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Abstract
Past studies have demonstrated that increases in cortisol secretion are associated with either
enhancements or impairments of long-term memory, depending on the subprocess involved.
However, working memory is generally studied as a unified system within the cortisol literature.
The present study sought to determine if cortisol increases are positively associated with increases
in performance in the encoding subprocess of working memory, and whether increases are
positively or negatively associated with performance changes in the maintenance subprocess.
Thirty-three young men (M = 19.4 years, SD = 0.89) participated in a change detection task,
consisting of a condition requiring encoding only and a condition requiring both encoding and
maintenance. To elicit a cortisol response, participants completed the Trier Social Stress Test
(TSST) between two administrations of the task. Cardiovascular measurements and saliva samples
were obtained before the TSST (T1), and mid-way between blocks of the second administration of
the change detection task (T2), to measure autonomic and cortisol responses to the TSST evident
during the second change detection task. Cortisol increases between T1 and T2 were positively
correlated with both encoding (r(32) = 0.503, p = 0.003) and maintenance (r(32) = 0.463, p =
0.007) performance. This is a novel finding as previous studies have shown an impairing effect of
cortisol on working memory. The positive relation between cortisol and working memory has
likely been obscured in previous tasks, which did not examine these specific subprocesses in
isolation from each other. The beneficial role of cortisol in the stress response is discussed.
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INTRODUCTION
Memory is most commonly conceptualized as having three information storage systems
(sensory, working and long-term), each consisting of subprocesses that act on information.
According to gateway models, working memory can act as a gateway between sensory input
and long-term memory (Atkinson & Shiffrin, 1968; Baddeley et al., 1984; Baddeley, 1996).
According to these models, disruptions in working memory can impact consolidation into
long-term memory; thus, the quality of working memory processing is associated with the
quality of long-term memory formation (Blumenfeld & Ranganath, 2006). Various studies
indicate that cortisol secretion impairs working memory (Lupien et al., 1999; Elzinga &
Roelofs, 2005; Schoofs et al., 2008; Schoofs et al., 2009) yet enhances consolidation into
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long-term memory (Abercrombie et al., 2003). As information must be processed in working
memory before it is consolidated into long-term memory, a question remains about how it is
possible that cortisol can impair working memory function, yet enhance long-term memory
formation.

We may begin to resolve this apparent paradox by examining memory subprocesses.
Previous research shows that cortisol can both enhance and impair long-term memory,
depending upon the subprocess assessed. Specifically, it is well documented that cortisol
impairs retrieval of long-term memory (de Quervain et al., 1998; de Quervain et al., 2000).
For example, participants whose cortisol secretion increased after exposure to stress
(responders) showed impaired retrieval (compared to participants in the control condition) of
information presented 24 hours prior to stress exposure (Buchanan & Tranel, 2008). Cortisol
is considered to temporarily inhibit retrieval from the hippocampus during stress through its
occupation of mineralocorticoid and glucocorticoid receptors in the hippocampus (de Kloet
et al., 1999).

At the same time, cortisol is known to enhance long-term memory consolidation
(Roozendaal, 2000; Buchanan & Lovallo, 2001; Roozendaal, 2002; Abercrombie et al.,
2003). For example, compared to placebo, participants receiving corticosteroid
administration prior to the acquisition of learning show better recall one week later
(Buchanan & Lovallo, 2001). Stress is considered to produce these enhancing effects on
consolidation through glucocorticoid occupation of glucocorticoid receptors in the amygdala
(Roozendaal, 2000). Stress hormones are considered to promote the acquisition of new
information while at the same time blocking the retrieval of and interference from old
information (de Kloet et al., 1999). Indeed, Henckens and colleagues (2009) found that
decreased hippocampal activation during consolidation predicted better retrieval after stress.
Hence, while stress hormone levels are elevated, the brain prioritizes the formation of new
memories while inhibiting the recall of old information. Once cortisol levels return to
normal, memory for events that occurred during stress are enhanced. Thus, cortisol has
differential effects on long-term memory, enhancing one subprocess while at the same time
inhibiting another.

This cortisol-induced shift in cognitive processes is also observed in studies examining rigid
versus flexible cognition (Arnsten, 2009; Plessow et al., 2012). For example, Plessow and
colleagues (2011) found that participants exposed to a social stressor showed reduced
cognitive flexibility in a selective attention task compared to a control group. Participants in
the control condition adjusted their strategy on the selective attention task based upon
whether the previous trial contained compatible or incompatible stimuli by increasing goal
shielding only after incompatible trials, thus demonstrating a flexible strategy. By contrast,
tressed participants showed increased goal shielding regardless of whether the previous trial
contained compatible or incompatible stimuli. Hence stress seems to promote the use of a
rigid fixed strategy over a more flexible one. Stress may reduce flexible cognitive
processing through the action of cortisol in the prefrontal cortex (Arnsten, 2009).

Similarly to long-term memory, different subprocesses are also involved in working
memory. Subprocesses of working memory include encoding, maintenance and
manipulation, each of which contributes to active processing in the face of internal and
external distractions. Encoding is the transfer of information from the senses into the
working memory store and requires conscious, or top-down, direction of attention to
relevant stimuli. Accordingly, attention during encoding assists in determining item
relevance (Ranganath et al., 2004). However, maintenance is moderated by memory load
(Ranganath et al., 2004) and can occur passively without conscious effort. Its role in
working memory is to keep information online and resistant to decay. Manipulation differs
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from encoding and maintenance in that it involves the flexible processing and transposition
of information. Despite these different subprocesses, working memory is generally studied
as a unified system within the cortisol literature. It may be the case that, as with long-term
memory, cortisol has differential effects on working memory subprocesses as well.

Studies on the effects of cortisol on working memory have produced mixed results.
Although many studies indicate that cortisol impairs working memory (see above), several
opposing studies show that working memory is unaffected by cortisol (Kuhlmann et al.,
2005; Schoofs et al., 2009; Henckens et al., 2011). A few studies even found that
pharmacological administration of cortisol can enhance working memory depending on the
dose (Lupien et al., 1999) or if working memory is assessed several hours later (Henckens et
al., 2011). Known sources of variability include time of day (Het et al., 2005), whether
sympathetic nervous system activity is accounted for (Elzinga & Roelofs, 2005), and
whether cortisol secretion is manipulated through stress tasks or pharmacological
manipulation. Because different working memory tasks assess different subprocesses of
working memory, the type of task used may contribute additional variability regarding the
effects of cortisol on working memory. If cortisol has bidirectional effects on working
memory subprocesses, it may be necessary to isolate subprocesses within working memory
to achieve the homogeneity of findings found within long-term memory studies.

Cortisol-induced impairments on working memory are understood to occur due to
glucocorticoid receptor occupation in the prefrontal cortex (PFC). The PFC is responsible
for flexible and deliberate cognitive processes that are characteristic of certain aspects of
working memory, such as manipulation. However, the encoding and maintenance
subprocesses of working memory may not be as sensitive to the effects of stress because
they are less dependent on the PFC. For instance, the posterior parietal cortex (PPC) plays a
key role in visual working memory (Todd & Marois, 2005a) and the PPC and inferior
temporal regions are involved in the maintenance of visual information (Munk et al., 2002;
Pessoa et al., 2002, Todd & Marois, 2005b). Additionally, stress studies have shown that
cortisol is associated with increased activity in the PFC and PPC during maintenance
(Weerda et al., 2010). Because maintenance is less dependent on the PFC, and is a less
flexible aspect of working memory, it may not be subject to stress-induced working memory
impairments.

Considering the reported positive effects of cortisol on long-term memory consolidation,
one might expect the encoding subprocess of working memory to be similarly resistant to
cortisol-induced impairments, as both encoding and consolidation processes share the
feature of memory traces gaining entrance into a memory system. Indeed, the findings from
several stress studies indicate that cortisol may have an enhancing effect on encoding
(Al’Absi et al., 2002; Schwabe & Wolf, 2010; Weerda et al., 2010). For instance, the ability
of cortisol to reduce attentional blink (Schwabe & Wolf, 2010), i.e. the failure to encode
stimuli presented rapidly after a previous stimulus (Raymond et al., 1992), indicates that
cortisol may enhance encoding by increasing the rate at which information can be encoded
into working memory. Additionally, results from a functional magnetic resonance imaging
(fMRI) study (Weerda et al., 2010) and an event-related potential (ERP) study (Monk &
Nelson, 2002) indicate that increased cortisol levels are associated with increased or altered
hippocampal activity during encoding. Furthermore, amygdala activity at encoding is
associated with subsequent long-term memory formation (Cahill et al., 1996; Hamann et al.,
1999). Given these findings, the fundamental role of cortisol in memory may be to promote
the encoding of novel information.

The present study sought to determine if cortisol has specific effects on separate
subprocesses of working memory by using a change detection task designed by Woodman
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and Vogel (2005) consisting of a condition requiring only encoding and a condition
requiring encoding and maintenance. To elicit a cortisol response, participants completed the
Trier Social Stress Test (TSST) between two administrations of the working memory task.
Due to the large amount of evidence indicating that encoding may be resistant to or even
enhanced by cortisol, we hypothesised that the degree of cortisol reactivity would be
positively associated with encoding performance in both conditions.

Due to the commonly found impairing effect of cortisol on working memory, we predicted
that despite the hypothesized positive association with encoding performance, cortisol
reactivity may be negatively associated with the maintenance component of the second
working memory condition. It may be the case that cortisol has an impairing effect on
maintenance while enhancing encoding.

Alternatively, cortisol may have an enhancing effect on both encoding and maintenance.
Both encoding and maintenance are associated with the quality of long-term memory
formation (Brewer et al., 1998), and it is well established that cortisol enhances long-term
memory formation. Enhancement by cortisol of long-term memory may be linked to
enhancements during encoding and maintenance. Furthermore, because encoding and
maintenance require less cognitive flexibility than the manipulation component of working
memory, these processes may not be subject to cortisol-induced impairments; as some
research indicates that cortisol may inhibit the more flexible cognitive processes and
encourage more rigid thought patterns (Plessow et al., 2011; Schwabe et al., 2009). If this is
the case, cortisol reactivity may be positively associated with both encoding and
maintenance performance in the two conditions.

METHODS
Participants

Thirty-three New Mexico State University, USA, undergraduate students participated for
course credit or financial compensation. Participants were recruited at New Mexico State
University through announcements. Two additional participants took part in the study, but
their data were excluded due to computer error during the working memory task (n = 1) or
due to a past psychiatric diagnosis (n = 1). The mean participant age was 19.4 years (SD =
0.89). Only men were asked to participate in order to control for the possible confounding
influence of the menstrual cycle and oral contraceptives on the endocrine system
(Kirschbaum et al., 1999). In order to prevent saliva sample contamination or hormonal
alteration, participants were asked to refrain from drinking, eating, exercising or smoking
within the hour prior to the appointment. Approval for the study was given by the New
Mexico State University Institutional Review Board and the study procedures conformed to
the Declaration of Helsinki. All participants provided written informed consent.

General Procedure
Experimental sessions began at either 13:00h or 15:00 h. The afternoon phase was chosen
because cortisol concentrations rise considerably in the morning and are more stable in the
afternoon, making identification of increases in response to a stressor more straightforward
(Pruessner et al., 1997; Dickerson & Kemeny, 2004). Participants began each session with a
30 min rest phase. After the initial rest phase, participants completed a working memory
task twice: at T1, which occurred before the TSST, and at T2, which followed the TSST.
Physiological and subjective measures were also taken at T1 and T2.
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Trier Social Stress Test (TSST)
The TSST is a psychosocial stress task that has been found to reliably produce cortisol and
physiological responses (Kirschbaum et al., 1993). The TSST produces changes in the
sympathetic-adrenal-medullary axis, the hypothalamic-pituitary-adrenal axis, the immune
system and a wide variety of other biological parameters (Kirschbaum et al., 1993). While
the TSST produces a wide range of physiological responses, we were primarily interested in
the role of cortisol in the stress response. The cortisol response to the TSST has shown
substantial variability (Kudielka et al., 2009), with some participants showing an increase in
cortisol and others a decrease. Accordingly, some studies comparing memory performance
between participants exposed to the TSST to a control group have not found differences in
overall memory performance between the two groups, and have instead made comparisons
in performance based upon cortisol reactivity to the task (Domes et al., 2002, Elzinga &
Roelofs, 2005, Nater et al, 2007). Here we did not include a control condition and all
participants took part in the TSST, as we were interested in examining how the degree of
cortisol reactivity is associated with changes in working memory performance occurring
after the stressor.

In the present study, the TSST began with a 5 min anticipatory phase in which the
participants prepared a speech about their qualifications for a hypothetical job, and ended
with a 10 min stress phase. During the stress phase, participants gave their 5 min speech
facing two confederates and a video camera, and then completed a mental arithmetic task for
5 min.

Working Memory Task
The working memory task was a change detection task presented on a 33x28 cm computer
screen. The design was modeled after Woodman and Vogel’s (2005) task, which consisted
of two conditions: (a) Encoding, and (b) Encoding During Maintenance (Figure 1).

The Encoding condition consisted of a sample array composed of 3 rectangles at different
orientations, a mask array, and a test array. There were 3 fixed locations and 4 possible
orientations for the rectangle stimuli. The mask array consisted of black and white
checkerboard squares. Each trial began with a fixation cross presented for 500 ms. Next, the
sample array was presented for 23 ms, followed by a mask array presented for 500 ms. The
inter-stimulus interval (ISI) between the sample array and mask array varied between three
intervals: 35 ms, 105 ms or 211 ms (Figure 1). The test array was identical to the stimulus
array on half the trials. The participant pressed the “x” key to indicate the test array was
identical to the stimulus array, and the “z” key to indicate the test array was different from
the stimulus array. The test array was presented for 5,000 ms or until the participant pressed
a key.

The Encoding During Maintenance condition was identical to the Encoding condition,
except that the Encoding During Maintenance condition began with the addition of a 2-item
array that was not masked. The lack of a mask allowed uninterrupted encoding of the 2-item
array, and participants were required to maintain this array in working memory throughout
the rest of the trial. At test, half the trials required a response to a 2-item array (to assess
maintenance) and the other half of the trials required a response to a 3-item array (to assess
encoding). Because the type of response trial varied randomly, participants did not know
which array they would be tested on for any given trial.

Participants alternated between blocks of trials in the Encoding and Encoding During
Maintenance conditions, with the beginning condition counterbalanced across participants.
In both conditions, the time between the onset of the Encoding stimulus array and the offset
of the test array was 1500 ms. There were 6, 24-trial blocks in each condition at both T1 and
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T2. Each block began with the presentation of articulatory suppression stimuli that the
participant was to repeat aloud throughout that block (“ABCD,” “WXYZ,” “1234” or
“6789”). This methodology is commonly used to prevent the transfer of visually presented
information to an auditory code.

Physiological Measures
All physiological and subjective measures were obtained twice. The first round of
assessments took place after the 30 min rest phase, which was 30 min before the start of the
TSST (T1). The second assessment took place 15 min after completion of the TSST (T2),
which was also the mid-point of the second working memory assessment (after completion
of 3 of the 6 working memory blocks). As T2 assessments occurred 15 min after cessation of
the TSST, and Sympathetic Nervous System (SNS) measures may no longer be elevated at
this time; however this sampling point was chosen because it is most representative of what
is occurring during the entire working memory task.

Salivary cortisol concentration—Saliva samples were collected from each participant
twice by having participants place a cotton dental roll in their mouth. Saliva was collected at
T1 to determine baseline cortisol concentrations. Peak cortisol concentrations were expected
at T2 (Dickerson & Kemeny, 2004), which was the mid-point of the working memory task.
Samples were centrifuged and stored at −20°C within 2 hours of collection. Samples were
shipped to Salimetrics, Inc. for radioimmunoassay analysis. All samples were analyzed
twice, and the average of the two measurements was used in analyses. The average intra-
assay coefficient of variation was 0.03%. Salimetrics reports an average inter-assay
coefficient of variation of 5.1% (Salimetrics, 2012). Salivary cortisol concentrations were
not normally distributed, which was confirmed with Shapiro-Wilk tests, consequently they
were log-transformed for normality. Only log10 values were included in analyses.

Sympathetic activation—Blood pressure and pulse were assessed at T1 and T2 using an
Omron Premium blood pressure monitor and a Nellcor OxiMax N-65 Handheld Pulse
Oximeter.

Subjective Measures
Possible changes in self-reported emotion were also assessed at T1 and T2. Participants
rated how anxious, nervous, angry and insecure they were on a scale from 0 to 10.
Subjective measures were obtained in order to account for the possible influence of emotion
and arousal on working memory performance. To assess a possible association between
cortisol response and motivation to perform well on the working memory task, a single
motivation question was included at the end of the session, specifically, “How hard did you
try to successfully answer the computer memory task (with the rectangles)?” on a 5-point
scale.

Statistical Analysis
Performance on the working memory task was measured in terms of change-detection
accuracy, and followed Woodman and Vogel’s (2005) data analysis. Following this
quantitative approach, hits and false alarms were converted to K, which represents the
number of items encoded into working memory. K values were entered into Cowan’s (2001)
revision of Pashler’s (1988) approach to change detection. The revised formula controls for
guessing: K = {[SS * (HR − FAR)] / (1-FAR)} * 1 − FAR, where SS is set size (the number
of rectangles in the array). Therefore, the maximum possible K value for encoding task
responses in either condition was 3 and the maximum possible K value for maintenance task
responses was 2.
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Salivary cortisol, blood pressure, pulse, and subjective measures across T1 and T2 time
intervals were submitted to separate paired comparison t-tests. To determine if there were
changes in working memory performance between T1 and T2 assessments, three separate
analyses of variance (ANOVAs) were conducted on working memory measures in each
condition. To determine if cortisol secretion was the best predictor of working memory
performance after the stress manipulation, three separate regression analyses were
conducted, one for each working memory condition, with working memory performance at
T2 as the dependent variable and changes between log10T1 and log10T2 in cortisol, pulse,
blood pressure and a single subjective measure as predictor variables in each analysis. To
test the main hypotheses that increases in cortisol secretion in response to the stress
manipulation would be associated with changes in encoding and maintenance performance,
we conducted correlations between cortisol change (log10T2 – log10T1) and differences in K
values for both encoding and maintenance measures between T1 and T2 for all conditions.
All reported p-values are two-tailed, and the alpha level for significance was set at p < 0.05.

RESULTS
Stress Induction

Changes in endocrine, autonomic, and subjective measures were associated with the
administration of the TSST, and are shown in Table 1. Significant overall group increases in
salivary cortisol concentration, diastolic blood pressure, anger, and insecurity occurred
between T1 and T2. Interestingly, pulse rate significantly decreased in this interval. While
Kudielka and colleagues (2004) found heart rate returned to baseline levels within 5-min of
cessation of the TSST, consistent with our finding, post-stress heart rate has also been
shown to rebound significantly to below baseline levels after psychological stress in order to
reset baroreflex sensitivity (Mezzacappa et al., 2001).

A Pearson r was computed between the difference in salivary cortisol concentration between
T1 and T2 and the subjective motivation measure, and results showed that these variables
were not correlated, r(29) = 0.198, p = 0.30.

Working Memory Analyses Without Cortisol Considerations
As the possible range of K values differed for the encoding (0–3) and maintenance (0–2)
conditions, a single ANOVA involving the full experimental design was not possible.
Therefore an ANOVA for the encoding conditions is reported first, followed by an ANOVA
for the maintenance condition.

For the analysis of encoding into working memory performance, a 2 X 2 X 3 ANOVA was
performed, using time (T1 and T2 working memory assessments), working memory
condition (Encoding and Encoding During Maintenance), and ISI (35, 105, 211 ms) as
repeated measures. There was no main effect of time, indicating that performance did not
change with repeated administration of the working memory task. This result is consistent
with research showing that visual working memory does not generally improve with training
(Olson & Jiang, 2004). Performance in the Encoding condition was significantly higher (M
= 1.28, SD = 0.64) than encoding task performance in the Encoding During Maintenance
Condition (M = 0.77, SD = 0.58; F(1, 32) = 57.07, p < 0.001, ηp

2 = 0.64). This difference is
expected because the working memory store is partially filled by the 2-item array in the
Encoding During Maintenance condition, which limits subsequent encoding. Overall,
encoding performance also improved with increases in ISI, F(2, 64) = 23.81, p < 0.001, ηp

2

MSE = 0.43. However, there were no significant interactions. To examine potential
improvements in maintenance processes due to repeated task administrations, a separate 2 X
3 repeated measures ANOVA was conducted on maintenance performance in the Encoding
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During Maintenance condition, using time (T1 and T2) and ISI (35, 105, 211 ms) as
variables in the analysis. As in the previous analysis on encoding performance, the results
for maintenance showed no main effect of time, indicating a lack of improvement due to
repeated administrations of the task. Moreover, there was no main effect of ISI on
maintenance task performance, and no interaction with time. The lack of an ISI effect is to
be expected as participants were always given 500 ms to encode the unmasked 2-item array
to test information maintenance. The ISI refers to the subsequently presented masked 3-item
array used to test information encoding during maintenance.

Regression Analyses on Working Memory Using Cortisol and SNS Predictor Variables
To determine if cortisol secretion was the best predictor of working memory performance
after the stress manipulation, three separate regression analyses were conducted, one for
each working memory condition, with working memory performance at T2 as the dependent
variable and changes between log10T1 and log10T2 in salivary cortisol concentration, pulse
rate, blood pressure and the subjective measure insecurity as predictor variables in each
analysis (Insecurity was chosen because it was the only subjective measure to change
significantly from T1 to T2). In each of the three linear regression analyses, the sole
significant predictor of working memory performance at T2 was cortisol change between T1
and T2. Results are as follows. For the Encoding condition, Model R = 0.485, with change in
cortisol from T1 to T2 being the only significant predictor of encoding in this condition (β =
0.456), t(32) = 2.671, p = 0.013. For the Encoding During Maintenance condition, Model R
= 0.509, with change in cortisol from T1 to T2 being the only significant predictor of
encoding in this condition (β = 0.460), t(32) = 2.734, p = 0.011. For the Maintenance
condition, Model R = 0.476, with change in cortisol from T1 to T2 being the only significant
predictor of maintenance performance (β = 0.434), t(32) = 2.527, p = 0.018.

Correlations Between Changes in Working Memory and Cortisol Response
Encoding condition—Pearson r correlations between cortisol change and encoding
performance change at each ISI were computed. These were: 0.108, 0.390, and 0.103 for the
35-, 105-, and 211-ms conditions, respectively. A Fisher r-to-z transformation was applied
to assess the significance of the difference between the correlations that differed the most in
this set, z = 1.19, p = 0.234. Since these correlation values were not significantly different
from each other, results were collapsed across ISI in order to provide a more stable estimate.
A Pearson r was computed between cortisol change and encoding performance change
between T1 and T2, r(32) = 0.324, p = 0.065, revealing a marginally significant positive
correlation in this condition. A scatterplot for these data is shown in Figure 2.

Encoding in the Encoding During Maintenance condition—Pearson r correlations
between cortisol change and encoding performance change at each ISI in this condition
were: 0.435, 0.329, and 0.266 for the 35-, 105-, and 211-ms conditions, respectively. A
Fisher r-to-z transformation was applied to the two correlations with the greatest difference,
and results showed z = 0.75, p = 0.453; consequently, K value differences were collapsed
across ISI. A Pearson r showed that increases in cortisol between T1 and T2 were
significantly correlated with increases between T1 and T2 in K values for encoding in this
condition, r(32) = 0.503, p = 0.003. (Figure 3).

Maintenance in the Encoding During Maintenance condition—Due to the fact that
participants were shown an unmasked array to test information maintenance, results for
changes in maintenance across T1 and T2 were collapsed across ISI condition. A Pearson r
revealed a significant positive correlation between increases in cortisol between T1 and T2
and increases in K values for maintenance performance between T1 and T2 in the Encoding
During Maintenance condition, r(32) = 0.463, p = 0.007. (Figure 4).
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DISCUSSION
The present study found that cortisol increases were associated with improvements in both
the encoding and maintenance subprocesses of working memory. The TSST was associated
with significant cortisol secretion in most participants and this cortisol increase was
positively associated with improvement in working memory performance from T1 to T2 in
all three conditions. This finding is novel because previous studies indicate that cortisol
typically has either no effect (Kuhlmann et al., 2005; Henckens et al., 2011) or an impairing
effect (Young et al., 1999; Wolf et al., 2001; Oei et al., 2006; Schoofs et al., 2008) on
working memory. One possible reason for these results is that glucocorticoids have often
been found to have an inverted U-shaped dose-response effect on memory (Conrad et al.,
1999; de Kloet et al., 1999; Abercrombie et al., 2003; Diamond et al., 2007). That is,
memory performance (typically consolidation) is often improved with low to moderate
increases in glucocorticoid secretion, but impaired when glucocorticoid concentrations are
either too high or too low. This dose-response curve may be due to the differing levels of
receptor saturation in the hippocampus: when hippocampal mineralocorticoid receptors,
which have a greater affinity than glucocorticoid receptors (GRs) for glucocorticoids, are
relatively saturated, animals show a greater readiness to respond adaptively in learning
situations. When glucocorticoid concentrations increase greatly, however, GRs become
more fully saturated, and this saturation of GRs is associated with impaired memory
consolidation (de Kloet et al., 1999). It may be that the cortisol increase elicited by the TSST
in the present study was an appropriate amount (not too small; not too large) to improve
performance. Alternatively, the conflict between the results of the present study and those of
previous studies of effects of cortisol on working memory may be due to the tendency for
previous studies to rely on global assessments of working memory (e.g. mental arithmetic)
that also require executive processes and retrieval. The present study is novel in its
examination of the effect of cortisol on isolated subprocesses of working memory.

Because increases in cortisol from T1 to T2 were associated with improvement in working
memory performance on all three tasks, cortisol did not appear to have bidirectional effects
on the working memory subprocesses tested, as it does with long-term memory. It therefore
seems unlikely that enhancements occurred due to a shift in cognitive resources from one
subprocess to another. However, because information must first be encoded before it is
maintained, superior maintenance performance may simply reflect the advantageous nature
of cortisol response at encoding.

The exact cause of improvements in working memory performance among participants
whose salivary cortisol concentration increased can only be speculated. Examining the
cognitive processes underlying change detection can help map out the nature of effects of
cortisol on working memory. Research on change detection indicates that focused attention
is the fundamental requirement for detection of change (Rensink et al., 1997). As attention
increases, the threshold for change detection decreases. Perhaps cortisol secretion helps to
focus attention, enabling greater detection of change. This is in line with a recent study that
has shown that cortisol reduces the attentional blink, i.e. the failure to encode a second
stimulus when it is presented rapidly after a first (Schwabe & Wolf, 2010). Attentional
blinks of a T2 stimulus occur when presented within 500 ms of a T1 stimulus and are
considered to occur because attention is still directed at the T1 stimulus. Detection of T2
stimuli can only occur after the processing of the T1 stimulus is complete. This indicates
that cortisol may decrease the amount of time needed to consolidate information into
working memory into a stable form.

Interestingly, the subjective state of stress increases the attentional blink of T2 stimuli, and
this is considered to occur because anxious mood states slow down the consolidation of
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information (Jefferies et al., 2008). However, when studies measure cortisol in addition to
the subjective state of stress, a different picture emerges. Stress-induced cortisol secretion
actually decreases the attentional blink (Schwabe & Wolf, 2010). Therefore, as shown in the
present study, cortisol secretion may counteract the attentional deficits induced by stressful
situations. Regression analyses revealed that although the subjective measures of anger and
insecurity increased in response to the TSST, they were not predictive of working memory
performance. Only participants who secreted cortisol in response to the TSST showed
enhanced performance.

Stress-induced cortisol secretion may enhance encoding even as it inhibits memory retrieval:
as it prepares the brain for acquisition of new information, it prevents the retrieval of old
information (Roozendaal, 2002). Indeed, research with rodents has repeatedly shown a
facilitatory effect of glucocorticoids on new learning, either when the glucocorticoid
increase immediately precedes (Diamond et al., 2007) or immediately follows (Roozendaal,
2002) the to-be-learned information. Conversely, increased concentrations of
glucocorticoids are typically associated with the impairment of long-term memory retrieval
(Roozendaal, 2002). These results parallel those found with human participants: that stress-
induced cortisol increases are associated with impaired retrieval of previously-learned
information (Buchanan & Tranel, 2008), and pre-learning administration of cortisol is
associated with improved consolidation of information (Buchanan & Lovallo, 2001;
Abercrombie et al., 2003). In this way, the effect of cortisol on cognition depends on the
information processing stage. It could be that the present task showed an enhancing effect of
cortisol because it relied so minimally upon retrieval, instead, assessing the stage of
processing when information is first coming in.

Limitations and Future Directions
One limitation of the present study is that, to control for hormonal confounds, only men
served as participants. It is therefore unknown whether a sample of female participants
would yield the same results. A further limitation of the present study is that, while the
design included pre- and post-stressor measures, it did not include a non-stressor control
condition. Without a control condition, the causal role of stress on working memory is
unclear; that is, there are factors that may potentially coincide with cortisol response to
stressors that could be causally related to working memory advantages. Stress-induced
cortisol secretion occurs along with a cascade of other physiological events. The beneficial
effects of cortisol seen in this study may have been due to an interaction between cortisol
and noradrenergic activity such as norepinephrine release. However, previous studies that
did measure other stress hormones did not find them to be significant factors. For example,
Roelofs et al. (2005) found that salivary alpha-amylase levels (an indirect measure of plasma
norepinephrine levels) did not differ between low cortisol responders and high cortisol
responder groups. Furthermore, Schoofs et al. (2008) found that salivary alpha-amylase did
not differ between stress and control groups 10 min or 25 min after initiation of treatment
condition; however, it was significantly higher in the stress group 1 min after the stressor.

A final limitation of the study is the timing of stress measures. In the present study
sympathetic activation measures (blood pressure, and heart rate) were not significant
predictors of working memory. The T2 physiological assessments took place at the midpoint
of the working memory task (after completion of 3 of the 6 blocks of trials). As such, this
time point represents the state of the participant during the working memory task, not their
immediate reaction to the TSST. It is likely that physiological measurements obtained
during and immediately after cessation of the TSSTwould have provided different results.
Future studies should obtain physiological measures at multiple points to provide a more
complete picture of the stress response.
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Conclusion
The novel finding that increases in cortisol secretion are positively associated with both the
encoding and maintenance subprocesses of working memory is in line with earlier studies
showing cortisol modulation of long-term memory. Both encoding (Brewer et al., 1998;
Ranganath et al., 2003) and maintenance (Schon et al., 2004; Ranganath et al., 2005) are
associated with the quality of long-term memory formation. Therefore, the present findings
are not only compatible with previous studies, but they indicate a possible mechanism for
enhancement by cortisol of long-term memory consolidation. It may be that enhancements
during working memory encoding and maintenance create richer and more coherent
representations that are subsequently transferred to long-term memory. Therefore, one
interesting question that arises is the degree to which enhancement by cortisol of long-term
memory is the byproduct of advantages of a cortisol response exhibited during working
memory processing. Future studies should investigate this issue. In sum, the belief that
stress-induced cortisol secretion negatively impacts working memory needs to be
reexamined. These results indicate that the particular subprocesses recruited by working
memory tasks play a role in the valence of effects of cortisol on working memory.
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Figure 1.
Procedure used in the Encoding condition (last 1500 ms) and the Encoding During
Maintenance condition (entire 2500 ms). In the Encoding During Maintenance condition,
participants were tested on the 2-item array on 50% of the trials to measure maintenance,
and the 3-item array on 50% of the trials to measure encoding. This figure is redrawn from
Woodman and Vogel (2005).
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Figure 2.
Participants’ change in performance from T1 to T2 in the Encoding condition as a function
of their change in log10 salivary cortisol concentration between T1 and T2. R2 is reported, (n
= 33), p = 0.065.
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Figure 3.
Participants’ change in performance from T1 to T2 in the Encoding During Maintenance
condition as a function of their change in log10 salivary cortisol concentration between T1
and T2. R2 is reported, (n = 33), p = 0.003.
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Figure 4.
Participants’ change in performance from T1 to T2 in the Maintenance condition as a
function of their change in log10 salivary cortisol concentration between T1 and T2. R2 is
reported, (n = 33), p = 0.007.
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