “new” at similar
rates across groups. This performance was consistent with a previ-
ous study using a similar population (Borota et al. 2014). To deter-
mine whether the ability to differentiate the critical lure items was
affected by stress, we examined the proportion of lure stimuli cor-
rectly identified as “similar.” Participants in the consolidation-
stress condition were significantly more likely to correctly call
lure items “similar” compared to participants in the control condi-
tion, who were more likely to call lure items “old” t(46) = 4.88, P<
0.0001) (Fig. 3A). The retrieval-stress group revealed there was no
significant difference in lure responses between retrieval-stress
and control groups (t(43) = 1.08, P=0.29) (Fig. 3B).

We next considered whether pattern separation performance
was affected by varying degree of similarity. The consolidation-
stress group correctly identified more lure items as “similar” com-
pared to the control group across all lure bins, without any bias
for high similarity or low similarity (t(46) = 3.98, P=<0.001; t(46) =
2.36, P=0.02; t(46) = 2.21, P=0.03; t(46) = 6.35, P<0.001; t(46) =
2.90, P<0.01 for lure bins 1, 2, 3, 4, and 5, respectively; Fig. 4).
The retrieval-stress group did not significantly differ from the con-
trol group in performance across all lure bins.

Cortisol responses and memory
We subsequently examined the relationship between stress-related
changes in cortisol and memory performance by analyzing the

Table 1. Demographics, clinical characterization, and task performance of study participants

Characteristic

Consolidation-stress (n=24) Retrieval-stress (n=21) Controls (n=24)

Mean SD P-value Mean SD P-value Mean SD

Age 19.13 1.26 0.46 19.95 1.32 0.40 19.58 1.56
Pre-STAI score 35.58 9.33 0.65 35.48 7.83 0.65 34.46 7.48
Post-STAI score 51.88 12.14 <0.001 50.62 9.78 <0.0001 35.79 6.43
Pre-CORT (µg/dL) 0.13 0.11 0.36 0.20 0.16 0.55 0.17 0.18
Post-CORT (µg/dL) 0.28 0.16 0.047 0.44 0.25 0.0002 0.18 0.18
Repeats called “old” 0.60 0.14 0.39 0.64 0.14 0.92 0.63 0.13
Lures called “similar” 0.47 0.09 <0.01 0.30 0.07 0.29 0.33 0.11
Firsts called “new” 0.68 0.18 0.058 0.68 0.20 0.10 0.77 0.12

BA

Figure 2. The TSST induces a psychological and physiological response to stress. Mean (A) STAI scores
and (B) salivary cortisol concentrations are higher post-TSST for stress groups but not for control groups.
Error bars represent standard error of the mean. (*) P<0.05.
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percent change in cortisol concentration between the pre- and
post- samples against the proportion of correct responses to items
on the behavioral pattern separation task for the consolidation-
stress and control group using a linear regression. No significant
differences were observed for repeat items (F(1,43) = 0.10, P=0.76)
and first items (F(1,43) = 0.01, P=0.92) between the percent change
in cortisol concentration and the proportion of correct responses
(Fig. 5A,C). However, for lure items, a significant positive, linear re-
lationship was observed, such that a larger percentage increase in
cortisol concentration was correlated with a higher proportion of
correct responses in identifying lure items as “similar” (F(1,43) =
4.642, P=0.037) (Fig. 5B).

Discussion

This study assessed the effects of acute stress during memory con-
solidation and retrieval in healthy young adults, specifically the
role of cortisol in hippocampus-dependent memory function.
The results showthat acute stressduringconsolidation significantly
enhances pattern separation performance and improves discrimi-
nation between highly similar stimuli. Participants in the
consolidation-stress group more often correctly respond “similar”
to lure items, indicative of enhanced pattern separation perfor-
mance compared to control participants. This improved perfor-
mance was observed for lure items of all degrees of mnemonic
similarity equally. For the lure items, as accuracy increased, the pro-
portion of incorrect responses in both the “new” and “old” catego-

ries decreased, reflecting fewer misses and an improvement in
memory accuracy overall. Thefindings reported here are consistent
with previous reports of enhancing effects of cortisol on general
memory performance (de Kloet et al. 1999; McGaugh and
Roozendaal 2002) and extending those findings showing that cor-
tisol specifically influencesmemory consolidationof highly similar
stimuli across varying degrees similarity but does not influence
memory retrieval in these young adults.

To assess the relationship between cortisol concentration and
memory performance, we correlated the change in cortisol concen-
tration and correct responses to each of the stimuli categories pre-
sented in the memory task (repeats, firsts, lures). Using a percent
change in cortisol measure to account for natural variation and in-
dividual participant differences in baseline levels in cortisol con-
centrations and stress response (Smyth et al. 1998), we found no
relationship between change in cortisol levels and performance
for repeat and first items when cortisol is induced during consoli-
dation. However, when cortisol is induced during memory consol-
idation, performance shows a positive linear correlation with
change in cortisol with larger changes in cortisol associated with
larger improvements in lure discrimination and pattern separation
performance. The difficulty of this task combined with the delay
and the stressful condition did result in lower performance, howev-
er this performance was consistent with other studies using a sim-
ilar paradigm in a young adult sample (Borota et al. 2014).

Previous studies have suggested that cortisol has an effect only
for emotionally arousing experiences and does not modulate neu-
tral information (Kuhlmann and Wolf 2006; Holz et al. 2014).
However, our results show an enhancing effect of cortisol onmem-
ory consolidation of neutral stimuli. As all stimuli included in the
pattern separation task are designed to lack significant emotional
valence, additional studies will be needed to consider the effect
of emotional valence and arousal on pattern separation behavior.
A recent meta-analysis by Shields et al. (2017) found evidence
that post-encoding stress enhanced memory regardless of emo-
tional valence. Identifying the role of valence in pattern separation
memory tasks is particularly relevant in certain psychiatric condi-
tions in which patients exhibit an impaired ability to distinguish
between neutral and emotionally salient stimuli (Kheirbek et al.
2012).

In contrast to previous reports, these results also showed that
participants in the retrieval-stress group did not perform signifi-
cantly differently from the control group despite having elevated

A

B

Figure 3. Increased stress during consolidation enhances memory re-
trieval (A) The consolidation-stress group more often correctly called a
lure item “similar” than “old.” (B) The retrieval-stress group identified
lure items at similar rates as controls. The mean probability of lures
being called similar was 32.8% for the control group, 47.0% for
consolidation-stress group and 29.8% for retrieval-stress group while the
mean probability of foils called similar was 12.2% for the control group,
23.9% for consolidation-stress group, 14.5% for retrieval-stress group.
Error bars represent standard error of the mean. (*) P<0.05.

Figure 4. Increased stress during consolidation enhances memory
across all similarity levels. Proportion of correct responses by lure bin (sim-
ilarity) for each group. Error bars represent standard error of the mean. (*)
P<0.05.
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cortisol levels immediatelyprior to the recognitionmemory task. In
both animals and humans, several studies have reported impairing
effects of glucocorticoids onmemory retrieval (for reviews, seeWolf
2003; Het et al. 2005; de Quervain et al. 2009; Gagnon andWagner
2016; Shields et al. 2017). However, elevated cortisol levels have
also beenobserved tohave little tono relationshipwithmemory re-
trieval. Rimmele et al. (2015) reported that administration of a
cortisol-suppressing drug led to significantly impaired free recall
of emotional texts. Similarly, Boehringer et al. (2010) found that
highly stressed participants with high arousal performed compara-
bly to controls. These inconsistent results could be attributed to the
differences betweenmineralocorticoid and glucocorticoid receptor
activation in different hippocampal subregions (Harris et al. 2013;
Rimmele et al. 2015). It has been previously shown in mice that
chronic unpredictable stress causes adaptive plasticity to occur
themost in the dorsal subregion (CA3 andDG)while hippocampal
progenitor cells had decreased survival in the ventral subregion
(CA1) (HawleyandLeasure2012). Recently,Gagnonet al. (2018) re-
porteda stress-induceddecline inmemory retrieval, associatedwith
reduced posterior hippocampal activation on a functional neuro-
imaging task. Together, these results suggest that stressmay impact
specific hippocampal regions incongruously as well as affect specif-
ic memory processes that are dependent on those hippocampal
subregions as observed in this study.

The present study recruited an all-male sample limiting the
generalization of our findings. Females were excluded because
they tend to exhibit smaller stress responses and more variable
changes in salivary cortisol levels (Kajantie and Phillips 2006).
Stress effects are also less consistently observed in females depend-
ing on menstrual cycle phases and the use of oral contraceptives
(Kirschbaum et al. 1999; Bouma et al. 2009). Therefore, in this
study, we chose to limit the population to only males, consistent
with several previous reports (see Andreano and Cahill 2006;
Henckens et al. 2009;McCulloughet al. 2015).However, there is ev-
idence suggesting that gender differences may moderate the link
between stress and memory performance. Future studies should
consider a sample that includes both genders in order to examine
gender differences in cortisolmodulation ofmemory performance.

Together, the results reported here provide evidence for the
enhancing effect of cortisol on memory consolidation resulting
in increased retrieval of detail memory. The modulating effects of
cortisol observed in this study are likely mediated by the DG and
CA3 subregions of the hippocampus known to be differentially af-
fected by cortisol through different receptor densities. These find-
ings suggest that induced stress will result in enhanced encoding
of the context of the stressful experience likely reflecting an evolu-
tionary advantage by providing a detailed representation of the
objects or contexts to avoidwithout overgeneralizing this informa-

tion. Mediation by specific hippocampal subregions also suggests
that the interaction between cortisol and hippocampal-subregion-
dependent memory function may be altered in conditions where
hippocampal subregions are affected by pathology and neurode-
generation. Future studies are needed to address these questions
and further understand the role of the stress response on memory
and cognition in healthy and pathological conditions.
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