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Upon awakening from nighttime sleep, the stress hormone cortisol in humans exhibits a robust rise within thirty
to forty-five minutes. This cortisol awakening response (CAR), a crucial point of reference within the healthy
cortisol circadian rhythm, has been linked to various psychological, psychiatric and health-related conditions.
The CAR is thought to prepare the brain for anticipated challenges of the upcoming day to maintain one’s ho-
meostasis and promote adaptive responses. Using brain imaging with a prospective design and pharmacological
manipulation, we investigate the neurobiological mechanisms underlying this preparation function of the CAR
across two studies. In Study 1, a robust CAR is predictive of less hippocampal and prefrontal activity, though
enhanced functional coupling between those regions during a demanding task hours later in the afternoon.
Reduced prefrontal activity is in turn linked to better working memory performance, implicating that the CAR
proactively promotes brain preparedness based on improved neurocognitive efficiency. In Study 2, pharmaco-
logically suppressed CAR using Dexamethasone mirrors this proactive effect, which further causes a selective
reduction of prefrontal top-down functional modulation over hippocampal activity. These findings establish a
causal link between the CAR and its proactive role in optimizing functional brain networks involved in neuro-
endocrine control, executive function and memory.

1. Introduction “preparation” hypothesis, an individual’s CAR predicts anticipated

workload and cognitive demands of the upcoming day (Kunz-Ebrecht

Upon awakening from night sleep, cortisol, the major glucocorticoid
stress hormone in humans, exhibits a burst typically by 50-160 % within
thirty to forty-five minutes — that is known as the cortisol awakening
response (CAR) (Clow et al., 2010; Pruessner et al., 1997). Since its first
discovery, the CAR, a hallmark of the hypothalamus-pituitary-adrenal
(HPA) axis activity as well as a crucial point of reference within the
healthy cortisol circadian rhythm, is thought to prepare the body for
anticipated challenges of the upcoming day (Adam et al., 2006; Elder
et al., 2014; Fries et al., 2009; Law et al., 2013). In support of this

et al., 2004; Law et al., 2015, 2020; Schlotz et al., 2004; Stalder et al.,
2010a, b), while atypical CAR including either a blunted or elevated
pattern is often linked to stress-related psychopathology such as anxiety,
depression and higher-order cognitive impairments (Chida and Steptoe,
2009; Clow et al., 2004; Fries et al., 2009; Kudielka and Wust, 2010).
However, our understanding of the CAR’s neurobiological mechanisms
is still in its infancy.

Cortisol acts as one of the key modulators of the human brain and
cognition. It is released mainly by the zona fasciculata of the adrenal
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cortex (Spencer and Deak, 2017) and can cross the blood-brain barrier to
affect neuronal excitability and functional organization of brain net-
works, thereby fostering adaptation to cognitive and environmental
challenges (McEwen, 1998). The neurobiological models posit that
glucocorticoids exert both rapid nongenomic and slow genomic actions
on the limbic-frontal networks especially the hippocampus and pre-
frontal cortex (PFC), via high-affinity mineralocorticoid receptors (MRs)
and low-affinity glucocorticoid receptors (GRs) that are co-expressed
abundantly in these brain regions (de Kloet et al., 2019; McEwen et al.,
2015). The MR initiates rapid changes in the assembly of neural circuits
allowing a quick and adequate response to an ongoing stressful event
(Vogel et al., 2016). As this process is energetically costly and may have
deleterious consequences when over-engaged, MR-mediated rapid ac-
tions are complemented by slower actions via GRs on preventing these
initial defence reactions from overshooting and becoming damaging.
The GR-mediated slow genomic effect on neuronal activity is not ex-
pected to start earlier than approximately 90-min after cortisol admin-
istration, and often lasts for hours (Henckens et al., 2011; Joels and de
Kloet, 1992). This process can promote contextualization, ration-
alization and memory storage of experiences, thereby priming brain
circuits to be prepared for upcoming challenges in similar contexts (de
Kloet et al., 2019; Herman et al., 2003). Thus, it is conceivable that the
CAR, with a burst of the cortisol concentration in response to awakening
in the morning, may proactively affect the brain and cognition via
similar MR/GR-mediated actions of cortisol.

Beyond the conventional cortisol responses, the CAR exhibits unique
features which may involve fundamentally distinct mechanisms (Stalder
et al., 2016). Specifically, the CAR consists of a superimposed response
(reflected by a burst effect of cortisol increase) to awakening, which is
not a mere continuation of pre-awakening cortisol increase (Wilhelm
et al., 2007). It is regulated by multiple neuroendocrine and psycho-
logical processes, including i) rapid attainment of consciousness fol-
lowed by slow re-establishment of one’s full alertness (Clow et al.,
2010), ii) activation of hippocampal-dependent prospective memory
representations for upcoming stress (Fries et al., 2009), and iii) an
interplay with concurrent catecholaminergic activation when facing
demanding tasks (Arnsten, 2009). Moreover, findings from previous
studies point to a critical role of hippocampal and/or prefrontal
involvement in regulating CAR. Patients with lesions to the hippocam-
pus (Buchanan et al., 2004) or retrograde amnesia (Wolf et al., 2005),
for instance, do not exhibit a reliable CAR. The magnitude of CAR also
negatively correlates with prefrontal cortical thickness (Kremen et al.,
2010), suggesting prefrontal involvement in the CAR. Additionally,
functional organization of hippocampal-prefrontal networks is crucial
for regulating information exchange and flexible reallocation of neural
resources in support of executive function and memory (Egan et al.,
2003; Liu et al., 2016). Little, however, is known regarding the neuro-
biological mechanisms of whether and how the CAR proactively mod-
ulates the human brain for executive function. Based on the
aforementioned unique features of the CAR and empirical observations,
we hypothesized that the CAR would prepare the brain for upcoming
demands of the day ahead via optimizing the functional organization of
hippocampal and prefrontal systems.

We tested this hypothesis across two studies using blood-oxygen-
level-dependent functional magnetic resonance imaging (BOLD-fMRI)
with a prospective design and pharmacological manipulations dedicated
to CAR (Figs. 1A and 3 A). We opted for a well-established numerical N-
back working memory (WM) paradigm to probe task-invoked activation
and deactivation in the dorsolateral prefrontal cortex (dIPFC) and the
hippocampus, respectively (Cousijn et al., 2012; Owen et al., 2005).
Such antagonistic organization is known to enable a flexible reallocation
of neural resources to support higher-order executive function while
inhibiting task-irrelevant interference (Cousijn et al., 2012; Pomar-
ol-Clotet et al., 2008; Qin et al., 2009), making this domain an ideal
model for studying human prefrontal-hippocampal interactions.

In Study 1, sixty participants underwent fMRI while performing the
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WM task with low and high cognitive demands after 6 hours relative to
awakening in the afternoon. Six salivary samples were obtained to assess
the CAR in the morning and cortisol levels before and after fMRI scan-
ning. To further test whether there is a causal link between an in-
dividual’s CAR and its proactive effects on task-related prefrontal and
hippocampal activity, we conducted a pharmacological fMRI experi-
ment (Study 2) by implementing a randomized, double-blind, placebo-
controlled design. Sixty-three participants received either 0.5-mg
dexamethasone (DXM) or placebo at 20:00 on Day 1 to suppress their
CAR on Day 2. DXM, a synthetic glucocorticoid, can temporally suppress
CAR via imitating negative feedback from circulating cortisol to adre-
nocorticotropic hormone-secreting cells of the pituitary (Cole et al.,
2000; Ebrecht et al., 2000). Saliva samples were collected at 15 time
points spanning over three consecutive days. Other procedures were
similar to Study 1. These two studies allowed us to investigate the po-
tential causal link between CAR and its proactive role in preparing
hippocampal-prefrontal networks involved in higher-order cognitive
processing.

2. Methods and materials
2.1. Participants

A total of 123 young, healthy, male college students participated in
two separate studies, with 60 (mean age: 21.6 + 0.76 years old; range:
20-24 years old) in Study 1 and 63 (mean age: 22.9 + 1.9; range: 18 - 27
years old) in Study 2. Only men were included because of hormonal
fluctuations across the menstrual cycle and the impact of hormonal
contraceptives in young adult females (Cousijn et al., 2010; Kirschbaum
et al., 1999). Participants reported no history of neurological, psychi-
atric or endocrinal disorders. Exclusion criteria included current medi-
cation treatment that affects central nervous or endocrine systems, daily
tobacco or alcohol use, irregular sleep/wake rhythm, intense daily
physical exercise, abnormal hearing or (uncorrected) vision, predomi-
nant left-handedness, current periodontitis (Mathew et al., 2019),
stressful experience or major life events (see Supplementary Materials
for more details).

Data from 12 participants were excluded from the analyses due to
excessive (beyond 2 mm/degree) head movement during scanning (5
and 3 participants for Study 1 and 2, respectively) or incomplete salivary
samples (3 and 1 participants for Study 1 and 2, respectively). Thus, a
final sample of 52 participants (28 and 24 participants for robust- and
lower-CAR groups, respectively) were included in Study 1, and another
sample of 59 participants (26 and 33 for placebo and DXM groups,
respectively) were included in Study 2 (Table S1). Informed written
consent was obtained from all participants before the experiment, and
the study protocol was approved by the Institutional Review Board for
Human Subjects at Beijing Normal University. The protocol with phar-
macological manipulation was registered as a clinical trial before the
experiment (https://register.clinicaltrials.gov/; Protocol ID:
ICBIR_A_0098_002).

2.2. General experimental procedure

In Study 1, we explored the relationship between individual differ-
ences in CAR and the neurocognitive correlates of WM in a natural
setting. Salivary samples were obtained at 10 time points to assess CAR
and diurnal rhythms of cortisol levels. The brain imaging data were
acquired while participants performed a numerical N-back task with two
loading conditions (i.e., 0- and 2-back) in the afternoon of the same day
(Fig. 1A).

In Study 2, we implemented a randomized, double-blind, placebo-
controlled design to investigate the causal link of CAR with brain ac-
tivity during a WM task. Participants orally received either a dose of 0.5-
mg Dexamethasone (i.e., DXM group) or an equal amount of Vitamin C
(i.e., placebo group) pill at 20:00 on Day 1. Participants completed a
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Fig. 1. Experimental design, cortisol awakening response (CAR), and CAR-related proactive effect on brain systems from Study 1. A. Salivary cortisol levels at 4 time
points after awakening in the morning and 2 time points right before and after fMRI scanning during working-memory (WM) task about 6 hours later in the af-
ternoon. B. Behavioural performance on accuracy and response time (RT). C-D. Significant cluster in the hippocampus with a negative correlation between an
individual’s CAR and hippocampal activity in general. E-F. Significant cluster in the dorsolateral prefrontal (dIPFC, in red) overlapping with the main effect of WM-
loads (in blue). Scatter plot depicts a negative correlation between an individual’s CAR and WM-related dIPFC activity. G. The mediating effect of the dIPFC activity
on the association between higher CAR and better WM performance. Paths are marked with standardized coefficients. Notes: Hipp, hippocampus; 0B, 0-back; 2B, 2-
back; AUCI, area under the curve with respect to the cortisol increase; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

similar numerical N-back task with three conditions (0-, 1- and 2-back)
during fMRI scanning in the afternoon on Day 2. A total of 15 saliva
samples were collected through 3 consecutive days, while participant’s
subjective mood was monitored concurrently by the positive and
negative affection scale (PANAS) (Watson et al., 1988). The other
experimental settings were identical to those of Study 1 (Fig. 3A).

2.3. Physiological and psychological measures

2.3.1. Salivary cortisol measure
Cortisol levels were measured from saliva samples. In Study 1, we
collected morning cortisol samples within 1 hour immediately post-

wakening from two consecutive days. A total of 10 saliva samples
were collected, with 4 time points spanning within 1 hour immediately
after awakening (i.e., 0, 15, 30 and 60 min) on both Day 2 (i.e., fMRI
scanning day) and Day 3 respectively, and extra 2 time points right
before and after fMRI scanning on Day 2 (Fig. 1A). In Study 2, partici-
pants orally took a pill of 0.5-mg DXM (or placebo) at 20:00 on Day 1,
then a total of 15 saliva samples (i.e., SO to S14) were collected to cover
cortisol’s diurnal rhythms across 3 consecutive days at the following
time points: on Day 1 at 22:00; on Day 2 at 0 min (7:00), 15 min (7:15),
30 min (7:30) and 60 min (8:00) after awakening; 11:00 before lunch,
right before and after the fMRI scanning in the afternoon from 14:00 to
17:00, and 22:00 in the evening; on Day 3 at 0 min (7:00), 15 min (7:15),
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30 min (7:30) and 60 min (8:00) after awakening, 11:00 and 16:00
respectively (Fig. 3A). Saliva was collected using Salivette collection
device (Sarstedt, Germany). Participants were asked not to brush their
teeth, drink or eat within 1 hour before sampling in order to avoid saliva
contamination. They were also required to refrain from any alcohol,
coffee, nicotine consumption as well as excessive exercise at least one
day before the experiment. To ensure participant’s compliance and the
quality of saliva collection for the CAR assessment, we adopted four
strategies derived from previous studies (Stalder et al., 2016; Tian et al.,
2021; Wu et al., 2015; Zhu et al., 2019), including: i) enhancing par-
ticipants’ compliance by one-on-one instructions one day prior to the
experiment; ii) setting up individualized wake-up alarm; iii) using
time-stamped photo-taking of saliva collection, iv) using electronic
monitoring devices to obtain the exact time of awakening and sampling.
The first three strategies were used in both Studies 1 and 2. The fourth
strategy was used only in Study 2. The detailed procedures are provided
in the Supplementary Materials.

Salivary samples were returned back to the laboratory and kept
frozen (—20 °C) until the assay. After thawing and centrifuging at 3000
rpm for 5 min, the samples were analyzed using an electro-
chemiluminescence immunoassay (ECLIA, Cobas €601, Roche Di-
agnostics, Mannheim, Germany) with sensitivity of 0.500 nmol/L (lower
limit) and a standard range in assay of 0.5-1750 nmol/L. Intra and inter-
assay variations were below 10 %. The CAR was computed by the area
under the curve with respect to increase (AUCi) by the following
equation: AUCI = (S1 + S2) x 15min/2 + (S2 + S3) x 15 min/2 + (S3 +
S4) x 30 min/2 — S1 x (15 min + 15 min + 30 min). S1 to S4 represent
the measurements of 4 samples collected within 1 hour immediately
after awakening. The AUCI reflects the dynamics of the cortisol awak-
ening response and emphasizes diurnal changes over time (Clow et al.,
2010; Pruessner et al., 2003).

Given our prior hypothesis and experimental questions on the pro-
active role of the CAR on prefrontal-hippocampal functional organiza-
tion 6 hours later on the same day, we focused on our fMRI data analyses
for the CAR assessment from the same day (Day 2) in both Studies. We
have also conducted additional control analyses to explore intra-subject
variability of the CAR assessment across 2 experimental days for Studies
1 and 2 separately (see Supplemental Materials for more details).

2.3.2. Cognitive task

A blocked-design N-back task was used in both studies. In Study 1,
the entire task included 10 blocks of alternating 0- and 2-back condi-
tions. In Study 2, the task consisted of 12 blocks of alternating 0-, 1- and
2-back conditions. Each block started with a 2-s cue indicating the
experimental condition, followed by a pseudo-randomized sequence
consisting of 15 digits. Each digit was presented for 400 ms, followed by
an inter-stimulus-interval of 1400 ms. The blocks were interleaved by a
jittered fixation ranging from 8 to 12 s, resulting in a mean inter-block
duration of 38 s. During the 0-back condition, participants were
instructed to detect whether the current digit was ‘1’. During the 1-back
condition, participants were instructed to detect whether the current
digit had appeared 1 position back in the sequence. During the 2-back
condition, participants were instructed to detect whether the current
digit had appeared 2 positions back in the sequence. Each sequence
contained either 2 or 3 targets, and participants were asked to make a
button press with their right index finger as fast as possible when
detecting a target.

We adopted a simplified design with only two WM loads (i.e., 0- and
2-back) in Study 1 in order to localize task-invoked prefrontal activation
and hippocampal deactivation in the contrast of 2- with 0-back condi-
tions. This design has been proved effective and robust by previous
studies (Egan et al., 2003; Hur et al., 2017; Owen et al., 2005; Qin et al.,
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2012, 2009), which allows us to further test the proactive effects of the
CAR on prefrontal and hippocampal functional organization during WM
task. We decided to incorporate an additional 1-back into Study 2
because of two considerations: i) to examine the robustness of our ob-
servations in Study 1 and the causal link to CAR via pharmacological
manipulation (see Supplementary Materials), ii) to further explore
whether the proactive effect of the CAR on task-invoked brain activity
patterns during three WM loads exhibits a linear or non-linear pattern
(see Supplementary Materials). Finally, we reported a comparison be-
tween (1- minus 0-back) vs (2- minus 0-back) in the main text, treating
0-back condition as the baseline condition of other ones, which could be
a more serious way for the fMRI-based N-back task.

2.3.3. Questionnaires

When participants arrived at the laboratory in both Studies 1 and 2,
they received two questionnaires: the State-Trait Anxiety Inventory
(STATI) (Spielberger, 1985) measuring the participants’ state and trait
anxiety, and the Perceived Stress Scale (PSS) (Cohen, 1988) measuring
their long term psychological stress levels. A sleep questionnaire was
also used to log participants’ sleeping quality across the experimental
days (see Supplementary Materials). In Study 2, subjective mood state
was also assessed using the PANAS at time points coinciding with
collection of saliva samples.

2.4. Brain imaging data acquisition

Whole-brain images in both studies were acquired on a Siemens 3.0 T
TRIO MRI scanner (Erlangen, Germany) in the National Key Laboratory
of Cognitive Neuroscience and Learning & IDG/McGovern Institute for
Brain Research at Beijing Normal University. Functional brain images
were collected during the N-back task using a gradient-recalled echo
planar imaging (GR-EPI) sequence (axial slices = 33, volume repetition
time = 2.0 s, echo time = 30 ms, flip angle = 90 °, slice thickness = 4
mm, gap = 0.6 mm, field of view = 200 x 200 mm, and voxel size = 3.1
x 3.1 x 4.6 mm). High-resolution anatomical images were acquired in
the sagittal orientation using a T1-weighted 3D magnetization-prepared
rapid gradient echo sequence (slices = 192, volume repetition time =
2530 ms, echo time = 3.45 ms, flip angle = 7 °, slice thickness = 1 mm,
field of view = 256 x 256 mm, and voxel size =1 x 1 x 1 mm®).

2.5. Brain imaging data analysis

2.5.1. Preprocessing

Image preprocessing and statistical analysis of fMRI data were per-
formed using Statistical Parametric Mapping (SPM12, http://www.fil.
ion.ucl.ac.uk/spm). The first four volumes of functional images were
discarded for signal equilibrium and participant’s adaptation to scan-
ning noise. Remaining images were corrected for slice acquisition
timing, realigned for head motion correction, co-registered to the gray
matter image segmented from the anatomical T1-weighted images, and
subsequently spatially normalized into a common stereotactic Montreal
Neurological Institute (MNI) space. Images were then resampled into 2-
mm isotropic voxels, and finally smoothed by an isotropic three-
dimensional Gaussian kernel with 6 mm full-width at half-maximum.
The data were then statistically analyzed under the framework of gen-
eral linear models (GLM).

2.5.2. Univariate GLM analysis

To assess neural activity associated with the experimental condi-
tions, each condition was modeled separately as boxcar regressor and
convolved with the canonical hemodynamic response function (HRF)
built in SPM12. The 6 parameters for head movement were also included
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in the model as covariates to account for movement-related variability.
A high-pass filtering cutoff of 1/128 Hz and a serial correlation
correction by a first-order autoregressive model (AR) were also applied.
Contrast images for each condition, generated at the individual level
fixed-effects analyses, were submitted to a second-level group analysis
treating participants as a random factor.

In Study 1, we first conducted a paired t-test to identify brain regions
associated with WM by contrasting the 2- with 0-back condition and vice
versa (collapsing across groups) (P < 0.05 familywise error rate (FWE)
correction with Gaussian random field theory in SPM12; Fig. S1).

To examine how individual differences in CAR modulate WM-related
brain activity, we then conducted whole-brain multiple regression
analysis on the contrast of 2-back plus 0-back condition (i.e., 2B + 0B)
and 2-back minus 0-back condition (i.e., 2B-0B), with CAR as the co-
variate of interest, while sleep duration, perceived stress and state-trait
anxiety as covariates of no interest. Significant clusters were determined
using a height threshold of P < 0.001 and an extent threshold of P < 0.05
with cluster-based FWE correction. Regions of interests (ROIs) were
defined by overlapping these clusters with a template derived from
automated meta-analysis of the most recent 1,091 fMRI studies with
‘working memory’ as a search term in Neurosynth (http://www.neuro
synth.org). Correlation analyses for data extracted from these clusters
were conducted and the patterns of correlation were illustrated on
scatterplots.

To further characterize the interaction effect between individual
differences in CAR and task-invoked brain activity, we conducted a
complementary analysis by splitting participants into two groups of
individuals with robust- and lower-CAR. According to the criterion
outlined by previous studies (Clow et al., 2004; Wust et al., 2000), in-
dividuals whose cortisol level raised more than 50 % at 30 min after
awakening were grouped into the robust-CAR group, whereas in-
dividuals with less than 50 % increase were assigned into the lower-CAR
group. We first conducted independent-sample t-test to confirm the
group difference of the CAR. We then conducted repeated-measure
analysis of variance (ANOVA) on the whole-brain level, with WM (i.e.,
0- and 2-back) as within-subject factor and Group (i.e., robust- and
lower-CAR) as between-subject factor. Significant clusters were deter-
mined using a height threshold of P < 0.001 and an extent threshold of P
< 0.05 with cluster-based FWE correction. The definition of ROIs was
the same as above. ANOVAs for data extracted from these clusters were
conducted and the main effect of Group and Group-by-Load interaction
effect were plotted on bar graphs.

In Study 2, to test whether brain activity following suppressed CAR
resembles that in Study 1, we conducted similar repeated-measure
ANOVA on the whole-brain level, with WM-load (i.e., 1- and 2-back,
relative to 0-back baseline) as the within-subject factor and pharmaco-
logical treatment (i.e., DXM and placebo groups) as the between-subject
factor. Significant clusters were determined in the same way as in Study
1. ANOVAs were conducted for data extracted from these clusters to
characterize the main effect of Group and Group-by-Load interaction
effect.

2.5.3. Structural equation modeling

Structural equation models (SEMs) were constructed to examine the
hypothesized mediating effects of prefrontal activation on the associa-
tions between the CAR and WM performance using Mplus 7.0 (https://
www.statmodel.com/). Bias corrected bootstrap was conducted (5000
samples) to test the mediating effect (Shrout and Bolger, 2002). Both
direct and indirect effects of prefrontal activation on the association
between individual differences in CAR and WM performance were
estimated, which generated percentile based on confidence intervals
(CD. All reported P values are two-tailed.
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2.5.4. Task-dependent functional connectivity analysis

To examine whether the hyper-activation caused by lower- (or DXM-
suppressed) CAR was related to dIPFC coupling with brain regions, we
conducted generalized psychophysiological interaction (gPPI) analysis
(McLaren et al., 2012). The dIPFC seeds were defined as a cluster that
showed Group-by-Load interaction from activation analysis in Studies 1
and 2, respectively. The mean time series from the seed ROIs were then
deconvolved to uncover neuronal activity (i.e., physiological variable)
and multiplied with the task design vector contrasting WM-load (i.e., 0-,
1- and 2-back) (i.e., psychological variable) to form a psychophysio-
logical interaction vector. This interaction vector was convolved with a
canonical HRF to form the gPPI regressor of interest. Task-related acti-
vations were also included in this GLM to remove out the effects of
common driving inputs on brain connectivity.

Contrast images corresponding to PPI effects at the individual level
were then submitted to group analysis. We conducted repeated-measure
ANOVA on the whole-brain level, with WM-load as the within-subject
factor and group as the between-subject factor. Significant clusters
were determined using a height threshold of P < 0.001 and an extent
threshold of P < 0.05 with cluster-based FWE correction. ANOVAs were
conducted for data extracted from these clusters. The patterns of Group-
by-Load interactions effect were plotted on bar graphs.

2.5.5. Dynamic causal modeling

To further investigate how suppressed CAR modulates functional
interactions between the dIPFC and the hippocampus (ROIs identified
from the above activation analysis) during WM, we estimated the
effective connectivity between these two brain regions using dynamic
causal modeling (DCM) (Friston et al., 2003). DCM explains regional
effects in terms of dynamically changing patterns of connectivity during
experimentally induced contextual changes. Importantly, this method
allows inferences about the direction of causal interactions, i.e., whether
the CAR modulates the ‘top-down’ connectivity from dIPFC to hippo-
campus or the reverse ‘bottom-up’ connectivity. We defined a standard
model including both regions as nodes with bidirectional, intrinsic
connectivity. This model was then modified to yield 36 models varied in
the connectivity that could be modulated and in the locations of driving
inputs during different WM-loads respectively. Fig. S8 illustrated the
structures of 12 models including only 2-back as modulatory.

The models were estimated separately for each participant. To this
end, we extracted the regional time series of the BOLD signal for each
participant. First, two ROIs were defined as clusters in the hippocampus
(showing main effect of Group in activation analysis in Study 2) and the
dIPFC (showing Group-by-Load interaction from activation analysis in
Study 2). The first eigenvariate from each ROI adjusted for effects of
interest (i.e. 0-, 1-, and 2-back) constitutes its regional activity. Model
fitting was based on these data and was achieved by adjusting the model
parameters to maximize the (negnative) free-energy estimate of the
model evidence (Friston et al., 2003).

Separated Bayesian model selection (BMS) for both DXM and pla-
cebo groups was then used to identify the model that could account best
for the data (Penny et al., 2010). A random-effects approach was
implemented, since it does not assume that the optimal model will be the
best for each individual (Stephan et al., 2010). This analysis yielded the
exceedance probability (EP), i.e., the probability to which a given model
is more likely to have generated the data from a randomly selected
participant than any other competing model. The group-level DCM
analysis was also conducted using Bayesian model averaging (BMA)
(Penny et al., 2010), which is less dependent on assumptions about
model structure. BMA is a Bayesian approach that averages each
parameter across models (and across participants) such that the
contribution of each model (of each participant) for that parameter is
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Fig. 2. Brain systems showing higher activation in individuals with lower- than robust-CAR from Study 1. A-B. Cortisol levels in individuals with robust- and lower-
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high (2-back) but not low (0-back) task demand. Notes are the same as Fig. 1.

weighted by the model’s posterior probability. Independent-sample
t-tests were conducted between groups for intrinsic coupling, modula-
tory, modulatory plus intrinsic effect separately.

3. Results

3.1. A robust CAR proactively predicts less hippocampal and prefrontal
activity during WM in Study 1

We first assessed the overall CAR profile and diurnal cortisol levels
for participants from Study 1. Cortisol levels peaked 30-minutes after
awakening, followed by a decline at 60-minutes, and remained rela-
tively low yet stable in the afternoon (Fs 306 = 36.93, P < 0.001;
Fig. 1A). To verify the effectiveness of WM-load manipulation, we
conducted separate paired t-tests on accuracy and RTs. This analysis
revealed lower accuracy and slower reaction times (RTs) in the high
than the low task demand condition (both ts; > 3.43, P < 0.001;
Fig. 1B). To identify brain systems involved in WM processing, we
conducted whole-brain analyses by contrasting 2- with 0-back condition
and vice versa. These analyses replicated robust WM-related activation
and deactivation in widespread regions in the frontoparietal network
(FPN) and default mode network (DMN) respectively (Cousijn et al.,
2012; Owen et al., 2005). Regions in the FPN include the dorsolateral
prefrontal cortex (dIPFC) and intraparietal sulcus (IPS), and regions in
the DMN include the posterior cingulate cortex (PCC), the medial pre-
frontal cortex and the hippocampus (Fig. S1).

Next, we examined via whole-brain regression analyses how an in-
dividual’s CAR modulates brain functional activity involved in up-
coming WM processing in the afternoon, while controlling for sleep
duration, perceived stress, state and trait anxiety. The area under the
curve with respect to the cortisol increase (AUCi) within 1 hour after
awakening was computed to quantify the overall CAR and used as the
predictor of interest. We observed a hippocampal cluster (Cluster P <
0.05 FWE corrected; Fig. 1C; Table S2), with lower-CAR predictive of
higher hippocampal activation (or less deactivation) regardless of task
demands (Fig. 1D). Critically, we also identified clusters in the dIPFC
and the intra-parietal sulcus (Fig. 1E; Fig. S2A; Table S2) with lower CAR
predictive of more task-invoked prefrontal activation in the high (vs.
low) demanding condition (Fig. 1F; Fig. S2B). Furthermore, we found a
mediating effect of the dIPFC activity that could statistically account for
an indirect association between the CAR and WM performance (Indirect
Est. = 0.15, 95 % CI = [0.026, 0.31]), indicating that a robust CAR
proactively promotes better WM performance via less dIPFC activation
(Fig. 1G).

3.2. Interaction between CAR and task demands on hippocampal and
prefrontal activity in Study 1

To further characterize the interaction effect between CAR and task-
invoked brain activity, we conducted a set of complementary analyses
by splitting participants into a robust- or lower-CAR group (see
Methods) according to the criterion by previous studies (Clow et al.,
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2004; Wust et al, 2000). Indeed, an independent-sample t-test
confirmed a significant rise of cortisol level after awakening in the
robust- relative to lower-CAR group (tso = 8.31, P < 0.001; Fig. 2A), but
no difference in cortisol levels either before or after fMRI scanning in the
afternoon (all P > 0.14; Fig. 2B). There was no group difference in other
behavioural and affective measures (all P > 0.66; Fig. S3; Table S1). A
whole-brain 2 (Group: robust- vs. lower-CAR)-by-2 (Load: low vs. high)
repeated-measure analysis of variance (ANOVA) revealed a main effect
of Group in the hippocampus (Fi50 = 21.54, P < 0.001, 7”? = 0.30;
Fig. 2C and D) and an interaction effect in the dIPFC (F; 50 = 9.037, P =
0.004, #? = 0.15; Fig. 2E and F) and the intraparietal sulcus (Fig. S4;
Table S3). Remarkably, these regions overlap (Fig. 2C and E) with those
from above-described regression analyses, highlighting the robustness of
our observations. These results indicate that individuals with lower-CAR
show higher hippocampal activation regardless of task demands, and
higher dIPFC activation specific to a high task demand.

3.3. Effectiveness of pharmacological suppression of the CAR and related
control measures in Study 2

To examine whether there is a causal link between an individual’s
CAR and its proactive effects on task-related prefrontal and hippocampal
activity, we conducted Study 2 by suppression of the CAR using DXM. As

expected, DXM administration on Day 1 suppressed participants’ CAR in
the morning on Day 2, as indicated by the main effect of Group (Fy 57 =
16.78, P < 0.001, 7> = 0.23) from a 2 (Group: DXM and placebo)-by-15
(Time: 15-samples) ANOVA. We also observed Group-by-Time interac-
tion effect (Fi4798 = 19.91, P < 0.001, nZ = 0.26). Post-hoc tests
revealed a flattened CAR at 0-, 15-, 30- and 60-minutes after morning
awakening in DXM group (All P < 0.001), but no significant group dif-
ferences in cortisol levels before and after fMRI scanning nor in the CAR
on Day 3 when compared to placebo (All P > 0.18) (Fig. 3A). There was
no significant group difference either in subjective mood across the 15
time points over three consecutive days (Fig. 5SA), behavioural per-
formance, sleep duration, perceived stress or anxiety (All P > 0.18; Fig.
S5B and C;Table S1). The effectiveness of the WM-load manipulation
was evidenced by separate repeated-measure ANOVA for both accuracy
(F2,114 = 7.58, P < 0.001) and RTs (F114 = 48.67, P < 0.001) during
WM. Thus, as intended, the DXM administration selectively suppressed
the CAR of the experimental day, but it did not alter cortisol levels
before and after fMRI scanning nor affective measures over three days.

3.4. Suppressed CAR proactively leads to increases in hippocampal and
prefrontal activity in Study 2

We then investigated whether CAR suppression using DXM in Study
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2 could resemble our observed prefrontal and hippocampal hyper-
activation above in individuals with lower-CAR from Study 1. We con-
ducted a whole-brain 2 (Group: DXM vs. placebo)-by-2 (Load: Low vs.
High) ANOVA. This analysis revealed a main effect of Group in the
hippocampus (Cluster P < 0.05 FWE corrected, Fig. 3B; Table S4) and a
Group-by-Load interaction effect in the dIPFC (Cluster P < 0.05 FWE
corrected, Fig. 3D; Table S4). As shown in Fig. 3B and D, these two re-
gions overlapped closely with the findings of Study 1, with a general
hippocampal hyper-activation regardless of cognitive load (Fis57 =
26.95, P < 0.001, 77 = 0.32; Fig. 3C) and a prefrontal hyper-activation
specific to high (vs. low) WM-load in the DXM as compared to the pla-
cebo group (F; 57 = 12.95, P < 0.001 112 = 0.19; Fig. 3E). Other clusters
are shown in Fig. S6 (Table S4). Thus, results from Studies 1 and 2
converge into a causal link between the CAR and its proactive effects on
task-invoked activity in the dIPFC and hippocampus about 6 hours later
in the afternoon of the same day.

3.5. Suppressed CAR reduces prefrontal-hippocampal functional coupling
during WM in Studies 1 and 2

The above localization of brain activation linked to the CAR provides
limited insight into how cortisol six hours later affects nuanced coor-
dination of brain networks to support human WM. To test for the CAR-
mediated effects on prefrontal network properties, we implemented a
generalized form of psychophysiological interaction (gPPI) analysis
(McLaren et al., 2012) to assess task-dependent functional connectivity
of a specific seed (the dIPFC here; Fig. 4A) to the rest of the brain in
Study 1 and 2. The dIPFC-seeded connectivity maps were then submitted
to a 2 (Group)-by-2 (Load) ANOVA for statistical testing. This analysis
revealed a Group-by-Load interaction in the hippocampus in Studies 1
and 2 independently (Fig. 4B; Table S5), with weaker
dIPFC-hippocampal connectivity in individuals with lower- (or
DXM-suppressed) CAR as compared to those with robust-CAR (or pla-
cebo), under high but not low task demands (Study 1: F; 55 = 6.64, P =
0.013, 42 = 0.12; Study 2: F; 57 = 23.77, P < 0.001, 5i? = 0.29; Fig. 4C
and D; Fig. S7). Notably, analyses of dIPFC-hippocampal intrinsic
functional connectivity at resting state showed no group difference in
the two studies (All P > 0.47). These results indicate that low-
er-/DXM-suppressed CAR proactively reduces prefrontal-hippocampal
coupling at a cognitively demanding state.

3.6. Suppressed CAR reduces prefrontal top-down modulation over the
hippocampus in Study 2

To further test the directionality of prefrontal-hippocampal connec-
tivity, we modeled dynamic functional interactions between these two
regions described above, by implementing Dynamic Causal Modeling to
assess neural dynamics exerting from one region to another (Friston
et al., 2003). Bayesian model selection was used to identify the optimal
model structure of 36 variants (Figs. S8 and 9) that accounts best for the
data in each group. For the placebo group, model evidence based on
exceedance probabilities (EP) favored a model (10th variant, EP = 0.68;
Fig. 4E) where inputs to the dIPFC drive the network, and high cognitive
demand (i.e., 2-back) modulates the effective connectivity between
dIPFC and hippocampus bidirectionally. Model evidence for DXM,
however, favored a model (4th variant, EP = 0.89; Fig. 4F) in which
input to the dIPFC also drives the network, but high demand only
modulates the network coupling from the hippocampus to the dIPFC.
Dynamic coupling parameters from the dIPFC to the hippocampus
during high task demand were obtained using Bayesian model averaging
across all models. Independent-sample t-tests revealed a reduction in
positive modulation of effective connectivity (i.e., the modulatory; ts; =
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-2.07, P < 0.05) as well as absolute effective connectivity (i.e., the
modulatory plus intrinsic effect; ts; = -2.01, P < 0.05), but not intrinsic
coupling alone, in the DXM relative to the placebo group (Fig. 4G).
Together, the placebo group exhibited dynamic influences between the
dIPFC and the hippocampus bidirectionally in high task demand,
whereas DXM-suppressed CAR selectively reduced the top-down mod-
ulation from dIPFC to the hippocampus during WM processing.

4. Discussion

By leveraging cognitive neuroimaging and pharmacological manip-
ulations across two studies, we investigated the neurobiological mech-
anisms underlying the proactive effects of human CAR on hippocampal-
prefrontal functioning. In Study 1, we found that a robust CAR was
predictive of less hippocampal activation regardless of task demands
and less dIPFC activation selectively in a high task demand, as well as
enhanced functional coupling between those regions and better working
memory performance, about 6 hours later in the afternoon of the same
day. These results implicate the CAR in proactively promoting brain
preparedness based on improved neural efficiency. Critically, pharma-
cological suppression of CAR (Study 2) resembled this proactive effect
from Study 1, indicating the robustness of our findings. Further, dy-
namic causal modeling revealed a reduction in prefrontal top-down
modulation over the hippocampus. Our findings establish a causal link
between the CAR and optimized hippocampal-prefrontal functional or-
ganization, suggesting a proactive mechanism of the CAR in promoting
human brain preparedness.

4.1. CAR promotes brain preparedness via improved prefrontal and
hippocampal efficiency

Our observed proactive effects of the CAR on task-invoked activity in
the dIPFC and hippocampus concur with the CAR-mediated “prepara-
tion” hypothesis (Adam et al., 2006; Elder et al., 2014; Fries et al., 2009;
Law et al., 2013) and extend the theoretical framework of glucocorti-
coids (de Kloet et al., 2019; Herman et al., 2003; McEwen et al., 2015).
Specifically, our observed less dIPFC activation in individuals with
robust-CAR may implicate improved neural efficiency during WM pro-
cessing, given the comparable behavioural performance between
robust- and lower-CAR groups. This interpretation is further supported
by the mediating effect of less dIPFC activity on the association between
a robust CAR and higher WM accuracy. Indeed, an increase in neuronal
efficiency has been linked to relatively weaker and focal activation in
certain brain region(s) (Barulli and Stern, 2013; Haier et al., 1988),
likely by utilizing fewer neural resources (Elman et al., 2014; Heinzel
et al., 2014).

The dIPFC and hippocampus are known to play antagonistic roles in
WM processing, with prominent activation in the dIPFC and deactiva-
tion in the hippocampus (Cousijn et al., 2012; Meyer-Lindenberg et al.,
2005; Owen et al., 2005; Stretton et al., 2012). Such activation/deacti-
vation enables a flexible reallocation of neural resources between hip-
pocampal and prefrontal systems to support executive functions
(Cousijn et al., 2012; Pomarol-Clotet et al., 2008; Qin et al., 2009). The
hippocampal deactivation, likely involving a GABAergic inhibition
mechanism (Schmitz et al., 2017), is to suppress task-irrelevant thoughts
and/or mind-wondering in favor of information maintenance and
updating in WM (Cousijn et al., 2012; Meyer-Lindenberg et al., 2005;
Stretton et al., 2012). Thus, more hippocampal deactivation (or less
activation) here may reflect more effective suppression of
task-irrelevant thoughts in individuals with robust- than lower-CAR.

Our observation on prefrontal-hippocampal systems differs from
previous findings of increased local activity in the dIPFC 4 hours after
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administration of exogenous corticosteroid to mimic a cortisol rise
(Henckens et al., 2011). Given the CAR’s unique features in morning
awakening, it takes us from the general GR-mediated slow effect to a
CAR-specific “preparation”. The CAR is believed to be accompanied by
activation of prospective memory representations of upcoming chal-
lenges for the day ahead (Fries et al., 2009). Such mnemonic aspects of
the CAR could be important determinants of its proactive effects on
brain networks. According to the neurobiological models of gluco-
cordicoids, the brain can generate memory-dependent inhibitory traces
to control cortisol responses and prime specific neural circuits to be
prepared for future threats in similar contexts (de Kloet et al., 2019;
Herman et al., 2003), through the MR/GR-mediated actions on initiating
rapid reactions, contextualizing and regulating subsequent neuro-
endocrinal and behavioural adaptation to stress. Mnemonic-related
brain circuits, for instance, can diminish responsiveness to repeatedly
exposed stimuli to save engergy consumption (Herman et al., 2003).
Thus, we speculate that the CAR, via similar MR/GR-mediated actions,
may proactively set up a tonic tone with memory-dependent inhibitory
traces to promote neuroendocrine control and mnenomic-related brain
functions, thereby improving prefrontal-hippocampal efficiency during
WM processsing. Suppressed-CAR implicates a decrease in such tonic
inhibitory tone, which may account for more activity in those brain
circuits that were also found in individuals with lower-CAR. To take it
one step further, more dIPFC activity observed only under high but not
low task demands in individuals with lower-/suppressed-CAR may result
from an interplay between reduced tonic inhibition in the background
(de Kloet et al., 2019) and task-induced phasic catecholaminergic ac-
tions on prefrontal networks during WM processing (Arnsten, 2009).
Most likely, this proactive effect of the CAR on improved
prefrontal-hippocampal efficiency can in turn optimize a flexible real-
location of neurocognitive resources among these systems to meet
ever-changing cognitive demands. Our findings below from connectivity
and dynamic causal modeling further support this interpretation.

4.2. CAR promotes brain preparedness via optimizing prefrontal-
hippocampal network coupling and dynamic interactions

Beyond regional activation, a robust CAR proactively enhances
functional coupling between the dIPFC and the hippocampus during
WM, with higher connectivity in individuals with robust- than lower-
CAR. Pharmacological suppression of CAR in Study 2 resembles this
observation again. Prefrontal-hippocampal functional organization is
recognized to play a critical role in various cognitive tasks including WM
(Colgin, 2011; Harris and Shepherd, 2015; Spellman et al., 2015),
through both direct and indirect neuronal connections (Hoover and
Vertes, 2007; Rajasethupathy et al., 2015). Higher dIPFC coupling with
the hippocampus in individuals with robust-CAR may reflect more
efficient functional communication to support a flexible reallocation of
neurocognitive resources to meet cognitive demands. Notably, weaker
prefrontal-hippocampal coupling in individuals with lower-CAR came
along with stronger dIPFC activation during high task demands. A
stronger activation in the dIPFC may implicate compensation for sub-
optimal prefrontal-hippocampal functional organization (Barulli and
Stern, 2013; Elman et al., 2014).

Our dynamic causal modeling further revealed that pharmacological
suppression of CAR reduces the effective connectivity from the dIPFC to
the hippocampus during WM about 6 hours later. Such metrics have
been linked to the directionality of neural dynamics that one neuronal
system exerts over another (Friston et al., 2003). Thus, our observation
is most likely to reflect a reduction in prefrontal down-regulation over
hippocampal activity during WM. Findings from previous studies have
suggested that similar down-regulation involves a goal-directed signal
that originates in the dIPFC and spreads downstream via polysynaptic
pathways to the hippocampus, thus integrating these regions in a
task-dependent manner (Anderson and Hanslmayr, 2014; Benoit and
Anderson, 2012). If the CAR is responsible to promote the route of
goal-directed input from the dIPFC to suppress hippocampal processing
of task-irrelevant thoughts during WM, DXM-suppressed CAR in the
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morning would mute the dIPFC influence on this network dynamics.
Indeed, two aspects of our results support this assumption. First, the
placebo group favored a model with inputs to the dIPFC driving the
network and high task demands modulating connectivity between the
hippocampus and the dIPFC bidirectionally, whereas the
DXM-suppressed CAR group favored a model with the same inputs to the
dIPFC driving the network, but reduced top-down modulation of
network dynamics from the dIPFC to the hippocampus during high task
demands. Second, this top-down modulation showed a strong trend to be
positive, i.e., according to dynamic causal modeling reduced dIPFC
recruitment actually caused less hippocampal activation (or more
deactivation) during WM processing.

Taken together, our findings from activation, connectivity and dy-
namic causal modeling converge into a model of how the CAR prepares
brain networks for the upcoming challenges: the CAR-mediated tonic
inhibitory tone may work in concert with task-induced phasic cate-
cholaminergic actions to support neuroendocrinal control, executive
function and memory, through proactively improving neural efficiency
in hippocampal-prefrontal networks and optimizing the flexible reallo-
cation of neurocognitive resources in these networks. Indeed, many
accounts have emphasize the interplay of glucocorticoid and catechol-
aminergic actions on modulating not just neural activities of different
systems but also the dynamic organization of large-scale brain networks
(Arnsten, 2009; Hermans et al., 2014). Future studies are required to
address the complex interplay of the CAR and other neuromodulatory
systems.

4.3. Limitations

Our findings should be considered in light of several limitations.
First, our study focused on male participants in order to avoid potential
confounds on the CAR by menstrual cycles. Whether our findings could
be generalized into a female population remains open for future work.
Second, we did not use electronic monitoring devices to obtain the exact
time of awakening and sampling in Study 1, though findings from Study
2 provide evidence to verify the effectiveness of our CAR assessment.
Finally, while sleep duration, state-trait anxiety, and perceived stress
were controlled in our CAR assessment, other variables such as stress
anticipation should also be taken into account in future studies.

4.4. Conclusion

Our findings establish a causal link between the CAR and its proac-
tive role in the functional coordination of prefrontal-hippocampal net-
works involved in executive functioning. Combining cognitive
neuroimaging with pharmacological manipulation advances our un-
derstanding of the CAR-mediated neuromodulatory pathways for up-
coming cognitive and environmental challenges. Our study also
highlights the proactive role of CAR on brain preparedness for the day
ahead after awakening and could lead to the development of useful CAR-
inspired biomarkers in both healthy and clinical populations.
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