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The hypothalamic-pituitary-adrenocortical (HPA) function is crucial for adaptation to
stress and recovery of homeostasis. Physiological alteration in the HPA axis has
been shown to play a pivotal role in the generation of stress-related disorders. A
growing number of studies have begun to identify which variables are possible to
predict individual HPA response and associated stress vulnerability. The current study
investigated the relationship between working memory and the subsequent magnitude
of HPA response to psychosocial stress in a non-clinical population. Working memory
was assessed utilizing an n-back task (2/3-back) in thirty-nine healthy young men,
whose electroencephalograms were recorded. The HPA response was measured using
the percentage increase in cortisol to an acute psychosocial stress protocol called the
Trier Social Stress Test (TSST). Our results show that longer reaction time and smaller
amplitude of P2 predict a relatively lower HPA response to stress. Our study provides
new insights into how neurocognitive factors can be used to predict HPA response to
acute stress.

Keywords: cortisol, acute stress, working memory, ERP, P2

INTRODUCTION

Stress is familiar to people in modern life and chronic exposure to stress may lead to mental and
physical disorders. To respond to stressful challenges, the brain has developed crucial neural and
neuroendocrine mechanisms (1). Among these mechanisms, a stress response system based on
the hypothalamic-pituitary-adrenocortical axis (HPA axis) is one important pathway that regulates
stress hormone levels (2). The activation of the HPA axis results in an increase in circulating
glucocorticoids levels, which in humans primarily comprises cortisol (3). From the physiological
perspective, the HPA response triggered by acute stress is crucial for adaptation to stress and
recovery of homeostasis, up-regulating the hormone cortisol to cope with challenges when at risk
but down-regulating cortisol through a negative feedback loop when challenges have been resolved
(4). Since the HPA axis is the key system to mobilize the organism’s resources to deal with threat
through regulating cortisol levels (5), it provides a critical mechanism for survival.

Chronic activation of HPA axis exerts adverse effect on the development of brain structures
and neuroendocrine systems. Physiological alteration in the HPA axis has been shown to play a
pivotal role in the generation of stress-related disorders, including but not limited to depression,
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anxiety and cardiovascular diseases (6). The focused review
by Handwerger (7) has described the patterns of HPA-axis
reactivity under stress in healthy individuals compared to those
with stress-related disorders, i.e., post-traumatic stress disorder
(PTSD) and major depressive disorder (MDD). In PTSD studies,
some researchers have found that stress can trigger greater
cortisol reactivity in anticipation of a stressor in PTSD patients
(8, 9). In MDD studies, researchers have found that the HPA
responses to acute stress in MDD was similar to controls (10)
or relatively blunted (11, 12). In the recent decade, blunted
cortisol response was found in adolescents with moderate or
severe depression (13) and soldiers who showed greater increase
in PTSD symptomatology (14). Although it remains difficult
to draw a clear conclusion about the relationship between
HPA response and stress-related disorders, the majority of
studies has supported the viewpoint that the phenomenon of
hypocortisolism, a relatively decreased cortisol reactivity, is
related to pathophysiology of stress-related disorders (15, 16).

Individuals differ markedly in their vulnerability to stressful
challenges (17), but little is known about what kind of individuals
are at higher risk for the generation of HPA dysregulation
and associated stress-related pathologies. The past decade has
observed a growing number of studies using demographic
variables (18, 19), personality traits (20, 21), and exposure to
adversity (22) to predict physiological responses to laboratory
psychosocial stress [for reviews see (6, 23)]. Recent studies have
shown that the better performance of cognitive functions under
non-stressful situation can also predict stronger HPA response
to acute stress. For example, poor cognitive abilities, including
episodic memory and reasoning ability, have been observed to be
associated with a blunted HPA response to acute stress (24, 25). In
addition, attentional bias toward negative and social stress stimuli
was also suggested to present a useful tool to predict an increased
cortisol response to acute stress (26, 27). Furthermore, two
studies found that the neural activity of error consciousness—
error-related negativity (ENR) and error positivity (Pe)—can
predict stress reactivity by measuring Event-related potentials
(ERPs) (28, 29).

Although previous studies have shown that the behavioral
measures of cognitive control predict HPA response or cortisol
reactivity to acute stress [e.g., (24, 25, 30)], there are relatively
fewer neurocognitive indicators. To our knowledge, only two
ERP studies have obtained preliminary outcomes in ERN and Pe
potentials (28, 29); therefore, further evidence in other cognitive
components is still needed. Especially, the executive function has
been reported to be closely related to stress response [for a review
(31)]. However, it remains unknown whether the neurocognitive
activity of executive function can serve as predictors of HPA
response. Working memory represents a core executive function,
both holding and actively operating with information through
directing attention to task-related activity. Extensive research has
shown that working memory is closely related to the function
of prefrontal cortex (PFC) (32), which is also one of the brain
areas regulating the magnitude of HPA response to stress (33).
Thus, the current study was aimed at investigating the possibility
of working memory to serve as a predictive indicator of HPA
response to acute stress. More importantly, we were interested in

whether and how the executive component of working memory
and its related ERPs predicts HPA response.

N-back task is a classic paradigm to measure the executive
component of working memory in neurocognitive studies (34).
For this task, two typical ERP components P2 and P3 have
been frequently analyzed to assess the attentional process
and maintenance process in working memory (35). The P2
component is most prominent at frontal-central sites and is
believed to be associated with early attention allocation and the
initial onset of context updating (36, 37). In addition, the P3
component is a centro-parietal positive component that reflects
cognitive resources or capacity of working memory (38, 39).

The current study used the N-back task to assess working
memory under non-stressful situation, and aimed at examining
whether and how the behavioral performance and ERP correlates
of working memory is related to the HPA response induced
by an acute psychosocial stress protocol. We hypothesized that
better working memory performance positively predicts HPA
responses. Furthermore, we tested whether the ERPs (P2 and P3
components) are associated with the HPA response to stress.

MATERIALS AND METHODS

Participants

Forty healthy Chinese male college students aged 18-27 years
old were recruited from universities in Beijing in the present
study. We only recruited male participants due to the potential
influences of the menstrual cycle and oral contraceptives on
cortisol levels (40). To control for potential influences on stress
hormones, we strictly followed the general exclusion criteria
in acute stress studies: (1) history of chronic physiological or
endocrine disease; (2) history of psychiatry or neurological
disorder; (3) use of medication within 2 weeks before the
experiment; (4) chronic overnight work or circadian rhythm
disorder; (5) excessive alcohol consumption (more than two
alcoholic drinks per day) or tobacco use (more than five
cigarettes per day); and (6) current periodontitis. Due to
extremely high cortisol response (over 2.5 SD), one participant
was excluded, resulted in 39 participants. Their average age
was 21.92 (SD = 2.08) years old with three missing values,
and their average education level was 15.46 (SD = 1.52) years
with two missing values. All participants provided informed
consent and were offered monetary reimbursement for their
participation. This study was approved by the Ethics Committee
of Human Experimentation in the Institute of Psychology,
Chinese Academy of Sciences.

Procedure

The timeline of our procedure is shown in Figure 1. Experiments
were conducted in the afternoon to control for the circadian
rhythm of cortisol levels (41, 42). Participants were instructed
to refrain from smoking, eating, drinking anything but water,
and doing exercise 2 h before the study. The participants arrived
at the laboratory in the afternoon either at 1:30 or 3:30 p.m.
Upon arrival, participants were required to rest in a quiet
room for 30 min while filling out a questionnaire (see section
Questionnaire). Salivary samples (CORT) were collected after
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FIGURE 1 | Timeline of the procedure. Salivary cortisol (CORT) samples were collected at the baseline, before the Trier Social Stress Test (TSST), 0/15/30 min after

|15 |3o min

the rest phase. Following preparation of electroencephalograms
(EEG), the participants practiced on the n-back task (see section
N-Back Task) until they reached 80% accuracy (43). Salivary
sample was collected again before the TSST task to check
whether the n-back task had made the participants stressed. The
participants then completed the TSST task (see section Stress
Induction). Salivary samples were collected at 0, 15, and 30 min
after the end of the TSST task.

Questionnaire

Neuroticism

As neuroticism has been proved to be closely related to
physiological stress response (44, 45), we included it as a
control variable in our research. Participants completed an 8-item
neuroticism scale from the Big Five Inventory (46). Participants
responded on a Likert 5-point scale (ranging from 1 = strongly
disagree to 5 = strongly agree). The scale has been widely used
and validated. In this study, Cronbach’s alpha coefficient for
neuroticism was 0.77.

N-Back Task

A numerical n-back task (n = 2, 3) was used to assess the working
memory. White one-digit numbers (from 1 to 9) were presented
on a black background screen 60 cm away from the participants’
eyes, at a visual angle of (1 x 2). Each number was displayed for
500 ms with a randomly varied inter-stimulus interval of 1,300-
1,700 ms. The practice blocks consisted of 20 trails for each load.
The experimental blocks consisted of 100 trials for each load,
with 50% match-trials. The test lasted approximately 10 min in
total, including instruction, training and experimental blocks.
Participants had to indicate whether the number appeared on the
screen matched the one presented n-trials back, and to respond
by pressing the “match”/“non-match” button with their right or
left index finger as quickly as possible. The “match”/“non-match”
button was counterbalanced for the left/right hand.

EEG Recordings

Electroencephalograms (EEG) were recorded from 64 sites
according to the international 10-20 system (Neuroscan
Inc., USA), on-line referenced to the left mastoid. The
vertical electrooculogram (VEOG) was recorded by two
electrodes located above and below the left eye. The horizontal
electrooculogram (HEOG) was recorded using two electrodes at
about 1 cm from the outer canthus of each eye. The impedance
was kept below 5 k2. The EEG signals were amplified with
band-pass filter (0.05-100 Hz), with a sampling rate of 1,000 Hz.

The EEG data was processed off-line using Scan 4.3
(Neuroscan Inc., USA). The data was re-referenced to the average
of the left and right mastoids. Ocular artifacts were identified
and corrected using a regression algorithm implemented in the
Neuroscan software (47). The data was digitally lowpass-filtered
with 30 Hz, before being segmented into epochs of 1,200 ms,
including a 200 ms pre-stimulus baseline, and time-locked to the
onset of each stimulus. Trials with artifacts exceeding £100 pV
were rejected.

Stress Induction

The TSST task in the current study was a modified version
(48, 49) of the original TSST task (50), including a 5-min
preparation, a 5-min speech, and a 5-min mental arithmetic
task. In the preparation stage, participants were told that they
were accused of shoplifting and had to prepare a defense in
front of the store managers and a police officer. The participants
were then escorted to a room where three experimenters
(two females and one male) in white coats were waiting. The
experimenters kept a neutral facial expression through the speech
and mental arithmetic task. The participants stood in front of
the experimenters and spoke to a microphone. After the speech,
the participants had to subtract 13 from 1,022 orally and were
required to start from 1,022 again if they made a mistake. The
speech and arithmetic task stages were videotaped.

Physiological Measures

The salivary samples were collected using Salivette collection
tubes (Sarstedt, Rommelsdorf, Germany). Salivary samples were
frozen at —22°C within 2h of collection until analysis. For
analysis, samples were thawed and centrifuged at 3,500 rpm for
15min and then analyzed using an electrochemiluminescence
immunoassay (ECLIA, Cobas e 601, Roche Diagnostics). The
lower sensitivity for cortisol was 0.500 nmol/L. Intra- and inter-
assay variations were below 10%.

Data Analysis

Behavioral performance was evaluated by measuring by accuracy
(ACC) and reaction time (RT). Incorrect responses or RTs below
100 ms were excluded from both behavioral and ERP analyses.
For ERP analysis, both matched and non-matched trials were
included in the averaging of P2 and P3 components (43, 51).
In our study, Fz and Pz were the sites that showed the largest
amplitudes of P2 and P3, respectively. The mean amplitude of
P2 was calculated 160-190 ms after the onset of stimuli. The
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mean amplitude of P3 was calculated 300-450 ms after the onset
of stimuli.

In order to check whether stress induction was successful,
one-way repeated measures analysis of variance (ANOVA)
was conducted for salivary cortisol, with time as a within-
subject measure. Greenhouse-Geisser corrected p-values were
reported when sphericity assumptions were violated. Post-hoc
comparisons were conducted using Bonferroni adjustments.
Partial n? was provided as a measure of the effect size.

The magnitude of HPA response to acute stress was indexed
by the percentage change in salivary cortisol (18, 52), which was
calculated as follows: percentage cortisol increase = (CORT ¢,k
— CORTpyse)/CORTpyse- The peak point was defined according to
the group maximum point among the three post-TSST measures.
The “percentage cortisol increase” was phrased as “cortisol
reactivity” in the following to make the expression more concise.

Bivariate correlations were conducted among all potential
predictor variables (behavioral and ERP index), outcome
variable (cortisol reactivity), and controlled variables (age and
neuroticism). For those behavioral and ERP index that were
significantly correlated with cortisol reactivity, they were further
included in a hijerarchical regression in step 2 to examine
how working memory predicts HPA response, with age and
neuroticism being entered in Block 1 as control variables.

RESULTS

Descriptive Data

The descriptive behavioral and ERP data of N-back task were
presented in Table 1. To evaluate the difference between 2- and 3-
back, we performed a paired ¢-test. Our analysis showed that the
accuracy of 2-back was significantly higher than that of 3-back
(t =12.546, p < 0.001), and the reaction time of 2-back was also
significantly shorter than that of 3-back (t = —2.503, p = 0.017).
The Grand-average ERPs are shown in Table 1 and Figure 2.
The difference in P2 amplitudes between 2- and 3-back were
not significant (+ = 1.895, p = 0.066). The P3 amplitudes were
significantly larger in 2-back than 3-back (¢t = 3.286, p = 0.002).

TABLE 1 | Descriptive statistics of study variables.

Variable Mean Standard deviation
Age 2.72 0.60
Neuroticism 22.07 2.14
Behavioral measures
2-back ACC 0.92 0.05
2-back RT 775 158
3-back ACC 0.78 0.08
3-back RT 860 162
ERP measures
2-back P2 4.79 4.23
3-back P2 4.36 4.03
2-back P3 3.94 4.00
3-back P3 3.25 3.09
Percentage cortisol increase 0.88 1.18

For salivary cortisol (see Figure 3), the repeated measures
ANOVA showed a significant main effect for Time, F(4 57
= 12.053, p < 0.001, partial n> = 0.241. Post-hoc analysis
showed that the salivary cortisol levels collected at 0min,
15min, and 30 min post-TSST were significantly higher than
baseline (ps < 0.05). The salivary cortisol level collected
immediately before the TSST was not significantly different
from the baseline (p > 0.1). The salivary cortisol level
collected 0 min post-TSST was not significantly different from
either 15min or 30 min post-TSST (ps > 0.05). The salivary
cortisol level collected 15min post-TSST was significantly
higher than 30 min post-TSST (p = 0.013). As 15min post-
TSST showed the group maximum value among the three
post-TSST measures, the cortisol reactivity was calculated
as follows: percentage cortisol increase = (CORTi5min —
CORTpyse)/CORTpye.

Bivariate Correlation
Next, we performed a bivariate correlation analysis to identify the
variables for subsequent regression analysis (Table 2).

As shown in Figure4, the reaction time of 2-back was
significantly correlated with the cortisol reactivity, r = —0.372,
p = 0.020. Among the ERP indices, the P2 amplitudes of
2-back were marginally associated with the cortisol reactivity,

——— 2-back
= = = 3-back

300-450 ms

——  Amplitude (V)

-5 —

o

PP RS
ad o~ L

Amplitude (1V)

0 800 ms

FIGURE 2 | Stimulus-locked grand average ERP amplitude (V) elicited during
the 2-back and 3-back conditions. Topographies represent the scalp
distributions of the P2 (160-190 ms) and P3 components (300-450 ms).
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FIGURE 3 | Temporal changes of salivary cortisol levels. Error bars represent
standard errors of the mean. Baseline: after 30 min rest phase. Pre:
immediately before the Trier Social Stress Test (TSST). Post 1/2/3: at
0/15/30 min after the TSST. Tp < 0.1, *p < 0.05, **p < 0.01, and **p < 0.001.

r = 0296, p = 0.068, and the P2 amplitudes of 3-
back were significantly associated with the cortisol reactivity,
r = 0.365, p = 0.022 (see Figure4). The accuracy and P3
amplitudes under both 2-back and 3-back as well as the
reaction time of 3-back were not significantly related to cortisol

reactivity (ps > 0.1).

Regression Analysis

In order to examine how working memory predicts HPA
response, we performed hierarchical regression analysis using
the cortisol reactivity as the dependent variable and the three
working memory indices that are significantly associated with
cortisol reactivity as predictors. Age and neuroticism were
firstly entered as controlled variables in the block 1. 2-back
index (2-back RT and P2 amplitude under 2-back) was entered
in the block 2 and 3-back index (P2 amplitude under 3-
back) was entered in the block 3. Table 3 presents hierarchical
regression analysis results for the prediction model. After
controlling for the impact of age and neuroticism (Block 1),
measures of 2-back predicted marginally significant additional
variance (AR? = 0.191). Specifically, reaction time of 2-back in
Block 2 significantly predicted cortisol reactivity (8 = —0.379,
t = —2.180, p = 0.037). Next, after controlling for 2-back
measures, 3-back index accounted for significant additional
variance in the prediction model (AR? = 0.139). P2 amplitudes
of 3-back significantly predicted cortisol reactivity (8 = 0.803,
t = 2.546, p = 0.016). Note that the enter of 3-back P2 in
block 3 led to suppressor effect on 2-back P2 due to the
inevitable high correlation between 2-back P3 and 3-back P2
(r = 0.849). However, 2-back P2 was a positive predictor to
cortisol reactivity in the similar pattern as 3-back P2, as shown
in Figure 4.

DISCUSSION

The current study attempted to examine whether and how
working memory (indexed by both behavioral performance and
ERP correlates) predicts HPA response to the acute psychosocial
stress. Our results show that the longer reaction time of 2-back
and the smaller P2 amplitudes elicited during both 2-back and
3-back task predicted blunted HPA response.

The behavioral outcome showed that a longer reaction
time at 2-back predicts smaller cortisol reactivity, indicating
that individuals who respond slower to stimuli also tend to
exhibit relatively blunted HPA reactivity when encountering
stressful events. Our behavioral finding is in agreement with
previous studies that suggested that cognitive abilities are
positively correlated with cortisol reactivity to stress (24, 25).
For example, Ginty et al. (24) found that fora middle-aged
population, the performance in the episodic memory task
(immediate and delayed recall) positively predicts the cortisol
reactivity to acute stressors. In agreement with this finding,
Slattery et al. (25) found that among the assessments of
IQ, academic achievement and memory, only poorer memory
performance (assessed with a Story Memory subtest) predicted
lower cortisol reactivity to psychosocial stress. These findings
strongly suggest that better performance of cognitive task
predicts stronger cortisol reactivity. Stawski et al. (53) also found
that higher cognitive function, particularly executive function,
was associated with healthier daily cortisol profiles as reflected
in steeper diurnal cortisol slope, higher morning cortisol levels,
and lower afternoon and evening cortisol levels. Our study
provides further evidence to support that the fundamental
cognitive abilities predict the function of HPA system with
a more objective indicator. The possible explanation for this
correlation might be that individuals who are faster-reactors, or
more generally, who with better executive functions, are more
capable to efficiently mobilize their cognitive resources to cope
with the stress and demands of daily life (18, 25) so that their
HPA function are less influenced and tends to be retained in
a better condition. Accordingly, individuals who are weak in
neurocognitive abilities may experience more stress in their daily
life (25, 54, 55), resulting in a chronic ongoing activation of the
HPA axis.

However, we did not found correlation between other three
behavioral measures and HPA reactivity to acute stress except
the reaction time of 2-back. We assume that it could be the
speed rather than the accuracy of the behavioral response
that is associated with stress reactivity. In accordance with
this assumption, a couple of previous studies investigating
the effect of stress on working memory also reported that
stress affected the reaction time instead of the accuracy in
N-back task and Sternberg working memory test (56, 57).
However, the absence in correlation between 3-back RT and
cortisol reactivity might derive from its challenging load. The
above results may also suggest that even for the same type
of cognitive task, not every measure can predict the reactivity
to stress.

Moreover, another finding of our study is that the amplitudes
of the P2 component positively predicts the magnitude of HPA

Frontiers in Psychiatry | www.frontiersin.org

February 2020 | Volume 11 | Article 142


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Lin et al.

WM Predicts HPA Response

Percentage cortisol increase »
N
1

400 600 800 1000
2-back RT (ms)

1200

[o:]

Percentage cortisol increase
N

2-back P2 (Fz)

FIGURE 4 | Correlations between percentage cortisol increase and 2-back RT (A), 2-backP2 amplitudes (B), and 3-backP2 amplitudes (C). RT, reaction time.
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N
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TABLE 2 | Bivariate correlations among study variables.

Variable 1 2 3 4 5 6 7 8 9 10
1. Age -

2. Neuroticism —-0.147 —

3. 2-back ACC —-0.115 —-0.129 —

4. 2-back RT 0.081 —0.066 —0.056 —

5. 3-back ACC —0.129 —0.185 0.672** 0.018 —

6. 3-back RT —0.042 0.198 0.054 0.472** —0.047 —

7. 2-back P2 —0.031 0.260" 0.093 —0.253 0.110 —0.209 —

8. 3-back P2 —0.159 0.157 0.274* —0.181 0.242 —0.176 0.849** —

9. 2-back P3 0.133 -0.271* 0.027 —0.256 0.084 0.027 0.159 0.143 —

10. 3-back P3 0.128 —0.374** 0.126 —0.045 0.324* —0.144 0.004 0.084 0.703"* —
11. Percentage 0.211 0.072 0.061 -0.372* —0.057 —0.092 0.296" 0.365* 0.166 0.157

cortisol increase

Tp <0.1,"p < 0.05, and *p < 0.01.

response. It is generally accepted that P2 reflects early attention
allocation and stimulus detection (37). Previous ERP studies
on working memory suggested that P2 reflects the early stages
involved in information selection (58, 59) and the initial onset

of context updating (32). The regression analysis performed in
our study indicates that the efficiency of allocating attention
to stimuli and selecting relevant information in the early stage
of WM processing is associated with HPA response to acute
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TABLE 3 | Regression analysis of WM index predicting HPA response.

Percentage cortisol increase

Predictor B t B t B t
Block 1 Age 0.113 1.129 0.092 0.939 0.131 1.436
Neuroticism 0.186 0.587 0.342 1.135 0.626 2.096*
Block 2 2-back RT - - —0.003 —2.180* —0.003 —2.753*
2-back P2 - - 0.037 0.821 —0.148 —1.7641
Block 3 3-back P2 - - - - 0.21 2.546*
A R? 0.045 0.1911 0.139*
Model F Fra2) = 0.746 Fua0 = 2.3131 F (5,29 = 3.485

7‘p < 0.1and *p < 0.05.

The Cook’s distances of the two highest cases in the regression are 0.467 and 0.221, respectively.

stress. In contrast, we found that the P3 amplitude failed to
predict stress-related HPA responses. One possible interpretation
is that while P2 is most prominent in the frontal-central sites
(60), P3 is mainly central-parietal. As the PFC is thought to
be the main brain area that regulates the magnitude of HPA
response to stress (33), the P2 component might tend to be
a more sensitive predictor. The other explanation lies in the
functional difference between P2 and P3 components. The P2
component is thought to be associated with early attention
allocation and stimulus detection (37), while the P3 component
generally reflects cognitive resources or capacity of working
memory (38, 39). The likely reason is that the effective predictor
of HPA response is related to the neural activity of early
attention process of working memory rather than the later
processing stages.

Our findings suggest that the mechanism underlying working
memory and HPA response shares an overlapping neural circuit.
While previous studies on the effect of acute stress suggested
that working memory is sensitive to the stress-induced cortisol
increase (61-63), our study clearly showed that working memory
(by way of behavioral performance and ERP correlates) is
a suitable predictor of HPA response to acute stress. Taken
together, these findings provide accumulated evidence that the
cognitive function is not only affected by the stress-induced
cortisol, but also can be used to predict cortisol reactivity
to stress.

Our study has a number of limitations to be addressed.
First, the psychosocial stress applied to the participants in
the laboratory is moderate and temporary, and thus the
results of our study might not be compared with the more
stressful events under real-life conditions. Second, since our
study sample is based on young males, the findings cannot
be generalized to females and other age groups in absence of
further evidence.

This study provided several clinical and research implications.
First, our findings support that working memory has the
potential to serve as a neurocognitive marker of the HPA
responses to acute stress, providing new avenues to identify
stress vulnerability. Second, the findings enhance our

understanding of the relationship between cognitive neural
mechanisms of working memory and stress-related HPA
response system. Finally, the findings may help us with the
early identification of stress-related disorders so that they can
be more effectively prevented or intervened. Improved training
of working memory might enhance neurocognitive abilities
and further prevent disruptive alterations in the functioning
of the HPA axis, thus preventing mental complications for
patients affected.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of Human Experimentation in
the Institute of Psychology, Chinese Academy of Sciences. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

LL contributed to study design, data collection, data analysis,
and wrote the manuscript. JW participated in the revision of
the manuscript. YY participated in the design of the n-back
paradigm. XS participated in the revision of the manuscript. LZ
supervised the whole study and was responsible for the study
design, data interpretation, and the revision of the manuscript.
All the authors approved the final manuscript.

FUNDING

This work was supported by National Key Research and
Development Plan under Grant Nos. 2018YFCO0831101,
2018YFC0831001, and 2016YFB1001201, and the National
Natural Science Foundation of China U1736220 and 31600924.

Frontiers in Psychiatry | www.frontiersin.org

February 2020 | Volume 11 | Article 142


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Lin et al.

WM Predicts HPA Response

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Tsigos C,

. de Kloet

. McEwen BS. Stress, adaptation, and disease. Allostasis and allostatic load. Ann

NY Acad Sci. (1998) 840:33-44. doi: 10.1111/j.1749-6632.1998.tb09546.x
Chrousos  GP.  Hypothalamic-pituitary-adrenal
neuroendocrine factors and stress. J Psychosom Res. (2002) 53:865-71.
doi: 10.1016/S0022-3999(02)00429-4

axis,

. McEwen BS, De Kloet ER, Rostene W. Adrenal steroid receptors

and actions in the nervous system. Physiol Rev. (1986) 66:1121-88.
doi: 10.1152/physrev.1986.66.4.1121

. de Kloet ER, Joels M, Holsboer F. Stress and the brain: from adaptation to

disease. Nat Rev Neurosci. (2005) 6:463-75. doi: 10.1038/nrn1683

ER, Oitzl MS, Joels M. Stress and cognition: are
corticosteroids good or bad guys? Trends Neurosci. (1999) 22:422-6.
doi: 10.1016/50166-2236(99)01438-1

. Foley P, Kirschbaum C. Human hypothalamus-pituitary-adrenal axis

responses to acute psychosocial stress in laboratory settings. Neurosci Biobehav
Rev. (2010) 35:91-6. doi: 10.1016/j.neubiorev.2010.01.010

. Handwerger K. Differential patterns of HPA activity and reactivity in adult

posttraumatic stress disorder and major depressive disorder. Harv Rev
Psychiatry. (2009) 17:184-205. doi: 10.1080/10673220902996775

. Bremner JD, Vythilingam M, Vermetten E, Adil J, Khan S, Nazeer A,

et al. Cortisol response to a cognitive stress challenge in posttraumatic
stress disorder (PTSD) related to childhood abuse. Psychoneuroendocrinology.
(2003) 28:733-50. doi: 10.1016/S0306-4530(02)00067-7

. Liberzon I, Abelson JL, Flagel SB, Raz ], Young EA. Neuroendocrine

PTSD: a
(1999)

and  psychophysiologic ~ responses  in
provocation  study.  Neuropsychopharmacology.
doi: 10.1016/S0893-133X(98)00128-6

Young EA, Lopez JE Murphy-Weinberg V, Watson SJ, Akil H.
Hormonal evidence for altered responsiveness to social stress
in major depression. Neuropsychopharmacology. (2000) 23:411-8.
doi: 10.1016/S0893-133X(00)00129-9

Burke HM, Fernald LC, Gertler PJ, Adler NE. Depressive symptoms
are associated with blunted cortisol stress responses in very low-income
women. Psychosom Med. (2005) 67:211-6. doi: 10.1097/01.psy.0000156939.
89050.28

Peeters F, Nicholson NA, Berkhof J. Cortisol responses to daily events
in major depressive disorder. Psychosom Med. (2003) 65:836-41.
doi: 10.1097/01.PSY.0000088594.17747.2E

Harkness KL, Stewart JG, Wynne-Edwards KE. Cortisol
to social stress in adolescents: role of depression
child  maltreatment.  Psychoneuroendocrinology. ~ (2011)
doi: 10.1016/j.psyneuen.2010.07.006

Steudte-Schmiedgen S, Stalder T, Schonfeld S, Wittchen HU, Trautmann
S, Alexander N, et al. Hair cortisol concentrations and cortisol stress
reactivity predict PTSD symptom increase after trauma exposure during
military  deployment.  Psychoneuroendocrinology. — (2015)  59:123-33.
doi: 10.1016/j.psyneuen.2015.05.007

de Rooij SR, Schene AH, Phillips DI, Roseboom TJ. Depression and anxiety:
associations with biological and perceived stress reactivity to a psychological
stress protocol in a middle-aged population. Psychoneuroendocrinology.
(2010) 35:866-77. doi: 10.1016/j.psyneuen.2009.11.011

Heim C, Ehlert U, Hellhammer DH. The potential
hypocortisolism in the pathophysiology of stress-related bodily disorders.
Psychoneuroendocrinology. (2000) 25:1-35. doi: 10.1016/S0306-4530(99)
00035-9

Gunnar M, Quevedo K. The neurobiology of stress and development. Annu
Rev Psychol. (2007) 58:145-73. doi: 10.1146/annurev.psych.58.110405.085605
Fiocco AJ, Joober R, Lupien SJ. Education modulates cortisol reactivity to the
trier social stress test in middle-aged adults. Psychoneuroendocrinology. (2007)
32:1158-63. doi: 10.1016/j.psyneuen.2007.08.008

Kajantie E, Phillips DI The effects of sex and hormonal status

symptom
21:40-50.

reactivity
severity and
36:173-81.

role of

on the physiological response to acute psychosocial stress.
Psychoneuroendocrinology. (2006) 31:151-78. doi: 10.1016/j.psyneuen.
2005.07.002

Mackrell SV, Sheikh HI, Kotelnikova Y, Kryski KR, Jordan PL, Singh
SM, et al. Child temperament and parental depression predict cortisol

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

reactivity to stress in middle childhood. ] Abnorm Psychol. (2014) 123:106-16.
doi: 10.1037/a0035612

Xin YY, WuJH, Yao ZX, Guan Q, Aleman A, Luo YJ. The relationship between
personality and the response to acute psychological stress. Sci Rep. (2017)
7:16906. doi: 10.1038/541598-017-17053-2

Aiyer SM, Heinze JE, Miller AL, Stoddard SA, Zimmerman MA. Exposure to
violence predicting cortisol response during adolescence and early adulthood:
understanding moderating factors. J Youth Adolesc. (2014) 43:1066-79.
doi: 10.1007/s10964-014-0097-8

Kudielka BM, Wiist S. Human models in acute and chronic stress: Assessing
determinants of individual hypothalamus-pituitary-adrenal axis activity and
reactivity. Stress. (2010) 13:1-14. doi: 10.3109/10253890902874913

Ginty AT, Phillips AC, Roseboom TJ, Carroll D, Derooij SR. Cardiovascular
and cortisol reactions to acute psychological stress and cognitive ability in
the dutch famine birth cohort study. Psychophysiology. (2012) 49:391-400.
doi: 10.1111/.1469-8986.2011.01316.x

Slattery MJ, Grieve AJ, Ames ME, Armstrong JM, Essex MJ. Neurocognitive
function and state cognitive stress appraisal predict cortisol reactivity to an
acute psychosocial stressor in adolescents. Psychoneuroendocrinology. (2013)
38:1318-27. doi: 10.1016/j.psyneuen.2012.11.017

Fox E, Cahill S, Zougkou K. Preconscious processing biases predict
emotional reactivity to stress. Biol Psychiatry. (2010) 67:371-7.
doi: 10.1016/j.biopsych.2009.11.018

Pilgrim K, Marin ME, Lupien SJ. Attentional orienting toward social
stress stimuli predicts increased cortisol responsivity to psychosocial stress
irrespective of the early socioeconomic status. Psychoneuroendocrinology.
(2010) 35:588-95. doi: 10.1016/j.psyneuen.2009.09.015

Compton R], Hotheimer J, Kazinka R. Stress regulation and cognitive control:
evidence relating cortisol reactivity and neural responses to errors. Cogn Affect
Behav Neurosci. (2013) 13:152-63. doi: 10.3758/s13415-012-0126-6

Wu J, Sun X, Wang L, Zhang L, Fernandez G, Yao Z. Error
consciousness predicts physiological response to an acute psychosocial
stressor  in men.  Psychoneuroendocrinology.  (2017)  83:84-90.
doi: 10.1016/j.psyneuen.2017.05.029

Blair C, Granger D, Razza RP. Cortisol reactivity is positively related to
executive function in preschool children attending head start. Child Dev.
(2005) 76:554-67. doi: 10.1111/j.1467-8624.2005.00863.x

Shields GS, Sazma MA, Yonelinas AP. The effects of acute stress on core
executive functions: a meta-analysis and comparison with cortisol. Neurosci
Biobehav Rev. (2016) 68:651-68. doi: 10.1016/j.neubiorev.2016.06.038

Kane M]J, Engle RW. The role of prefrontal cortex in working-
memory capacity, executive attention, and general fluid intelligence: an
individual-differences perspective. Psychon Bull Rev. (2002) 9:637-71.
doi: 10.3758/BF03196323

Shirazi SN, Friedman AR, Kaufer D, Sakhai SA. Glucocorticoids and the Brain:
Neural Mechanisms Regulating the Stress Response. Adv Exp Med Biol. (2015)
872:235-52. doi: 10.1007/978-1-4939-2895-8_10

Owen AM, McMillan KM, Laird AR, Bullmore E. N-back working memory
paradigm: a meta-analysis of normative functional neuroimaging studies.
Hum Brain Mapp. (2005) 25:46-59. doi: 10.1002/hbm.20131

Vila-Ballo A, Salmi ], Soveri A, Rodriguez-Fornells A, Lehtonen M,
Laine M. Neural signatures for active maintenance and interference
during working memory updating. Biol Psychol. (2018) 132:233-43.
doi: 10.1016/j.biopsycho.2018.01.007

Lenartowicz A, Escobedo-Quiroz R, Cohen JD. Updating of context in
working memory: an event-related potential study. Cogn Affect Behav
Neurosci. (2010) 10:298-315. doi: 10.3758/ CABN.10.2.298

Luck SJ. An Introduction to the Event-Related Potential Technique. 2nd ed.
Cambridge, MA: The MIT Press (2014). p. 406.

Watter S, Geffen GM, Geffen LB. The n-back as a dual-task: P300
morphology under divided attention. Psychophysiology. (2001) 38:998-1003.
doi: 10.1111/1469-8986.3860998

Polich J. Updating P300: an integrative theory of P3a and P3b. Clin
Neurophysiol. (2007) 118:2128-48. doi: 10.1016/j.clinph.2007.04.019
Kirschbaum C, Kudielka BM, Gaab J, Schommer NC, Hellhammer DH.
Impact of gender, menstrual cycle phase, and oral contraceptives on the
activity of the hypothalamus-pituitary-adrenal axis. Psychosom Med. (1999)
61:154-62. doi: 10.1097/00006842-199903000-00006

Frontiers in Psychiatry | www.frontiersin.org

February 2020 | Volume 11 | Article 142


https://doi.org/10.1111/j.1749-6632.1998.tb09546.x
https://doi.org/10.1016/S0022-3999(02)00429-4
https://doi.org/10.1152/physrev.1986.66.4.1121
https://doi.org/10.1038/nrn1683
https://doi.org/10.1016/S0166-2236(99)01438-1
https://doi.org/10.1016/j.neubiorev.2010.01.010
https://doi.org/10.1080/10673220902996775
https://doi.org/10.1016/S0306-4530(02)00067-7
https://doi.org/10.1016/S0893-133X(98)00128-6
https://doi.org/10.1016/S0893-133X(00)00129-9
https://doi.org/10.1097/01.psy.0000156939.89050.28
https://doi.org/10.1097/01.PSY.0000088594.17747.2E
https://doi.org/10.1016/j.psyneuen.2010.07.006
https://doi.org/10.1016/j.psyneuen.2015.05.007
https://doi.org/10.1016/j.psyneuen.2009.11.011
https://doi.org/10.1016/S0306-4530(99)00035-9
https://doi.org/10.1146/annurev.psych.58.110405.085605
https://doi.org/10.1016/j.psyneuen.2007.08.008
https://doi.org/10.1016/j.psyneuen.2005.07.002
https://doi.org/10.1037/a0035612
https://doi.org/10.1038/s41598-017-17053-2
https://doi.org/10.1007/s10964-014-0097-8
https://doi.org/10.3109/10253890902874913
https://doi.org/10.1111/j.1469-8986.2011.01316.x
https://doi.org/10.1016/j.psyneuen.2012.11.017
https://doi.org/10.1016/j.biopsych.2009.11.018
https://doi.org/10.1016/j.psyneuen.2009.09.015
https://doi.org/10.3758/s13415-012-0126-6
https://doi.org/10.1016/j.psyneuen.2017.05.029
https://doi.org/10.1111/j.1467-8624.2005.00863.x
https://doi.org/10.1016/j.neubiorev.2016.06.038
https://doi.org/10.3758/BF03196323
https://doi.org/10.1007/978-1-4939-2895-8_10
https://doi.org/10.1002/hbm.20131
https://doi.org/10.1016/j.biopsycho.2018.01.007
https://doi.org/10.3758/CABN.10.2.298
https://doi.org/10.1111/1469-8986.3860998
https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.1097/00006842-199903000-00006
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Lin et al.

WM Predicts HPA Response

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Dickerson SS, Kemeny ME. Acute stressors and cortisol responses: a
theoretical integration and synthesis of laboratory research. Psychol Bull.
(2004) 130:355-91. doi: 10.1037/0033-2909.130.3.355

Kudielka BM, Buske-Kirschbaum A, Hellhammer DH, Kirschbaum
C. HPA axis responses to laboratory psychosocial stress in healthy
elderly adults, younger adults, and children: impact of age and gender.
Psychoneuroendocrinology.  (2004) 29:83-98. doi: 10.1016/50306-4530
(02)00146-4

Yuan Y, Leung AW, Duan H, Zhang L, Zhang K, Wu J, et al. The effects
of long-term stress on neural dynamics of working memory processing:
an investigation using ERP. Sci Rep. (2016) 6:23217. doi: 10.1038/srep
23217

McCleery JM, Goodwin GM. High and low neuroticism predict different
cortisol responses to the combined dexamethasone-CRH test. Biol Psychiatry.
(2001) 49:410-5. doi: 10.1016/S0006-3223(00)01056-8

Mohiyeddini C, Bauer S, Semple S. Neuroticism and stress: the role
of displacement behavior. Anxiety Stress Copin. (2015) 28:391-407.
doi: 10.1080/10615806.2014.1000878

John OP, Srivastava S. The big five trait taxonomy: history, measurement, and
theoretical perspectives. In: John O, Pervin Lawrence A editors. Handbook
of Personality: Theory and Research. New York, NY: Guilford Press (1999)
2:102-38.

Semlitsch HV, Anderer P, Schuster P, Presslich O. A solution for
reliable and valid reduction of ocular artifacts, applied to the P300
ERP. Psychophysiology. (1986) 23:695-703. doi: 10.1111/j.1469-8986.1986.tb
00696.x

Buchanan TW, Bagley SL, Stansfield RB, Preston SD. The empathic,
physiological resonance of stress. Soc Neurosci. (2012) 7:191-201.
doi: 10.1080/17470919.2011.588723

Buchanan TW, Tranel D, Kirschbaum C. Hippocampal damage abolishes
the cortisol response to psychosocial stress in humans. Horm Behav. (2009)
56:44-50. doi: 10.1016/j.yhbeh.2009.02.011

Kirschbaum C, Pirke KM, Hellhammer DH. The "Trier Social Stress Test'-a
tool for investigating psychobiological stress responses in a laboratory setting.
Neuropsychobiology. (1993) 28:76-81. doi: 10.1159/000119004

Han L, Liu Y, Zhang D, Jin Y, Luo Y. Low-arousal speech noise improves
performance in N-back task: an ERP study. PLoS ONE. (2013) 8:¢76261.
doi: 10.1371/journal.pone.0076261

Cornelisse S, van Stegeren AH, Joels M. Implications of psychosocial stress
on memory formation in a typical male versus female student sample.
Psychoneuroendocrinology. (2011) 36:569-78. doi: 10.1016/j.psyneuen.
2010.09.002

Stawski RS, Almeida DM, Lachman ME, Tun PA, Rosnick CB, Seeman T.
Associations between cognitive function and naturally occurring daily cortisol
during middle adulthood: timing is everything. ] Gerontol B Psychol Sci Soc Sci.
(2011) 66:71-81. doi: 10.1093/geronb/gbq094

55.

56.

57.

58.

59.

60.

61.

62.

63.

Franz CE, O’Brien RC, Hauger RL, Mendoza SP, Panizzon MS,
Prom-Wormley E, et al. Cross-sectional and 35-year longitudinal
assessment of salivary cortisol and cognitive functioning: the Vietnam
Era twin study of aging. Psychoneuroendocrinology. (2011) 36:1040-52.
doi: 10.1016/j.psyneuen.2011.01.002

Power C, Li L, Hertzman C. Cognitive development and cortisol patterns
in mid-life: findings from a British birth cohort. Psychoneuroendocrinology.
(2008) 33:530-9. doi: 10.1016/j.psyneuen.2008.01.017

Lai V, Theppitak C, Makizuka T, Higuchi Y, Movahed M, Kumudini G, et al.
A normal intensity level of psycho-physiological stress can benefit working
memory performance at high load. Int J Ind Ergonom. (2014) 44:362-7.
doi: 10.1016/j.ergon.2013.11.015

Schoofs D, Pabst S, Brand M, Wolf OT. Working memory is differentially
affected by stress in men and women. Behav Brain Res. (2013) 241:144-53.
doi: 10.1016/j.bbr.2012.12.004

Crowley KE, Colrain IM. A review of the evidence for P2 being an
independent component process: age, sleep and modality. Clin Neurophysiol.
(2004) 115:732-44. doi: 10.1016/j.clinph.2003.11.021

Marchand Y, Lefebvre CD, Connolly JE. Correlating digit span performance
and event-related potentials to assess working memory. Int ] Psychophysiol.
(2006) 62:280-9. doi: 10.1016/j.ijpsycho.2006.05.007

Yun X, Li W, Qiu J, Jou J, Wei D, Tu S, et al. Neural mechanisms of subliminal
priming for traumatic episodic memory: an ERP study. Neurosci Lett. (2011)
498:10-4. doi: 10.1016/j.neulet.2011.04.040

Elzinga BM, Roelofs K. Cortisol-induced impairments of working memory
require acute sympathetic activation. Behav Neurosci. (2005) 119:98-103.
doi: 10.1037/0735-7044.119.1.98

Oei NY, Everaerd WT, Elzinga BM, van Well S, Bermond B. Psychosocial stress
impairs working memory at high loads: an association with cortisol levels and
memory retrieval. Stress. (2006) 9:133-41. doi: 10.1080/10253890600965773
Stauble MR, Thompson LA, Morgan G. Increases in cortisol are
positively associated with gains in encoding and maintenance working
memory performance in young men. Stress. (2013) 16:402-10.
doi: 10.3109/10253890.2013.780236

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Lin, Wu, Yuan, Sun and Zhang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Psychiatry | www.frontiersin.org

February 2020 | Volume 11 | Article 142


https://doi.org/10.1037/0033-2909.130.3.355
https://doi.org/10.1016/S0306-4530(02)00146-4
https://doi.org/10.1038/srep23217
https://doi.org/10.1016/S0006-3223(00)01056-8
https://doi.org/10.1080/10615806.2014.1000878
https://doi.org/10.1111/j.1469-8986.1986.tb00696.x
https://doi.org/10.1080/17470919.2011.588723
https://doi.org/10.1016/j.yhbeh.2009.02.011
https://doi.org/10.1159/000119004
https://doi.org/10.1371/journal.pone.0076261
https://doi.org/10.1016/j.psyneuen.2010.09.002
https://doi.org/10.1093/geronb/gbq094
https://doi.org/10.1016/j.psyneuen.2011.01.002
https://doi.org/10.1016/j.psyneuen.2008.01.017
https://doi.org/10.1016/j.ergon.2013.11.015
https://doi.org/10.1016/j.bbr.2012.12.004
https://doi.org/10.1016/j.clinph.2003.11.021
https://doi.org/10.1016/j.ijpsycho.2006.05.007
https://doi.org/10.1016/j.neulet.2011.04.040
https://doi.org/10.1037/0735-7044.119.1.98
https://doi.org/10.1080/10253890600965773
https://doi.org/10.3109/10253890.2013.780236~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Working Memory Predicts Hypothalamus-Pituitary-Adrenal Axis Response to Psychosocial Stress in Males
	Introduction
	Materials and Methods
	Participants
	Procedure
	Questionnaire
	Neuroticism

	N-Back Task
	EEG Recordings
	Stress Induction
	Physiological Measures
	Data Analysis

	Results
	Descriptive Data
	Bivariate Correlation
	Regression Analysis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


