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The current study investigated the effects of cold pressor stress (CPS) on 2 working memory (WM) tasks
differing in the demand they put on maintenance and executive processing. For this purpose 72 healthy
young men were exposed either to a stress group or a nonstressful control group. Subsequently, WM
performance on the O-Span task (Turner & Engle, 1989) and the digit span task was assessed. Salivary
cortisol was measured before and 2 times after the treatment as a marker of hypothalamus–pituitary–
adrenal (HPA) axis activity. Results revealed a significant performance impairment of the O-Span and
the digit span task backward in stressed subjects that correlated negatively with CPS-induced cortisol
increases. Digit span forward was neither affected by CPS nor related to the ensuing cortisol increases.
These results indicate that acute stress impairs WM performance for task requiring executive functions
that operate on the stored material but not for WM tasks that only require maintenance.
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Recently an increasing number of studies suggested that stress
not only affects declarative memory functions and its associated
brain regions (hippocampus and amygdala; Diamond, Campbell,
Park, Halonen, & Zoladz, 2007; Joels, Pu, Wiegert, Oitzl, &
Krugers, 2006; Roozendaal, 2002) but also influences working
memory (WM; Lupien, Gillin, & Hauger, 1999; Oei, Everaerd,
Elzinga, van Well, & Bermond, 2006; Schoofs, Preuss, & Wolf,
2008). In their seminal work, Baddeley and Hitch (1974; Badde-
ley, 2001, 2003) conceptualized WM not as a unitary entity, but as
a theoretical concept that includes distinguishable processes such
as the temporary maintenance and executive functions as updating
and manipulation of stored information (Baddeley, 2001, 2003;
Repovs & Baddeley, 2006). These processes appear to mainly
depend on prefrontal and parietal brain structures (Baldo &
Dronkers, 2006; Fuster, 2000; Muller & Knight, 2006; Petrides,
2000; Wager & Smith, 2003).

Besides the importance of the prefrontal cortex (PFC) for WM
functions, it is well known that this area is also involved in the
feedback regulation of the hypothalamus–pituitary–adrenal (HPA)
axis, one of the major stress systems (Herman et al., 2003; Her-
man, Ostrander, Mueller, & Figueiredo, 2005). Furthermore, evi-
dence from histopathological studies in rodents, monkeys, and
humans indicate a large number of glucocorticoid (GC) receptors
within the PFC (Meaney & Aitken, 1985; Patel, Katz, Karssen, &
Lyons, 2008; Patel et al., 2000; Perlman, Webster, Herman, Klein-

man, & Weickert, 2007), which suggests that PFC mediated func-
tions might be influenced by rising GC levels during stress. In
addition, studies in rodents and primates revealing stress-induced
impairments in WM performance showed a mediating role for
dopaminergic and adrenergic processes within the prefrontal cor-
tex (Arnsten, 1997, 2000; Arnsten & Li, 2005; Murphy, Arnsten,
Jentsch, & Roth, 1996). These neurotransmitter systems appear to
interact at multiple levels (Ellis & Nathan, 2001; Robbins, 2005).

By and large, human studies have confirmed the negative effects
of increased GC levels on WM performance in humans (Elzinga &
Roelofs, 2005; Lupien et al., 1999; Oei et al., 2006; Schoofs et al.,
2008; Wolf et al., 2001), yet the results are not as straightforward
due to the large number of different WM tests and stressors that are
employed. For example, pharmacological studies using a single
hydrocortisone administration reported significant impairments
under high WM load in a Sternberg paradigm (Lupien et al., 1999),
whereas for a digit span task either no impairments (Grossman et
al., 2006; Kuhlmann, Kirschbaum, & Wolf, 2005) or significant
deficits in WM performance were observed (Wolf et al., 2001).
Other studies have employed acute laboratory stressors to inves-
tigate how GCs affect WM. These can be divided in stressors
emphasizing the psychological or psychosocial effect (i.e., non-
metabolically demanding, nonphysical stressors) and those that
stronger employ physiological stress inducing components (e.g.,
heat, handgrip, cold pressor stress) (Dickerson & Kemeny, 2004).
Psychosocial stressors typically include performance components
that employ cognitive resources (e.g., mathematical tasks) and/or
include a social-evaluative component. One often used psychoso-
cial stressor is the Trier Social Stress Test (TSST; Kirschbaum,
Pirke, & Hellhammer, 1993), which basically consists of a prep-
aration period, a 5-min free speech, and a 5-min mental arithmetic
test that have to be performed in front of a committee while being
videotaped. It is known to reliably activate the sympathetic ner-
vous system (SNS) and the HPA axis. Studies using this stressor
have found significant WM impairments for the Sternberg (Oei et
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al., 2006) and the n-back paradigm (Schoofs et al., 2008), but no
impairing effects on digit span were observed in several studies
(Hoffman & al’Absi, 2004; Kuhlmann, Piel, & Wolf, 2005;
Smeets, Jelicic, & Merckelbach, 2006; but see Elzinga & Roelofs,
2005).

As to the physiological stressors, a study by McMorris et al.
(2006) found no effect of heat stress-induced cortisol elevations on
verbal and spatial WM. Another stress induction protocol is the
Cold Pressor Test (CPS), which also reliably increases activity of
the SNS and the HPA axis (Lovallo, 1975). For the CPS subjects
were requested to submerge the dominant arm up to the elbow in
ice-cold water (0° to 1 °C) for as long as possible with a maximum
of 3 min. This procedure activates thermal and nociceptor afferents
and elicits a stress response (Lovallo, 1975; McRae et al., 2006;
Velasco, Gomez, Blanco, & Rodriguez, 1997). However, it should
be noted that the CPS also includes a psychosocial evaluative
component because during the procedure an experimenter stays in
the experimental room and records the time subjects left their arm
in the water. To the best of our knowledge, CPS has been em-
ployed only once to examine the influence of stress on WM
(Porcelli et al., 2008). In this study, no significant difference
between stressed and nonstressed subjects on a modified Sternberg
WM task was found. These results might have to do with the small,
albeit significant, cortisol increases in response to the stressor
obtained in this study.

Conflicting results reported in the stress and WM area may be
explained by assuming that more challenging WM tasks (including
an additional processing of the stored information; e.g., n-back,
Sternberg paradigm, O-Span) require more cognitive resources and
thus might be more prone to be affected by stress and GCs than
WM tasks assessing the short-term storage of information (e.g.,
digit span). Specifically, the digit span task forward mainly in-
volves the passive maintenance of information, whereas WM tests
such as the O-Span and the n-back task require updating and/or the
active manipulation of information retained in WM (Engle, Can-
tor, & Carullo, 1992; Fletcher & Henson, 2001; Owen, McMillan,
Laird, & Bullmore, 2005). Therefore, the current study was de-
signed to specifically examine the effects of CPS on two WM tasks
differing in the demand they put on maintenance and executive
processing. Thus, we exposed healthy young men either to a stress
group that received CPS or a nonstressful control group and
subsequently assessed WM performance on the O-Span and the
digit span WM test. We hypothesized that compared with the
control group, CPS and the ensuing cortisol (i.e., the primary
human GC) elevations would result in impaired WM performance
for the O-Span and digit span backward task, because those tasks
require maintenance and an additional processing of the stored
material by executive functions. In contrast, digit span forward,
which is a task measuring short-term storage, should not be af-
fected by stress.

Method

Subjects

Seventy-two healthy male undergraduates from Maastricht Uni-
versity were recruited and randomly assigned to either a control
condition (n � 36) or a CPS session (n � 36). One subject of the
control group was excluded from data analysis because his body

mass index (BMI) was outside the healthy range (i.e., a BMI �
29). The remaining 71 subjects had a mean age of 20.18 years
(SD � 2.80) and a mean BMI of 21.80 (SD � 2.37). None of them
reported current or lifetime psychopathology, endocrine, or other
serious medical diseases, or were on any kind of medication. The
study was approved by the standing human subjects’ ethics com-
mittee of the Faculty of Psychology and Neuroscience, Maastricht
University, and all subjects provided written informed consent
prior to participation.

Procedure and Tests

Procedure. The study was a group comparison design and
subjects were randomly assigned to the CPS (n � 36) or the warm
water control condition (n � 35). The individual sessions were
conducted between 1430 and 1630 to control for the diurnal cycle
of cortisol. After arrival in the laboratory, subjects were given a
resting phase of 15 min before the first cortisol sample was taken
(baseline). Five minutes later (20 min after arrival) subjects at-
tended either the CPS or the warm water control treatment with a
maximum duration of 3 min. Immediately after treatment, all
subjects had to rest their arm covered by a blanket for 3 min.
Following the rest period subjects engaged in the O-Span and digit
span tasks. Administration of both tasks was counterbalanced
across and within groups and the total time of testing was 15 min
(3 min for digit span; 12 min for O-Span task). Further saliva
samples were taken 10 min after the onset of the treatment (sam-
ple � 10 min) and immediately after the WM testing was finished
(sample � 20 min).

Cortisol assessment. Participants were requested to abstain from
eating, drinking, or smoking during the hour preceding the beginning
of the testing session. Saliva was collected using salivette collection
devices (Sarstedt, Nuembrecht, Germany). Samples were taken 5 min
before (baseline), as well as 10 (sample � 10), and 20 min (sample �
20) after the onset of the treatment (CPS vs. control condition). Free
cortisol levels were measured using an immunoassay (RIA; Univer-
sity of Liège, Belgium), including a competition reaction between
125iodohistamine-cortisol and anticortisol serum made against the
3-carboxymethyloxime-bovine serum albumin conjugate. After
overnight incubation at 4 °C of 50 �l of saliva, separation of free
and antibody-bound 125iodohistamine-cortisol was performed via a
conventional “second antibody” method. Inter- and intra-assay
variations were below 10%.

CPS and control condition. The stress or control situation
began 20 min after arrival of the subjects at the laboratory. Stress
was induced by exposing participants to CPS. The CPS is a widely
used, low-risk technique in medical research that induces a reliable
and robust increased activity of the sympathetic nervous system
and the HPA axis by activation of thermal and nociceptor afferents
(Lovallo, 1975; McRae et al., 2006; Velasco et al., 1997). As such,
the CPS has been used to investigate the influence of stress on
memory functions (e.g., Buchanan, Tranel, & Adolphs, 2006;
Cahill, Gorski, & Le, 2003; Smeets et al., 2008). Therefore,
subjects were instructed to submerge their dominant arm up to the
elbow in ice-cold water (0° to 1 °C) for as long as possible with a
maximum of 3 min. They were explicitly told that, as the proce-
dure could be very uncomfortable, they could remove their arm
from the ice-cold water at their own discretion without conse-
quences. In the control condition, subjects were asked to place
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their arm in warm water (37° to 40 °C) until they were instructed
to remove it. This instruction was given pseudorandomly across
subjects after 1, 2, or 3 min following arm immersion. The exper-
imenter stayed in the same room and observed the behavior of the
subjects while the subjects attended the control or CPS procedure.
Assignment to the CPS or control group was single blind that is,
participants were not informed beforehand to which group they
were assigned until immediately before arm immersion. Following
CPS or control situation, participants had to rest their arm covered
by a blanket for 3 min.

Subjective rating of discomfort. In line with Cahill et al.
(2003), subjects were asked to rate the level of discomfort they
experienced during water immersion. To this end, they first were
asked to think back at the most intense physical pain they had ever
experienced and rate this experience based on a scale ranging from
0 (no pain or discomfort) to 100 (the worst pain or discomfort
imaginable). After this “calibration” scale, subjects rated the peak
level of discomfort they had experienced during the CPS on an
analogous scale.

WM Testing

Operation span. In the operation-span task (O-Span task;
Engle et al., 1992; Turner & Engle, 1989) subjects are requested to
solve mathematical operations while simultaneously remembering
a set of unrelated words. Thus, the O-Span task is a demanding
WM task that includes maintenance and processing of the stored
material by executive functions. In the O-Span version used in the
present study (Engle et al., 1992; Peters, Smeets, Giesbrecht,
Jelicic, & Merckelbach, 2007) subjects are requested to read aloud
a mathematical equation that consists of two simple operations: a
multiplication or division problem and an addition or subtraction
problem (e.g., 6/2 � 5 � 8). Subsequently, they have to respond
whether the solution offered is correct or incorrect. Afterward, a
high frequency, one syllable word is displayed on screen and
subjects are instructed to remember the presented word. The set
size (i.e., number of operation strings) within a trial increased from
two to five with every set size being employed three times. At the
end of each trial subjects were instructed to write down the words
that followed the operation strings in correct order. Altogether, the
O-Span task consisted of 12 trials and three practice trials. The
O-Span score was calculated according to the partial credit unit
scoring procedure (PCU; Conway et al., 2005; Peters et al., 2007).
In brief, data were taken into account only if subjects produced
more than 85% correct answers in the mathematical equations
(accuracy of the processing component; see Conway et al., 2005).
The PCU expresses the mean proportion of words that were
recalled correctly. For example, when 3 words were remembered
correctly in a trial with a set size of 4 words, the trial score would
average .75 (4:3). To determine the PCU the scores of all trials
were summed and subsequently divided by the number of trials.
Thus the PCU could reach a maximum value of 1.00.

Digit span. For the digit span task subjects were asked to listen
to a series of digits of increasing length that were read to them at
a constant pace of one digit per second. After the last digit was
presented, participants had to repeat the numbers in the same
(forward condition) or the reverse (backward condition) order. On
each successful attempt, the number of digits per list increased.
When a participant failed to accurately reproduce a list of numbers

on two successive trials, the task was ended. Raw scores for the
digit span forward and backward reflect the maximum number of
digits correctly recalled.

Statistical Analysis

For evaluation of behavioral effects of the CPS descriptive
statistics were done for the duration of arm immersion into the
water (duration of immersion) separately for both conditions (CPS
vs. warm water control condition). Furthermore, the duration of
immersion was compared between both groups by employing an
independent samples t test. In addition, to investigate a possible
effect of duration of immersion on subsequent analyses Pearson
correlations were performed between duration of immersion and
the (a) subjective discomfort rating, (b) cortisol changes, and (c)
WM performance in the O-Span and digit span task.

The influence of the stressor on cortisol as dependent variable
was analyzed by using a mixed model analysis of variance
(ANOVA) with the repeated measurement factor time (baseline,
�10, and �20) and the between-group factor treatment (CPS vs.
warm water control group). Because tests for normal distribution
showed that cortisol was positively skewed, the data were log-
transformed and all further analyses were performed with the
transformed data. The subjective rating of discomfort due to the
stressor was examined by using an independent samples t test.

To evaluate the effect of the CPS on O-Span task performance
a two-tailed independent samples t test was performed. The per-
formance of the digit span task was investigated by using a mixed
model ANOVA with the repeated measurement factor subtest
(digit span forward vs. digit span backward) and the between-
group factor treatment (CPS vs. warm water control group). De-
scriptive data is illustrated using mean and standard error of the
mean (SEM).

In addition, two effect sizes (Cohen’s ds) were computed by
using the meta-analytic software program META (Schwarzer,
1989) with the formula provided by Hedges and Olkin (1985).
Both effect sizes were conducted to evaluate the magnitude of the
effect of treatment (CPS vs. warm water control) on the WM
performance. According to Cohen (1988), effect sizes of 0.50 or
larger can be regarded as moderate, whereas effect sizes of 0.80 or
larger can be classified as large.

Finally, Pearson correlations were performed with the area
under the curve (AUC) with respect to baseline (AUC increase
[AUCi], which is the area under the response curve), the delta
cortisol increase (cortisol � 20 � cortisol baseline, all cortisol data
log-transformed), and the scores of the digit span and O-Span task.
The AUCi is used to comprise the information obtained by
multiple-cortisol measurement and to reveal possible associations
between the cortisol increase over time with others variables
(Pruessner, Kirschbaum, Meinlschmid, & Hellhammer, 2003).

Results

Behavioral Effects of the CPS

For the cold water condition, 21 of the 36 subjects removed their
arm from the water before 3 min were over. Descriptive statistics
showed that the shortest duration of arm immersion was 45 s in the
CPS group with an average duration of arm immersion of 122.47 s
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(SEM � 9.03). Because subjects of the control group also received
pseudorandomly the instruction to remove their arm after 60, 120,
or 180 s (mean duration of arm immersion in the control group:
118.29 s � 8.33) an independent t test showed no significant
differences in the duration between both groups, t(69) � �0.340,
p � .10.

Emotional and Cortisol Response to the CPS

As expected, subjects in the CPS condition reported a far higher
rating of discomfort then did subjects in the control condition
(40.81 � 3.22 vs. control group 2.57 � 1.12), t(69) � �11.08,
p � .001. The ANOVA for the cortisol response yielded signifi-
cant main effects for treatment, F(1, 69) � 5.47, p � .02; and for
time, F(2, 138) � 14.76, p � .001; as well as a significant
Treatment � Time interaction, F(2, 138) � 58.46, p � .001. Post
hoc Bonferroni–Holm corrected independent samples t tests
showed a significant difference between the cortisol concentration
at the �20 saliva measurement, t(69) � �4.79, p � .001; see
Figure 1, although for the �10 measurement no significant result
was found, t(69) � �1.74, p � .086.

Influence of the Duration of Cold Water Exposure on the
Subjective, Endocrine, and WM Data

For investigating possible effects of the duration of arm immer-
sion (duration of immersion) on the feeling of discomfort, cortisol
changes, and the WM measurements correlation analyses were
done. Therefore, the duration of immersion was correlated with (a)
the feeling of subjective discomfort, (b) the cortisol delta increase
(�20 � baseline), (c) the AUCi, and (d) the WM performance
scores for the O-Span and digit span task. Correlations were calcu-
lated separately for the control and the CPS group. The results showed
no significant associations between the duration of immersion and any
other variable (all rs � .28; ps � .10).

Effects of the CPS on WM

Stress impaired performance on the O-Span task, with the t test
revealing a significant difference between the CPS group and the
control group, t(69) � 3.31, p � .001; see Figure 2. For the digit
span task, results revealed significant main effects of subtest, F(1,
69) � 80.16, p � .001; and treatment, F(1, 69) � 5.31, p � .05;
as well as a significant Subtest � Treatment interaction, F(1,
69) � 4.49, p � .05. Follow-up analysis with Bonferroni–Holm
corrected independent samples t tests revealed a significant im-
pairment of the CPS group for the backward condition, t(69) �
3.27, p � .01; although no significant difference was observed
between both treatments for the forward condition ( p � .10, see
Figure 2). Effect sizes for O-Span and digit span backward were
.77 and .77, respectively. Thus, according to Cohen, both effects
can be considered as moderate to large.

Relationship Between Cortisol Response, Subjective
Feeling of Discomfort, and WM

We correlated the cortisol response over time (AUCi) and the
delta increase of cortisol (cortisol � 20 � cortisol baseline) with
(a) the score of the O-Span task and (b) the score of the digit span
forward and backward subtests, respectively. An analysis with all
subjects revealed significant negative correlations between the
AUCi and the O-Span score (r � �.40, p � .001) and the score for
digit span backward (r � �.41, p � .001). In contrast, no rela-
tionship was found between the AUCi and digit span forward ( p �
.05). A similar pattern of results were observed for the correlations
between the delta increase of cortisol and the three WM tasks.

Furthermore, the subjective feeling of discomfort was also cor-
related with the WM performance in the O-Span, digit span for-
ward, and digit span backward. We observed no correlations
between the perceived feeling of discomfort and both digit span
conditions. However, the results yielded a significant negative
correlation between O-Span scores and subjective feeling of
discomfort (r � �.26, p � .05). Therefore, an additional partial
correlation was calculated for the AUCi, the delta cortisol increase,
and all three WM measurements with the discomfort rating in-
cluded as control variable. More importantly, the previously re-
ported pattern of result emerged again (AUCi � O-Span task: r �
�.32, p � .01; AUCi � digit span backward: r � �.36, p � .01;
AUCi � digit span forward: r � �.19, p � .10) and thus
demonstrate that the associations between cortisol and WM per-
formance were not secondary to the impact of discomfort.

When correlations were calculated separately for stressed and
warm water control subjects there was no significant correlation
observed for the subjects of the control group although for the
stressed group again negative correlations were found for the
O-Span (r � �.43, p � .01) and the digit span backward (r �
�.38, p � .05). Again, results yielded no significant correlation
between AUCi and the digit span forward ( p � .10). For the delta
cortisol increase the results were comparable with those obtained
for the AUCi.

Discussion

The objective of this study was to investigate the effect of an
acute laboratory stressor and the associated endocrine responses of

Figure 1. Effects of cold pressor stress (CPS) on salivary cortisol.
Bonferroni–Holm corrected independent samples t tests revealed that
stressed subjects had significantly higher cortisol concentrations compared
to the control group at the �20 sampling point (20 min after the onset of
treatment; �� p � .001). Data are presented as group mean � SEM (raw
data). WM � working memory.
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the HPA axis on the performance of two WM sensitive tasks that
differed in the demand they make on the WM components of
maintenance and executive processing. Results revealed that stress
led to impaired WM in the O-Span task and the subtest digit span
backward. In contrast, the performance of the subtest digit span
forward was not affected by stress. Furthermore, higher cortisol
increases were associated with poorer performance in the digit
span backward and in the O-Span task although no significant
correlations were found for the digit span forward. The present
study is to our knowledge the first study that investigated the
influence of the CPS on the O-Span and the digit span task.

To characterize the response to the CPS, salivary cortisol and
subjective ratings of discomfort were assessed. The results re-
vealed significantly higher ratings of discomfort in the stressed
group compared to the warm-water control group as well as an
increased activity of the HPA in subjects participating in the CPS.
These findings are well in line with previous studies (e.g., Andre-
ano, Arjomandi, & Cahill, 2008; Buchanan et al., 2006; Lovallo,
1975; van Stegeren, Wolf, & Kindt, 2008) and indicate the suc-
cessful induction of an affective as well as neuroendocrine stress
response.

Stress and O-Span Task

In the present study two WM tasks varying in the involvement
of executive processing were employed (O-Span and digit span
task). Consistent with our hypothesis for the more demanding
O-Span task, the CPS group showed poorer WM performance.
This impairment was reflected by a significant lower mean pro-
portion of words (PCU) that were correctly recalled. In the O-Span
task participants engage in online processing (mental arithmetic)
and simultaneously maintain words for subsequent recall (Turner
& Engle, 1989). This task puts high demand on the processing as
well as the storage aspects of WM (Bayliss, Jarrold, Gunn, &
Baddeley, 2003). Indeed, a number of researchers have argued that
complex span tasks primarily reflect central executive functions
(Redick & Engle, 2006) that are strongly mediated by the prefron-
tal cortex (Fuster, 2000; Miyake et al., 2000). Therefore, the

O-Span task has been repeatedly used as a measure of WM
capacity that strongly implicates the operations of the central
executive system. Although it is still debated which component of
executive functions in particular is measured by the O-Span task
results from Miyake et al. (2000) support the hypothesis that this
paradigm involves the ability to continuously update and monitor
incoming information. Therefore, the O-Span task bears resem-
blance to other complex WM paradigms such as the n-back (Owen
et al., 2005) or the Sternberg task (Sternberg, 1966) that also
require continuous updating and monitoring of new incoming
information.

Our findings of a stress-induced impairment in the O-Span are
in accordance with pharmacological (Lupien et al., 1999) and
psychosocial stress studies (Oei et al., 2006; Schoofs et al., 2008)
that investigated the acute influence of GC elevations on other
complex WM tasks (e.g., Sternberg paradigm, n-back task). These
studies found significant decreases of WM performance reflected
in longer reaction times and fewer correct responses following GC
administration or psychosocial stress induction. Finally, the results
are also in line with a previous study investigating the relationship
between life stress and WM capacity in a sample of university
students (Klein & Boals, 2001).

Stress and Digit Span

For the digit span task, the backward subtest that requires
participants not only to remember the digits in the correct sequence
but also to reverse the digits before repetition was found to be
significantly impaired. The forward subtest, on the other hand,
remained unaffected. These differential results are well in line with
other studies that collectively suggest detrimental effects of ele-
vated cortisol concentrations on the manipulation and the associ-
ated executive component of WM (Scholz et al., 2009; Schoofs et
al., 2008). Clinical and nonclinical studies (Curtiss, Vanderploeg,
Spencer, & Salazar, 2001; Dobbs, Dobbs, & Kiss, 2001) in turn
have led to the assumption that performance on the backward
subtest of the digit span represents a measure of central executive
function due to the additional requirement of manipulation of

Figure 2. Effects of cold pressor stress (CPS) on the working memory performance in the O-Span (a) and the
digit span task (b). A t test revealed significant impairments for the O-Span task (� p � .01). For the digit span
task a significant Subtest � Treatment interaction was found. Post hoc analyses showed a significant impairment
of the CPS group in the backward but not in the forward condition. PCU � partial credit unit scoring procedure;
max � maximum.
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information within the temporary storage (Groeger, Field, & Ham-
mond, 1999; Lezak, Howleson, & Loring, 2004); whereas the digit
span forward rather reflects a measure of the capacity to maintain
information passively (Baddeley, 2000; but see Ramsay & Reyn-
olds, 1995; Reynolds, 1997; Richardson, 2007). Results obtained
by studies using imaging techniques support this view by demon-
strating that the processes of maintenance and manipulation rely
on different patterns of activity in the brain (Hoshi et al., 2000;
Tsukiura et al., 2001; Veltman, Rombouts, & Dolan, 2003). Fur-
thermore, a meta-analysis of D’Esposito and Postle (1999) includ-
ing 11 studies that employed simple span and delayed response
tasks, revealed that none of the patients with lesions in the dorso-
lateral prefrontal cortex (DLPFC) showed impairments in the
forward span tasks. In addition, the only study that tested forward
as well as backward digit span (Canavan et al., 1989) demonstrated
impaired performance of patients on the backward, but not the
forward, subtest.

However, two experiments found an impairing effect of stress
(Elzinga & Roelofs, 2005) or hydrocortisone administration (Wolf
et al., 2001) on the digit span task. Elzinga and Roelofs (2005)
observed a digit span impairment in the forward but not in the
backward condition and only for high cortisol responders tested
during, but not after, stress exposure. In contrast, Wolf et al. (2001)
reported an impairment of the cortisol treated subjects in the digit
span with no additionally significant interaction with the factor
subtest (forward vs. backward), but this effect only became appar-
ent 3 hr after the treatment. These results are in contrast to previous
studies that observed no influence of psychosocial stress (Hoffman
& al’Absi, 2004; Kuhlmann, Piel, & Wolf, 2005; Smeets et al.,
2006) or pharmacologically induced cortisol increases (Grossman
et al., 2006; Kuhlmann, Kirschbaum, & Wolf, 2005) on digit span
performance.

One reason for the divergent results might be the varying timing
within the different experiments for testing the digit span. The digit
span is considerably shorter as other tasks (e.g., Sternberg para-
digm, O-Span task). Therefore, the time of testing referring to the
onset of stressor might be particularly critical because the cortisol
concentrations varies significantly over the course of the stress
response. Although in our experiment the digit span was tested
when cortisol levels were still rising, in other studies the cortisol
peak was already exceeded when subjects were confronted with
the WM task (e.g., Kuhlmann, Piel, & Wolf, 2005; Smeets et al.,
2006).

An alternative explanation for the empirical discrepancies might
be that the digit span as a verbal subtest of the Wechsler memory
scale (Wechsler, 1987) was designed as a standardized neuropsy-
chological test procedure for memory functions. As a conse-
quence, the simple span task compared with more complex WM
paradigms placed a relatively low demand on WM (Unsworth &
Engle, 2007) and might not be sensitive to relatively small per-
formance changes induced by cortisol increases within groups of
healthy subjects (D’Esposito & Postle, 1999; Reynolds, 1997).
Therefore, in contrast to our study testing a large number of
subjects (n � 71), studies that employed considerably smaller
sample sizes (e.g., Hoffman & al’Absi, 2004; Kuhlmann, Piel, &
Wolf, 2005) might not have had sufficient power to detect mod-
erate effects between stressed and nonstressed subjects.

Finally, it should be noted that the present study was the first
study that investigated the influence of the CPS on the digit span

performance. According to this it is difficult to determine if the
divergent results obtained from previous studies could be (at least
partially) attributed to the different HPA manipulations employed.
In particular, for studies using a single hydrocortisone administra-
tion it is well-known that this method results in a relatively isolated
increase of cortisol without further affecting other stress respon-
sive systems such as the sympathetic nervous system (SNS; e.g.,
Kuhlmann, Kirschbaum, & Wolf, 2005; Wolf et al., 2001). How-
ever, previous studies investigating declarative long-term memory
(Abercrombie, Speck, & Monticelli, 2006; de Quervain, Aerni, &
Roozendaal, 2007; Kuhlmann & Wolf, 2006a) and WM (Elzinga
& Roelofs, 2005) suggested that the modulation of memory func-
tions through cortisol enhancement require SNS activity or a
certain amount of endogenous arousal induced by being submitted
to cognitive tests (Kuhlmann & Wolf, 2006b; Okuda, Roozendaal,
& McGaugh, 2004). Taken together, cortisol increases alone seem
to diminish WM only (a) at rather high cortisol concentrations
and/or (b) when the WM task employed puts a high demand on
WM (Lupien et al., 1999; Wolf et al., 2001).

Associations Between WM Performance and
Cortisol Response

Our results revealed correlations for the cortisol increase
(AUCi), the delta cortisol increase, and WM performance in the
O-Span and the digit span task backward. The stronger the cortisol
response, the larger was the resulting WM impairment on both
tasks. These associations were significant for the entire group as
well as for the group of subjects exposed to the CPS. No relation-
ship was found between the cortisol increase and WM perfor-
mance for nonstressed subjects, most likely reflecting the small
variance in this group. Furthermore, it was shown that the subjec-
tive feeling of discomfort correlated with performance in the
O-Span task. However partial correlations revealed that this was
secondary to the correlation between the discomfort ratings and the
cortisol AUCi. The significant correlations between the endocrine
stress response and WM measures are reminiscent of studies that
also reported associations between stress-induced cortisol eleva-
tions and WM memory alterations (Oei et al., 2006; Schoofs et al.,
2008; Smeets et al., 2006). However, it should be noted that the
reported correlations in the present study and previous studies
accounted on average for about 20% of the variance. When inter-
preting the size of these correlations it should be noted that both
WM functions and the physiological stress response, are quite
complex processes, which are influenced by many factors. For
WM studies it is well-known that there exist pronounced interin-
dividual differences that (at least) in part depend on individual
differences in attentional processes and fluid intelligence (e.g.,
Awh, Vogel, & Oh, 2006; Unsworth & Engle, 2005). Furthermore,
stress influences, beside its effects on the HPA, a variety of
important pathways like the sympathetic nervous system and the
dopaminergic system (Arnsten & Goldman-Rakic, 1998; Carrasco
& Van de Kar, 2003). Both systems are tightly associated with
WM functions. For catecholamines (noradrenaline, adrenaline, and
dopamine) it is well-known that their concentrations in the PFC are
critical for WM performance (Arnsten & Li, 2005; Chamberlain,
Muller, Blackwell, Robbins, & Sahakian, 2006). When consider-
ing the multifaceted effects of stress on physiological and cogni-
tive systems a correlation between a single, physiological stress
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marker and WM performance explaining about 20% of the vari-
ance reflects in our view an important finding. In this context it is
interesting to note that none of the subjective measures were
associated with WM performance. Having said this, the additional
measurement of SNS markers (e.g., heart rate, blood pressure or
salivary alpha-amylase) would have allowed the comparison of the
influence of these two stress systems on WM. In sum, the observed
correlations support the hypothesis that WM impairments after
stress are (at least in part) caused by the stress-induced activation
of the HPA axis. The causal role of heightened cortisol levels for
the present findings can only be proven with a pharmacological
approach (Lupien et al., 1999).

Stress Effects on WM: Possible Neuronal Correlates

Although results from behavioral studies suggest that WM im-
pairments might be mediated by effects of cortisol on PFC these
studies did not allow to draw direct conclusion about the brain
areas mediating the observed effects (e.g., Lupien et al., 1999; Oei
et al., 2006; Schoofs et al., 2008). However, a couple of studies
employing functional Magnetic Resonance Imaging (fMRI) and
Position Emission Tomography (PET) techniques provided evi-
dence that stress and/or cortisol modulates the pattern of activation
in the PFC (Kern et al., 2008; Wang et al., 2005). Further fMRI
studies investigating long term memory also reported significant
associations between cortisol and PFC activity (Kukolja, Thiel,
Wolf, & Fink, 2008; Oei et al., 2007).

For WM processes, two previous studies examined the effects of
acute stress on PFC-based WM systems (Porcelli et al., 2008; Qin,
Hermans, van Marle, Luo, & Fernández, 2009). In the first study,
subjects were scanned while they were exposed to the CPS or a
control condition and simultaneously attended a Sternberg para-
digm (Porcelli et al., 2008). The fMRI results showed an increased
PFC activation (dorsolateral and ventrolateral PFC) in the stress
compared to the nonstressful control condition. In contrast to
Porcelli et al. (2008); Qin et al. (2009) found a decreased activa-
tion of the DLPFC in subjects engaged in an n-back task after they
were stressed by having been shown strongly aversive movies. In
both studies, however, the stressor did not substantially alter task
performance. In sum, all these human imaging studies suggested
that stress has an influence on PFC activation. However, the
modulating variables leading to a stress induced increase versus
decrease in PFC activation need further characterization. Stressor
intensity, task difficulty, and the temporal association between the
stressor and the WM task are variables that would need to be
considered.

Limitations

Finally, some limitations of our study need to be acknowledged.
First of all our study was planned to investigate if WM functions
are differentially affected by stress due to a varying demand they
put on executive functions. For this purpose we employed two
different WM paradigms. We assumed that the digit span forward
is a task relying on maintenance capacity while for the backward
conditions stored information had to be additionally manipulated
and therefore this task in addition relies on executive functions
(item manipulation). Furthermore, employing the digit span task
allows a comparison of our current study with previously pub-

lished reports in this area, which most often had used this task. In
addition, based on our hypothesis of the importance of an execu-
tive demand of the task we selected the O-Span task, which places
a heavy load on executive control, for example, by requesting the
subjects to solve two different tasks (mathematical task and mem-
orizing words). However, executive control is an umbrella term
summarizing a number of cognitive processes like item manipu-
lation, task switching, response inhibition, attention regulation,
and so forth (e.g., Arnsten & Li, 2005; Collette & Van der Linden,
2002). The O-Span task does not allow a conclusion as to which
specific executive function is important to make WM processes
vulnerable to the influence of stress. The findings of impaired digit
backward performance, however, suggest that the aspect of item
manipulation is critical (or at least sufficient) to create a WM task
that is sensitive to the impairing effects of stress. For future studies
it would be preferable to use a paradigm that allows a systemati-
cally stepwise manipulation of the demand on executive functions
while leaving other WM task parameter unchanged.

Furthermore, in the reported study solely a male student sample
was tested. However, it has been repeatedly observed that men and
women differ in the cortisol stress response with an additional
modulating influence of menstrual cycle phase and hormonal
contraception in female subjects (Kajantie & Phillips, 2006; Kir-
schbaum, Kudielka, Gaab, Schommer, & Hellhammer, 1999; Kud-
ielka & Kirschbaum, 2005). Even though those few studies inves-
tigating a mixed sample have found no influence of sex on the
effects of psychosocial stress on WM (Elzinga & Roelofs, 2005;
Smeets et al., 2006), animal studies reported a stronger influence
of stress on WM in female rodents (Shansky, Rubinow, Brennan,
& Arnsten, 2006). Thus, further study is needed to clarify whether
sex has a modulating influence on the WM performance under
stress.

Another limitation of our study is that we did not include
measures of sympathetic nervous system activity (e.g., heart rate,
salivary alpha-amylase). However, this would have been desirable
to better understand the interaction between cortisol and the sym-
pathetic nervous system because previous studies investigating
declarative long-term memory (Abercrombie et al., 2006; de Quer-
vain et al., 2007; Kuhlmann & Wolf, 2006a) and WM (Elzinga &
Roelofs, 2005) suggested that the modulation of memory functions
through cortisol enhancement require concurrent noradrenergic
activity. Then again, it should be noted that the CPS stress proce-
dure has been shown to reliably induce sympathetic activity
(Lovallo, 1975; McRae et al., 2006; Velasco et al., 1997).

Finally, one limitation of the employed experimental design is
the short interval between the treatment and the WM testing. In the
cold water condition participants were requested to leave their arm
as long as possible in ice cold water. Results showed that this
induced significant higher feelings of discomfort in the stressed
group. Due to the short time interval between CPS and WM
measurement it seems possible, that distraction from pain or other
sensations secondary to cold stress had further effects on the
cognitive performance measurement of subjects.

Conclusion

In sum, we report that WM performance in the O-Span and the
digit span backward task is significantly impaired after exposure to
the cold pressor test. In contrast, digit span forward was not
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influenced by the stressor. These findings together with other
recent studies (Oei et al., 2006; Schoofs et al., 2008) indicate that
stress impairs performance in demanding WM tasks requiring
maintenance and executive processing of information. Further-
more, the fact that stronger cortisol response were associated with
larger WM impairments for the O-Span and digit span task back-
ward suggest that these stress-induced impairments in WM are at
least in part brought about by specific effects of cortisol on
neurons in the PFC.

References

Abercrombie, H. C., Speck, N. S., & Monticelli, R. M. (2006). Endogenous
cortisol elevations are related to memory facilitation only in individuals
who are emotionally aroused. Psychoneuroendocrinology, 31, 187–196.

Andreano, J. M., Arjomandi, H., & Cahill, L. (2008). Menstrual cycle
modulation of the relationship between cortisol and long-term memory.
Psychoneuroendocrinology, 33, 874–882.

Arnsten, A. F. (1997). Catecholamine regulation of the prefrontal cortex.
Journal of Psychopharmacology, 11, 151–162.

Arnsten, A. F. (2000). Stress impairs prefrontal cortical function in rats and
monkeys: Role of dopamine D1 and norepinephrine alpha-1 receptor
mechanisms. Progress in Brain Research, 126, 183–192.

Arnsten, A. F., & Goldman-Rakic, P. S. (1998). Noise stress impairs
prefrontal cortical cognitive function in monkeys: Evidence for a hyper-
dopaminergic mechanism. Archives of General Psychiatry, 55, 362–368.

Arnsten, A. F., & Li, B. M. (2005). Neurobiology of executive functions:
Catecholamine influences on prefrontal cortical functions. Biological
Psychiatry, 57, 1377–1384.

Awh, E., Vogel, E. K., & Oh, S. H. (2006). Interactions between attention
and working memory. Neuroscience, 139, 201–208.

Baddeley, A. (2000). The episodic buffer: A new component of working
memory? Trends in Cognitive Sciences, 4, 417–423.

Baddeley, A. D. (2001). Is working memory still working? American
Psychologist, 56, 851–864.

Baddeley, A. (2003). Working memory: Looking back and looking for-
ward. Nature Reviews Neuroscience, 4, 829–839.

Baddeley, A. D., & Hitch, G. J. (1974). Working memory. In G. A. Bower
(Ed.), Recent advances in learning and motivation (pp. 47–90). New
York, NY: Academic Press.

Baldo, J. V., & Dronkers, N. F. (2006). The role of inferior parietal and
inferior frontal cortex in working memory. Neuropsychology, 20, 529–
538.

Bayliss, D. M., Jarrold, C., Gunn, D. M., & Baddeley, A. D. (2003). The
complexities of complex span: Explaining individual differences in
working memory in children and adults. Journal of Experimental Psy-
chology: General, 132, 71–92.

Buchanan, T. W., Tranel, D., & Adolphs, R. (2006). Impaired memory
retrieval correlates with individual differences in cortisol response but
not autonomic response. Learning & Memory, 13, 382–387.

Cahill, L., Gorski, L., & Le, K. (2003). Enhanced human memory consol-
idation with post-learning stress: Interaction with the degree of arousal
at encoding. Learning & Memory, 10, 270–274.

Canavan, A. G., Passingham, R. E., Marsden, C. D., Quinn, N., Wyke, M.,
& Polkey, C. E. (1989). Sequence ability in Parkinsonians, patients with
frontal lobe lesions and patients who have undergone unilateral temporal
lobectomies. Neuropsychologia, 27, 787–798.

Carrasco, G. A., & Van de Kar, L. D. (2003). Neuroendocrine pharmacol-
ogy of stress. European Journal of Pharmacology, 463, 235–272.

Chamberlain, S. R., Muller, U., Blackwell, A. D., Robbins, T. W., &
Sahakian, B. J. (2006). Noradrenergic modulation of working memory
and emotional memory in humans. Psychopharmacology (Berlin), 188,
397–407.

Cohen, J. (1988). Statistical power analysis for the behavioral sciences
(2nd ed.). Hillsdale, NJ: Erlbaum.

Collette, F., & Van der Linden, M. (2002). Brain imaging of the central
executive component of working memory. Neuroscience and Biobehav-
ioral Reviews, 26, 105–125.

Conway, A. R., Kane, M. J., Bunting, M. F., Hambrick, D. Z., Wilhelm, O.,
& Engle, R. W. (2005). Working memory span tasks: A methodological
review and user’s guide. Psychonomic Bulletin and Review, 12, 769–
786.

Curtiss, G., Vanderploeg, R. D., Spencer, J., & Salazar, A. M. (2001).
Patterns of verbal learning and memory in traumatic brain injury. Jour-
nal of the International Neuropsychological Society, 7, 574–585.

de Quervain, D. J., Aerni, A., & Roozendaal, B. (2007). Preventive effect
of beta-adrenoceptor blockade on glucocorticoid-induced memory re-
trieval deficits. American Journal of Psychiatry, 164, 967–969.

D’Esposito, M., & Postle, B. R. (1999). The dependence of span and
delayed-response performance on prefrontal cortex. Neuropsychologia,
37, 1303–1315.

Diamond, D. M., Campbell, A. M., Park, C. R., Halonen, J., & Zoladz,
P. R. (2007). The temporal dynamics model of emotional memory
processing: A synthesis on the neurobiological basis of stress-induced
amnesia, flashbulb and traumatic memories, and the Yerkes–Dodson
law. Neural Plasticity, 2007, 1–33.

Dickerson, S. S., & Kemeny, M. E. (2004). Acute stressors and cortisol
responses: A theoretical integration and synthesis of laboratory research.
Psychological Bulletin, 130, 355–391.

Dobbs, B. M., Dobbs, A. R., & Kiss, I. (2001). Working memory deficits
associated with chronic fatigue syndrome. Journal of the International
Neuropsychological Society, 7, 285–293.

Ellis, K. A., & Nathan, P. J. (2001). The pharmacology of human working
memory. International Journal of Neuropsychopharmacology, 4, 299–
313.

Elzinga, B. M., & Roelofs, K. (2005). Cortisol-induced impairments of
working memory require acute sympathetic activation. Behavioral Neu-
roscience, 119, 98–103.

Engle, R. W., Cantor, J., & Carullo, J. J. (1992). Individual differences in
working memory and comprehension: A test of four hypotheses. Journal
of Experimental Psychology: Learning, Memory, and Cognition, 18,
972–992.

Fletcher, P. C., & Henson, R. N. (2001). Frontal lobes and human memory:
Insights from functional neuroimaging. Brain, 124, 849–881.

Fuster, J. M. (2000). Executive frontal functions. Experimental Brain
Research, 133, 66–70.

Groeger, J. A., Field, D., & Hammond, S. M. (1999). Measuring memory
span. International Journal of Psychology, 34, 359–363.

Grossman, R., Yehuda, R., Golier, J., McEwen, B., Harvey, P., & Maria,
N. S. (2006). Cognitive effects of intravenous hydrocortisone in subjects
with PTSD and healthy control subjects. Annals New York Academy of
Sciences, 1071, 410–421.

Hedges, L. V., & Olkin, I. (1985). Statistical methods for meta-analysis.
Orlando, FL: Academic Press.

Herman, J. P., Figueiredo, H., Mueller, N. K., Ulrich-Lai, Y., Ostrander,
M. M., Choi, D. C., . . . & Cullinan, W. E. (2003). Central mechanisms
of stress integration: Hierarchical circuitry controlling hypothalamo-
pituitary-adrenocortical responsiveness. Frontiers in Neuroendocrinol-
ogy, 24, 151–180.

Herman, J. P., Ostrander, M. M., Mueller, N. K., & Figueiredo, H. (2005).
Limbic system mechanisms of stress regulation: Hypothalamo-pituitary-
adrenocortical axis. Progress in Neuro-Psychopharmacology & Biolog-
ical Psychiatry, 29, 1201–1213.

Hoffman, R., & al’Absi, M. (2004). The effect of acute stress on subse-
quent neuropsychological test performance (2003). Archives of Clinical
Neuropsychology, 19, 497–506.

Hoshi, Y., Oda, I., Wada, Y., Ito, Y., Yamashita, Y., Oda, M., . . . &

1073COLD PRESSOR STRESS AND WORKING MEMORY



Tamura, M. (2000). Visuospatial imagery is a fruitful strategy for the
digit span backward task: A study with near-infrared optical tomogra-
phy. Cognitive Brain Research, 9, 339–342.

Joels, M., Pu, Z., Wiegert, O., Oitzl, M. S., & Krugers, H. J. (2006).
Learning under stress: How does it work? Trends in Cognitive Science,
10, 152–158.

Kajantie, E., & Phillips, D. I. (2006). The effects of sex and hormonal
status on the physiological response to acute psychosocial stress. Psy-
choneuroendocrinology, 31, 151–178.

Kern, S., Oakes, T. R., Stone, C. K., McAuliff, E. M., Kirschbaum, C., &
Davidson, R. J. (2008). Glucose metabolic changes in the prefrontal
cortex are associated with HPA axis response to a psychosocial stressor.
Psychoneuroendocrinology., 33, 517–529.

Kirschbaum, C., Kudielka, B. M., Gaab, J., Schommer, N. C., & Hellham-
mer, D. H. (1999). Impact of gender, menstrual cycle phase, and oral
contraceptives on the activity of the hypothalamus-pituitary-adrenal
axis. Psychosomatic Medicine, 61, 154–162.

Kirschbaum, C., Pirke, K. M., & Hellhammer, D. H. (1993). The “Trier
Social Stress Test”—A tool for investigating psychobiological stress
responses in a laboratory setting. Neuropsychobiology, 28, 76–81.

Klein, K., & Boals, A. (2001). The relationship of life event stress and
working memory capacity. Applied Cognitive Psychology, 15, 565–579.

Kudielka, B. M., & Kirschbaum, C. (2005). Sex differences in HPA axis
responses to stress: A review. Biological Psychology, 69, 113–132.

Kuhlmann, S., Kirschbaum, C., & Wolf, O. T. (2005). Effects of oral
cortisol treatment in healthy young women on memory retrieval of
negative and neutral words. Neurobiology of Learning & Memory, 83,
158–162.

Kuhlmann, S., Piel, M., & Wolf, O. T. (2005). Impaired memory retrieval
after psychosocial stress in healthy young men. Journal of Neuroscience,
25, 2977–2982.

Kuhlmann, S., & Wolf, O. T. (2006a). Arousal and cortisol interact in
modulating memory consolidation in healthy young men. Behavioral
Neuroscience, 120, 217–223.

Kuhlmann, S., & Wolf, O. T. (2006b). A non-arousing test situation
abolishes the impairing effects of cortisol on delayed memory retrieval
in healthy women. Neuroscience Letters, 399, 268–272.

Kukolja, J., Thiel, C. M., Wolf, O. T., & Fink, G. R. (2008). Increased
cortisol levels in cognitively challenging situations are beneficial in
young but not older subjects. Psychopharmacology, 201, 293–304.

Lezak, M. D., Howleson, D. B., & Loring, D. W. (2004). Neuropsycho-
logical assessment (4th ed.) New York, NY: Oxford University Press.

Lovallo, W. (1975). The cold pressor test and autonomic function: A
review and integration. Psychophysiology, 12, 268–282.

Lupien, S. J., Gillin, C. J., & Hauger, R. L. (1999). Working memory is
more sensitive than declarative memory to the acute effects of cortico-
steroids: A dose-response study in humans. Behavioral Neuroscience,
113, 420–430.

McMorris, T., Swain, J., Smith, M., Corbett, J., Delves, S., Sale, C., . . . &
Potter, J. (2006). Heat stress, plasma concentrations of adrenaline, nor-
adrenaline, 5-hydroxytryptamine and cortisol, mood state and cognitive
performance. International Journal of Psychophysiology, 61, 204–215.

McRae, A. L., Saladin, M. E., Brady, K. T., Upadhyaya, H., Back, S. E.,
& Timmerman, M. A. (2006). Stress reactivity: Biological and subjec-
tive responses to the cold pressor and trier social stressors. Human
Psychopharmacology, 21, 377–385.

Meaney, M. J., & Aitken, D. H. (1985). [3H]Dexamethasone binding in rat
frontal cortex. Brain Research, 328, 176–180.

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A.,
& Wager, T. D. (2000). The unity and diversity of executive functions
and their contributions to complex “frontal lobe” tasks: A latent variable
analysis. Cognitive Psychology, 41, 49–100.

Miyake, A., & Shah, P. (1999). Models of working memory—Mechanisms

of active maintenance and executive control. New York, NY: Cambridge
University Press.

Muller, N. G., & Knight, R. T. (2006). The functional neuroanatomy of
working memory: Contributions of human brain lesion studies. Neuro-
science, 139, 51–58.

Murphy, B. L., Arnsten, A. F., Jentsch, J. D., & Roth, R. H. (1996).
Dopamine and spatial working memory in rats and monkeys: Pharma-
cological reversal of stress-induced impairment. Journal of Neuro-
science, 16, 7768–7775.

Oei, N. Y., Elzinga, B. M., Wolf, O. T., de Ruiter, M. B., Damoiseaux,
J. S., Kuijer, J. P. A., . . . & Rombouts, S. A. R. B. (2007). Glucocorti-
coids decrease hippocampal and prefrontal activation during declarative
memory retrieval in young men. Brain Imaging and Behavior, 1, 31–41.

Oei, N. Y., Everaerd, W. T., Elzinga, B. M., van Well, S., & Bermond, B.
(2006). Psychosocial stress impairs working memory at high loads: An
association with cortisol levels and memory retrieval. Stress, 9, 133–
141.

Okuda, S., Roozendaal, B., & McGaugh, J. L. (2004). Glucocorticoid
effects on object recognition memory require training-associated emo-
tional arousal. Proceedings of the National Academy of Sciences, USA,
101, 853–858.

Owen, A. M., McMillan, K. M., Laird, A. R., & Bullmore, E. (2005).
N-back working memory paradigm: A meta-analysis of normative func-
tional neuroimaging studies. Human Brain Mapping, 25, 46–59.

Patel, P. D., Katz, M., Karssen, A. M., & Lyons, D. M. (2008). Stress-
induced changes in corticosteroid receptor expression in primate hip-
pocampus and prefrontal cortex. Psychoneuroendocrinology, 33, 360–
367.

Patel, P. D., Lopez, J. F., Lyons, D. M., Burke, S., Wallace, M., &
Schatzberg, A. F. (2000). Glucocorticoid and mineralocorticoid receptor
mRNA expression in squirrel monkey brain. Journal of Psychiatric
Research, 34, 383–392.

Perlman, W. R., Webster, M. J., Herman, M. M., Kleinman, J. E., &
Weickert, C. S. (2007). Age-related differences in glucocorticoid recep-
tor mRNA levels in the human brain. Neurobiology of Aging, 28,
447–458.

Peters, M. J., Smeets, T., Giesbrecht, T., Jelicic, M., & Merckelbach, H.
(2007). Confusing action and imagination: Action source monitoring in
individuals with schizotypal traits. Journal of Nervous & Mental Dis-
ease, 195, 752–757.

Petrides, M. (2000). The role of the mid-dorsolateral prefrontal cortex in
working memory. Experimental Brain Research, 133, 44–54.

Porcelli, A. J., Cruz, D., Wenberg, K., Patterson, M. D., Biswal, B. B., &
Rypma, B. (2008). The effects of acute stress on human prefrontal
working memory systems. Physiology & Behavior, 95, 282–289.

Pruessner, J. C., Kirschbaum, C., Meinlschmid, G., & Hellhammer, D. H.
(2003). Two formulas for computation of the area under the curve
represent measures of total hormone concentration versus time-
dependent change. Psychoneuroendocrinology, 28, 916–931.

Qin, S., Hermans, E. J., van Marle, H. J., Luo, J., & Fernández, G. (2009).
Acute psychological stress reduces working memory-related activity in
the dorsolateral prefrontal cortex. Biological Psychiatry, 66, 25–32.

Ramsay, M. C., & Reynolds, C. R. (1995). Separate digits tests: A brief
history, a literature review, and a reexamination of the factor structure of
the Test of Memory and Learning (TOMAL). Neuropsychology Review,
5, 151–171.

Redick, T. S., & Engle, R. W. (2006). Working memory capacity and
attention network test performance. Applied Cognitive Psychology, 70,
713–721.

Repovs, G., & Baddeley, A. (2006). The multi-component model of
working memory: Explorations in experimental cognitive psychology.
Neuroscience, 139, 5–21.

Reynolds, C. R. (1997). Forward and backward memory span should not be

1074 SCHOOFS, WOLF, AND SMEETS



combined for clinical analysis. Archives of Clinical Neuropsychology,
12, 29–40.

Richardson, J. T. (2007). Measures of short-term memory: A historical
review. Cortex, 43, 635–650.

Robbins, T. W. (2005). Chemistry of the mind: Neurochemical modulation
of prefrontal cortical function. Journal of Comparative Neurology, 493,
140–146.

Roozendaal, B. (2002). Stress and memory: Opposing effects of glucocor-
ticoids on memory consolidation and memory retrieval. Neurobiology of
Learning & Memory, 78, 578–595.

Scholz, U., La Marca, R., Nater, U. M., Aberle, I., Ehlert, U., Hornung, R.,
. . . & Kliegel, M. (2009). Go no-go performance under psychosocial
stress: Beneficial effects of implementation intentions. Neurobiology of
Learning & Memory, 91, 89–92.

Schoofs, D., Preuss, D., & Wolf, O. T. (2008). Psychosocial stress induces
working memory impairments in an n-back paradigm. Psychoneuroen-
docrinology, 33, 643–653.

Schwarzer, R. (1989). Meta-analysis programs (Version 5) [Computer
software]. Berlin, Germany: Freie Universität Berlin.

Shansky, R. M., Rubinow, K., Brennan, A., & Arnsten, A. F. (2006). The
effects of sex and hormonal status on restraint-stress-induced working
memory impairment. Behavioral & Brain Functions, 7, 8.

Smeets, T., Jelicic, M., & Merckelbach, H. (2006). The effect of acute
stress on memory depends on word valence. International Journal of
Psychophysiology, 62, 30–37.

Smeets, T., Otgaar, H., Candel, I., & Wolf, O. T. (2008). True or false?
Memory is differentially affected by stress-induced cortisol elevations
and sympathetic activity at consolidation and retrieval. Psychoneuroen-
docrinology, 33, 1378–1386.

Sternberg, S. (1966). High-speed scanning in human memory. Science,
153, 652–654.

Tsukiura, T., Fujii, T., Takahashi, T., Xiao, R., Inase, M., Iijima, T., . . . &
Okuda, J. (2001). Neuroanatomical discrimination between manipulat-
ing and maintaining processes involved in verbal working memory; a
functional MRI study. Cognitive Brain Research, 11, 13–21.

Turner, M. L., & Engle, R. W. (1989). Is working memory capacity task
dependent? Journal of Memory and Language, 28, 127–154.

Unsworth, N., & Engle, R. W. (2005). Individual differences in working
memory capacity and learning: Evidence from the serial reaction time
task. Memory & Cognition, 33, 213–220.

Unsworth, N., & Engle, R. W. (2007). On the division of short-term and
working memory: An examination of simple and complex span and their
relation to higher order abilities. Psychological Bulletin, 133, 1038–
1066.

van Stegeren, A. H., Wolf, O. T., & Kindt, M. (2008). Salivary alpha
amylase and cortisol responses to different stress tasks: Impact of sex.
International Journal of Psychophysiology, 69, 33–40.

Velasco, M., Gomez, J., Blanco, M., & Rodriguez, I. (1997). The cold
pressor test: Pharmacological and therapeutic aspects. American Journal
of Therapeutics, 4, 34–38.

Veltman, D. J., Rombouts, S. A., & Dolan, R. J. (2003). Maintenance
versus manipulation in verbal working memory revisited: An fMRI
study. NeuroImage, 18, 247–256.

Wager, T. D., & Smith, E. E. (2003). Neuroimaging studies of working
memory: A meta-analysis. Cognitive, Affective, & Behavioral Neuro-
science, 3, 255–274.

Wang, J., Rao, H., Wetmore, G. S., Furlan, P. M., Korczykowski, M.,
Dinges, D. F., . . . & Detre, J. A. (2005). Perfusion functional MRI
reveals cerebral blood flow pattern under psychological stress. Proceed-
ings of the National Academy of Science of the USA, 102, 17804–17809.

Wechsler, D. (1987). WMS–R manual: Wechsler Memory Scale–Revised.
New York, NY: Harcourt Brace Jovanovich.

Wolf, O. T., Convit, A., McHugh, P. F., Kandil, E., Thorn, E. L., De Santi,
S., . . . & de Leon, D. J. (2001). Cortisol differentially affects memory in
young and elderly men. Behavioral Neuroscience, 115, 1002–1011.

Received January 6, 2009
Revision received June 29, 2009

Accepted June 30, 2009 �

1075COLD PRESSOR STRESS AND WORKING MEMORY


