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Stress Induces a Shift Towards Striatum-Dependent
Stimulus-Response Learning via the Mineralocorticoid

Receptor
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Stress is assumed to cause a shift from flexible 'cognitive’ memory to more rigid 'habit' memory. In the spatial memory domain, stress
impairs place learing depending on the hippocampus whereas stimulus-response leaming based on the striatum appears to be improved.
While the neural basis of this shift is still unclear, previous evidence in rodents points towards cortisol interacting with the mineralocorticoid
receptor (MR) to affect amygdala functioning. The amygdala is in tumn assumed to orchestrate the stress-induced shift in memory
processing. However, an integrative study testing these mechanisms in humans is lacking. Therefore, we combined functional neuroimaging
of a spatial memory task, stress-induction, and administration of an MR-antagonist in a full-factorial, randomized, placebo-controlled
between-subjects design in 101 healthy males. We demonstrate that stress-induced increases in cortisol lead to enhanced stimulus-
response learming, accompanied by increased amygdala activity and connectivity to the striatum. Importantly, this shift was prevented by an
acute administration of the MR-antagonist spironolactone. Our findings support a model in which the MR and the amygdala play an
important role in the stress-induced shift towards habit memory systems, revealing a fundamental mechanism of adaptively allocating neural
resources that may have implications for stress-related mental disorders.

INTRODUCTION

Encountering stressful events triggers a well-described
cascade of neural changes (Joéls and Baram, 2009), which
ultimately also affects memory. Whereas earlier studies
focused on stress effects on memory quantity, recent studies
illustrated that stress also changes memory quality by
shifting the balance of systems underlying learning
(Hermans et al, 2014; Schwabe and Wolf, 2013b) and
retrieval (Elliott and Packard, 2008). Accordingly, memory
formation under stress appears to be dominated by
inflexible, 'habitual' forms of learning such as stimulus-
response learning based on the striatum. In contrast, the
contribution of more 'cognitive' learning centered at the
hippocampus appears reduced under stress (Packard and
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Teather, 1998; Packard and Wingard, 2004; Wingard and
Packard, 2008).

This shift towards habit memory is often assumed to be
adaptive by enabling learning and recall of simple stimulus-
response associations in the face of limited cognitive
resources and high external demands (Schwabe and Wolf,
2013b). Nonetheless, the shift might prove relevant for
several psychiatric disorders involving well-learned but
maladaptive responses to salient cues. For instance, reflexive,
often generalized stimulus-fear associations concurrent with
impaired hippocampal memory functioning might underlie
post-traumatic stress disorder (Acheson et al, 2012). Also
patients suffering from addiction or obsessive compulsions
might be prone to relapse when maladaptive habits are
retrieved under stress (Herman and Polivy, 1975; Weiss et al,
2001).

The stress-induced shift was first described for spatial
memory. Under stress, rodents and humans preferentially
use simple responses related to salient landmarks that are
encoded egocentrically and depend on the striatum (Elliott
and Packard, 2008; Kim et al, 2001; Packard and Teather,
1998; Packard and Wingard, 2004; Schwabe et al, 2007;
Schwabe et al, 2010; Wingard and Packard, 2008). In
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contrast, stress impairs more complex, allocentric, spatial
representations that are based on the hippocampus (Morris
et al, 1982) and allow flexible navigation. Whereas the neural
mechanism underlying this stress-induced shift is still
unclear in humans, in rodents the shift appears to be
mediated by amygdala processing that enhances stimulus-
response learning and decreases place learning (Packard and
Teather, 1998; Packard and Wingard, 2004). Other studies in
rodents suggested that this shift depends on corticosteroids
binding to the mineralocorticoid receptor (MR) (Schwabe
et al, 2010) which can rapidly activate the amygdala in-vitro
(Karst et al, 2010). In humans, MR-activation under stress
was associated with increased functional connectivity
between amygdala and striatum in tasks probing emotional
face processing and classification learning, possibly con-
tributing to the stress-induced shift (Schwabe et al, 2013a;
Vogel et al, 2015b).

Here, we set out to translate these findings to humans and
reveal the neural mechanisms underlying a stress-induced
shift in human spatial memory. We hypothesized that a
stress-induced shift would be mediated by cortisol activating
the MR and leading to a dominance of striatal stimulus-
response learning. Furthermore, we expected this shift to be
mediated by changes in amygdala activity and connectivity
to the striatum. To test these hypotheses, we used a full-
factorial design, investigating the effects of acute stress and
MR-blockade on the systems contributing to spatial memory
in healthy men.

MATERIALS AND METHODS

The study was approved by the local ethical committee
(NL37819.091.11) and registered in the Dutch (3595) and
European trial registry (2011-003493-85). The current study
was part of a large-scale study investigating stress-effects
depending on MR-availability. Two other data sets acquired
in the same participants using independent tasks investigated
the role of the MR in emotional face processing (Vogel et al,
2015b) and fear learning (Vogel et al, 2015a). Thus, the
overall study set-up was described elsewhere and is only
briefly summarized here, focusing on the spatial memory
experiment.

Participants

Healthy right-handed male volunteers (N =101) with normal
weight (18.5<body mass index<30) were included after
being screened for the exclusion criteria described in
Supplementary Information. All participants provided writ-
ten informed consent and were financially compensated.
Three participants were excluded due to either panic attacks,
motion sickness, or the discovery of concurrent participation
in another drug study. This resulted in a final number of 98
participants (mean age 21.9 years (SD =2.9)) not differing in
age, body-mass-index, or trait anxiety (Vogel et al, 2015a,
2015b).

General Procedure

We used a 2-by-2 full-factorial design with the factors stress
and MR-blockade. Participants were randomly assigned to
one of four experimental groups (control/placebo, stress/
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placebo, control/MR-blocked, stress/MR-blocked). While the
factor MR-blockade was manipulated in a double-blind
fashion, the factor stress was not blinded.

Drug administration and adaptation phase. Testing took
place in the afternoon to ensure relatively stable endogenous
cortisol levels at baseline. After assessment of baseline
cortisol, subjective mood, and vital signs (blood pressure,
heart rate) (Supplementary Information), participants were
orally administered 400 mg spironolactone (tablets; Teva
Pharmachemie, Haarlem, The Netherlands) or placebo.
Afterwards, participants practiced the spatial memory task
and rested for 80 min to ensure adaptation to the laboratory
and drug absorption. Cortisol and vital signs were measured
every 30 min.

Experimental phase. Inside the MRI room, participants
underwent a stress induction or a non-stressful control
procedure (described below). A short emotional face
processing task followed (Vogel et al, 2015b). Approximately
17 (+4) min after stress induction, participants started with
the spatial memory task. After the subsequent fear memory
task (Vogel et al, 2015a), participants were debriefed about
the stressor and left after a general assessment of well-being.

Stress Induction

We adapted the socially evaluated cold pressure task
(SECPT, Schwabe et al, 2008b) to an MRI-compatible
version. Participants were in a supine position on the
scanner bench, immersed their right foot into ice water
(0-2°C) up to the ankle, and held it there as long as possible
(task stopped after 3 min). During foot immersion, partici-
pants looked into a camera while being closely observed by
two non-supportive experimenters in laboratory coats.
Participants performed a difficult mental arithmetic test
after the spatial memory task to ensure sustained elevations
of stress for the fear task. For the control group, warm water
was used (35-37 °C), there was no camera, the experimenter
was friendly and casually dressed, and the arithmetic test was
simple. To assess whether stress was successfully induced,
negative mood, salivary cortisol levels, and vital signs were
measured repeatedly and analyzed as described in
Supplementary Information.

Spatial Memory Task and Virtual Environment

We used a spatial memory task based on the Morris water
maze (Morris et al, 1982) that allows for distinction between
striatal and hippocampal learning systems for stimulus-
response learning and spatial map-based learning, respec-
tively (Doeller and Burgess, 2008a; Doeller et al, 2008b,
Figure 1a). UnrealEngine2 Runtime software (Epic Games)
was used to present a virtual first-person perspective view of
an environment surrounded by a boundary with orientation
cues (mountains, clouds, and the sun), and a traffic cone as
an intramaze landmark cue. Orientation cues were projected
at infinity to provide orientation but no location information
within the arena. The landmark cue and the boundary
(circular wall) were rotationally symmetric leaving the
orientation cues as the sole source of orientation, presumably
mediated by the head-direction system (Taube, 1998; Wilton
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(@) Virtual arena in a first-person perspective (left), and viewed from top before the first environmental change (middle left), after the first

environmental change (middle right), and after the second environmental change (right). This graph shows the experimental environment including the
intramaze landmark cue (traffic cone), boundary (circular wall), orientation cues projected at infinity (mountains, clouds; A, far left), and an example of an
experimental object (vase). (b) Schematic overview of the experimental phases and the setup of a trial. During study, every experimental object was shown
once and collected by the participants. During test, participants had to recall the object locations and received feedback to improve their performance (object
appeared after response, here indicated by the red circle). Trial setup was identical for study and test. After test O and test |, the landmark was moved within
the arena relative to the other cues (‘environmental change’). From that moment landmark- and boundary-based leaming predict different locations. d;
distance between response and the location predicted by the landmark, dg distance between response and the location predicted by the configuration of

boundary and orientation cues.

et al, 2001). Participants navigated with their right hand
operating four buttons to ‘move’ and ‘drop’ objects. The
viewpoint was ~2vm above the ground, the arena was
~32vm in diameter, and the virtual location was recorded
every 100 ms.

Practice. The practice environment was used to familiarize
participants with the task outside the MRI scanner.
Participants saw four everyday objects, once each, at
different locations in the arena and were instructed to collect
them by 'walking' over them and remember their locations.
Subsequently, participants were presented with two trials per
object. Trials were separated into mini-blocks, each object
occurring once per mini-block. Object order within the mini-
blocks was semi-random with no object appearing in two
successive trials across mini-blocks. Each trial started with an
image showing the object to be recalled (2s) after which
participants had to 'move' from a random start position to
the object’s position (recall, Figure 1b). After 'dropping' the
object, the object appeared on its correct location (feedback)
so that participants could improve their performance on the
next trial. Trials were separated by a fixation cross (4s).

Study. For the main task in the MRI scanner, four new
objects were presented, once each, in an arena with different
landmark, boundary, and orientation cues. Participants were
again instructed to remember their locations.

Test. After study, participants performed three test blocks
(test 0, 1, and 2) with 16 trials each, four per experimental
object. Trial timing was similar to the practice task.
Critically, without the participants' prior knowledge, the
landmark was moved relative to the boundary between test
block 0 and 1 and test block 1 and 2 (‘environmental
changes’), allowing the differentiation of object types from
test 1 onwards. Two experimental objects maintained a fixed
position relative to the boundary (boundary-based objects),
and the two other objects remained in a fixed position
relative to the landmark (landmark-based objects). On
average, participants took 16 min (+1min) to complete
the task.

We recorded reaction time (until object drop), recall error
(in vm), and the relative influence of boundary or landmark
on drop location. As our hypotheses were specifically
targeted at the dissociation between spatial map learning
and stimulus-response learning, we focused on the ‘cue
influence’ parameter (Doeller et al, 2008b) indicating which
environmental cue dominated performance in a given trial.
The ‘cue influence’ parameter was calculated for each trial
after the first environmental change occurred (Doeller et al,
2008b). The formula uses the error in the participant’s
response as distance relative to (i) the position predicted by
the landmark cue (d;) and (ii) the position predicted by the
boundary cue (dg, Figure 1). A smaller d; thus indicated a
relatively strong influence of the landmark cue on the
participant’s  response,  suggesting  stimulus-response
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learning. Conversely, a small dg indicated a strong influence
of the boundary cue, suggesting spatial map-based learning.
The ratio between these scores indexes each participant’s
relative reliance on either boundary or landmark (d;/
(dp+dg). The resulting relative influence parameter theore-
tically varies between 0 (relying exclusively on the landmark)
and 1 (relying exclusively on the boundary). After the second
environmental change, the incorrect cue (the boundary for
landmark-based objects and the landmark for boundary-
based objects) predicted two different locations. Consistent
with previous work, we used whichever difference to the
response location was smaller to calculate the ‘cue influence’
parameter (Doeller et al, 2008b). A trial of special interest is
the first trial after the first environmental change, as it gives
an indication of the initial preference for either memory
system when participants do not know yet if objects are
boundary- or landmark-based. Similarly, earlier human and
rodent experiments used this first trial after learning to
determine per participant which memory system has been
used (Schwabe et al, 2008a).

Magnetic Resonance Imaging and Analysis

Functional and structural magnetic resonance imaging
(MRI) data were acquired on a 1.5T Avanto scanner
(Siemens, Germany). Details on acquisition and preproces-
sing using SPM8 (Wellcome Trust Centre for Neuroimaging,
London) can be found in Supplementary Information. To
test the main task effects and the sensitivity of brain regions
to either the landmark cue or the boundary cue during recall
and feedback, we set up a model including regressors for the
study phase, object, recall, and feedback, all convolved with
the canonical hemodynamic response function (HRF, see
Supplementary Information). In line with previous work, the
recall regressor was parametrically modulated by the cues’
influence on the response (calculated as described above;
Doeller et al, 2008b) and the feedback regressor was
modulated by the amount of learning (performance increase
in the following trial with the same object; Doeller et al,
2008b, see Supplementary Information). Six realignment
parameters were included to account for residual motion. A
full-factorial design was employed to test for group
differences in brain activity.

A second model was used to investigate brain regions in
which activation was associated with the stress-induced
cortisol increase. This model contained regressors for object,
study, recall, and feedback, the latter two split for boundary-
based and landmark-based objects to investigate both
memory systems separately. As we did not hypothesize
trial-by-trial variation in the effects of cortisol on neural
activation, the parametric modulators were omitted from this
model for parsimony. All regressors were convolved with the
HRF and six realignment parameters were added to capture
residual motion artifacts. Over subjects, we correlated brain
activity to the increase in cortisol, calculated as area under
the curve with respect to the increase from the beginning of
the experimental phase until the end of the spatial memory
task (AUCI; Pruessner et al, 2003). A full-factorial design was
used to investigate group differences in this correlation,
which showed evidence for a stress-induced upregulation of
amygdala activity, mediated by cortisol interacting with the
MR (see Results).
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To test the hypothesis of enhanced amygdala-striatal
connectivity under stress, we extracted the time course of
amygdala activity using the ‘volume of interest’ tool as
implemented in SPM8. The bilateral seed was functionally
defined as the combination of stress-by-MR-blockade
interactions on the association with cortisol AUCi in the
amygdala. Correlating this time series to activity in the rest of
the brain provides information on regions that are
supposedly functionally connected with the amygdala. We
added the time series to the first level models and accounted
for global signal fluctuations by adding two regressors
modeling the signal from individually defined white matter
and cerebrospinal fluid masks. Again, a full-factorial design
was used to test for group differences.

For whole-brain analyses, the significance threshold was
set to p<0.05 (family-wise error corrected [FWE] at cluster-
level). For our bilateral regions of interest (ROIs, hippo-
campus, putamen, caudate, amygdala), we implemented
small volume correction (SVC), using an initial threshold of
p<0.005, uncorrected, followed by voxelwise FWE-
correction (p<0.05) for multiple comparisons within ROIs.
Bilateral anatomical masks were taken from the Automated
Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al,
2002) using Wake Forest University PickAtlas 2.4. Given our
hypothesis concerning an MR-dependent stress-induced
shift, we focus on effects of stress, possibly mediated by
MR-activation.

RESULTS
Stress Measures in the Adaptation Phase

Negative mood, cortisol levels, heart rate, and blood pressure
decreased throughout the adaptation phase indicating
successful adaptation to the laboratory environment (all
main effects of time p<0.001). MR-blockade led to higher
cortisol levels before stress induction (time-by-MR-blockade
interaction, F(j 71554y =13.33, p<0.001; tos=3.13, p=0.002)
in line with a regulatory role of the MR on cortisol release (de
Kloet et al, 2005). Importantly, within both medication
groups there was no significant difference between stress and
control in any measure prior to stress induction (all p>0.1).

Stress Measures in the Experimental Phase

The stress group immersed their foot in water for less time
than the control group (F(; 93 =20.12, p<0.001), but
importantly there was no influence of MR-blockade (main
effect or interaction). Stress-related increases in negative
mood, cortisol, and, at trend-level, heart rate demonstrated
successful stress induction in both medication groups
(negative mood: stress main effect (F(1,91)=10.91,
p=0.001), time-by-stress interaction (F(2.4,218.4)=9.81,
p<0.001); cortisol: stress main effect (F(1,92)=13.00,
p=0.001), time-by-stress interaction (F(2.5,229.5)=28.93,
p<0.001); heart rate: time-by-stress interaction (F
(6.0,525.9) =2.00, p=0.065); see Figure 2). Although there
was a trend for MR-blockade to reduce stress-induced
negative mood (time-by-stress-by-MR-blockade interaction
F(2.4,218.4) =2.69, p=0.060, placebo: F(2.2,93.5)=10.269,
p<0.001, MR-blocked: p>0.1), MR-blockade did not affect
stress-induced increases in heart rate or cortisol (all p>0.4).
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Figure 2 Cortisol levels (top), heart rate (middle), and negative mood (bottom) over the course of the experiment. Participants were randomly assigned to
one of four groups: control/placebo (gray dotted lines), stress/placebo (black dotted), control/MR-blocked (grey solid), stress/MR-blocked (black solid). After pill
ingestion and habituation to the laboratory environment, participants were brought to the MRI room and underwent either the socially evaluated cold pressure
test (SI) or a non-stressful control procedure. After another task probing emotional face processing (Vogel et al, 2015b), participants performed the spatial
memory task. Stress-related increases in negative mood, cortisol, and, at trend level, heart rate displayed successful stress induction in both drug groups. Time is
indicated in minutes after stress induction/control procedure, all measurements are baseline corrected to the last measurement during habituation (=25 min).
Mean values are depicted, error bars represent | SEM; bpm, beats per minute; MR, mineralocorticoid receptor; S1, first stress induction/control procedure
(socially evaluated cold pressure task); S2, second stress induction/control procedure (mental arithmetic test) to maintain stress levels for a subsequent task.

Accordingly, cortisol and negative mood levels were
elevated in the stress group compared to the control group
during the spatial memory task whereas the heart-rate
increase wore off rapidly. As expected, MR-blockade led to
heightened cortisol levels (MR-blockade main effect:
F(1,02)=15.01, p<0.001, time-by-MR-blockade interaction:
F(2.52205=6.22, p=0.001) (de Kloet et al, 2005), but did not
affect blood pressure or heart rate.

Effects of Stress and MR Blockade on Reaction Times
and Recall Performance

Reaction times were generally shorter for landmark-based
objects than boundary-based objects (F( 5, ="7.676,
p=0.007), but not affected by stress (all p>0.4). The
MR-blocked group was on average faster than the placebo
group (main effect of MR-blockade, Fg;)=4.474,
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p=0.037), but again, this was independent of stress (p > 0.4).
Recall errors did not differ between landmark-based and
boundary-based objects (p>0.6) and were not affected by
stress or MR-blockade (all p>0.10). To summarize, MR-
blockade led to faster responses in general, but did not alter
response accuracy. Stress, as induced here, did not affect
reaction times or recall errors. Thus, a potential shift in
spatial memory systems under stress cannot be readily
explained by a general performance difference between
groups.

The Hippocampal and Striatal Memory Systems are
Preferentially Recruited for Boundary and Landmark-
Related Objects Respectively

We next tested whether we could dissociate different
learning strategies using the cue influence parameter. In line
with previous findings (Doeller et al, 2008b), response
locations were influenced by both boundary and landmark
cues, and participants learned over time to use the correct
cue for each object. Thus, the influence parameter increased
for boundary-based objects and decreased for landmark-
based objects indicating a stronger map-based learning for
boundary-based objects and stimulus-response learning
for landmark-based objects, respectively (main effect of
time: F(5.2,455.9) =9.83, p<0.001; object: F(1,87) =255.47,
p<0.001; time-by-object interaction: F(5.2,454.3) =50.29,
p<0.001; Figure 3). As expected, brain activity during recall
tracked the influence of boundary versus landmark cues on
replace location (Doeller et al, 2008b). Thus, hippocampal
activity was enhanced when the response location was
influenced by the boundary cue (psyc=20.021, psyc=0.052
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Figure 3 Left Relative influence of boundary and landmark on the
replace location during test | and 2 for objects located relative to the
boundary (black) and objects located relative to the landmark (gray). The
influence was calculated according to (Doeller et al, 2008b) as dL/(dL+dB),
with dL being the distance of the response from the location predicted by
the landmark and dB being the distance from the location predicted by the
boundary. Consequently, the influence varies theoretically between O
(relying on the landmark) and | (relying on the boundary). Participants
learmed over time to dissociate landmark-based and boundary-based objects
and used the correct cue for each object. Environmental changes are
indicated by traffic cone icons with an arrow. Error bars represent | SEM.
Right: Activity during recall is modulated by a stronger influence of the
boundary in the hippocampus and (at trend level) by a stronger influence of
the landmark in the putamen. For illustrative purposes, the images are
thresholded at p<0.005, uncorrected, and masked for the regions of
interest (hippocampus, putamen).
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(trend-level), Figure 3) and striatal activity was increased (at
trend-level) when the response was influenced more by the
landmark (putamen: psyc=0.084, Figure 3). Furthermore,
striatal activity was enhanced when participants received
feedback about landmark-based objects which improved
their performance (caudate: psyc=0.010, psyc=0.037,
Supplementary Figure S1).

To summarize, we confirmed that participants used two
memory systems during recall and updating. The hippo-
campal memory system was active when participants used a
spatial map-based strategy and relied on the boundary to
recall an object's location. In contrast, the striatal memory
system was involved when relying on the landmark
suggesting stimulus-response learning.

Stress and MR-Blockade Affect the Shift between
Memory Systems

Next, we investigated whether stress and MR-blockade
affected the use of these memory systems. In line with our
hypothesis of a stress-induced shift, we found a time-by-
stress-by-MR-blockade interaction on the influence para-
meter independent of object-type (F(5245509)=3.15,
p=0.007). This interaction originated from a significant
stress-by-MR-blockade interaction in the first trial after the
first environmental change (F(; 92 =5.91, p=0.017) but not
in later trials. As expected, stress led to a numerically but
non-significant increased reliance on the landmark in the
placebo group (p=0.232), and the effect was reversed in the
MR-blocked groups (stress/MR-blocked vs control/MR-
blocked: p=0.023; stress/MR-blocked wvs stress/placebo:
p=0.006, see Supplementary Figure S2). To account for
the large inter-individual differences in the spontaneous use
of spatial memory strategies (eg Iaria et al, 2003), we reran
the analyses with per participant z-transformed influence
parameters. These can be interpreted as variation from the
within-participant average reliance on boundary or land-
mark cues. Supporting our previous findings, a repeated
measures ANOVA with the within-subject factors trial and
object-type and the between-subjects factors stress and MR-
blockade showed a time-by-stress-by-MR-blockade interac-
tion on the influence parameter (F(s¢.484.3) =2.602,
p=0.020), originating from the first trial after the first
environmental change (F( 9, =10.183, p=0.002). Stress
again increased the reliance on the landmark in the placebo
groups compared to the control group (p=0.013, Figure 4)
in the first trial and this effect was reversed in the
MR-blocked groups (p=0.001; stress/MR-blocked vs stress/
placebo: p=0.001). Finally, this analysis also revealed a main
effect of stress (p=0.017), with the stress group showing a
stronger influence of the landmark than the control group.

Stress-Induced Cortisol Increases Activate the Amygdala
Depending on MR-Availability

To test how the stress-induced shift might arise on the neural
level, we first tested whether striatal or hippocampal
engagement during recall or feedback was affected by a
stress-by-MR-blockade interaction similar to the behavioral
finding. However, no such effects were detected in the
striatum, hippocampus, or amygdala (all psyc>0.4). In a
subsequent step, given our specific hypothesis, cortisol-MR
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Table | Stress-by-MR-Availability Interactions on The Correlation
Between Cortisol Increase and Amygdala Activity

Task phase Hemisphere T« k Psvc
Recall landmark-based objects Left 295 0.080%
Recall boundary-based objects Left 3.15 0.049*
Right 2.83 0.089"
Feedback landmark-based objects  Left 492 38 <0001
Right 426 40 0002
Feedback boundary-based objects  Left 372 36 0.012*
Right 401 34 0005

“p<0001, "p<001, ¥p <005, “p<0.10.

interactions mediate the stress-induced shift, we assessed
how inter-individual differences in the cortisol response to
stress relate to brain activity. In line with a stress-induced
MR-dependent upregulation of amygdala activity, we found
stress-by-MR-blockade interactions on the correlation
between cortisol increase and amygdala activity during recall
and feedback for both object-types (Table 1, Supplementary
Figure S2). As expected, participants with higher
cortisol increases after stress in the placebo group showed
stronger amygdala responses relative to those with
smaller cortisol increases (recall boundary-based objects
Psvc=0.087 (trend); feedback landmark-based objects
Psvc=0.010, psyc=0.004; feedback boundary-based
objects: psyc=0.025). Crucially, in line with a critical role
for the MR in driving this association in the stress group, the
correlation was abolished in the stress group where the MR
was pharmacologically blocked (no significant voxels).
Perhaps related to the physiological cortisol increase
following MR blockade, we found a positive association
between cortisol increase and amygdala activity also in the
control/MR-blocked group (psvc<0.05 for recall and feed-
back of both object-types), yet as mentioned above the
association was not present in the stress/MR blocked group.
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Stress and MR-Blockade Differentially Affect Amygdala
Connectivity

Considering that amygdala activity showed a positive
association with the stress-induced cortisol increase in the
placebo group, we tested whether the amygdala may drive the
stress-induced shift towards enhanced stimulus-response
learning via connectivity with the striatum (Schwabe et al,
2013a; Vogel et al, 2015b). Indeed, we found a stress-by-MR-
blockade interaction on the correlation between cortisol
increase and amygdala connectivity with a large cluster
covering both putamen and caudate (putamen: psyc=0.003,
caudate: psyc=0.004, Figure 5). In line with our hypothesis,
the association between cortisol increase and amygdala-striatal
connectivity was significantly stronger in the stress group as
compared to the control group, but only when the MR was
available (putamen: psyc=0.037, caudate: psyc=0.013; MR-
blocked: no significant voxel). Thus, participants with stronger
stress-induced cortisol increases showed not only enhanced
amygdala activity, but also strengthened functional connec-
tivity between amygdala and striatum. We did not find group
differences in the relationship between cortisol increase and
amygdala connectivity with other brain regions.

DISCUSSION

We set out to investigate how stress-related activation of the
MR shifts the use of different spatial memory systems. In line
with our hypothesis, our results provide first evidence that
stress produces an increased dependence on spatial stimulus-
response memory in humans that is sensitive to blockade of
the MR and involves an upregulation of amygdala activity
and connectivity to the striatum.

The actions of cortisol are mediated by two receptor types,
the MR and the glucocorticoid receptor (GR). Both MR and
GR can induce rapid, non-genomic and slow, genomic
effects mediated by receptors residing presumably at the
membrane or in the cytoplasm, respectively (Joéls et al,
2012). An in-vitro study illustrated that MR-activation can
rapidly enhance excitability of the amygdala (Karst et al,
2010). Other studies in rodents demonstrated that amygdala
activation can in turn modulate the balance of spatial
memory systems from hippocampal to striatal control over
behavior (Packard and Teather, 1998; Packard and Wingard,
2004; Wingard and Packard, 2008). We translate these
findings to humans by demonstrating a stress-induced MR-
dependent shift towards the striatum, orchestrated by
increased amygdala activity and connectivity with the
striatum, and especially present in those participants with
high stress-induced cortisol responses. Considering the
timing of these effects, ie within 45 min after stress onset,
we tentatively conclude that these stress-induced effects
likely result from rapid, non-genomic pathways, supposedly
mediated by MRs located at or close to the plasma
membrane.

The finding that MR-activation increases amygdala activity
was never shown in humans, but was suggested by in-vitro
experiments (Karst et al, 2010). These authors demonstrated
rapidly enhanced excitability of amygdala neurons after
corticosterone administration, which was driven by MR-
activation, and subsequently sustained by GR-activation.
This increase of amygdala activity was interpreted as
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Figure 5 Left: The association between amygdala-striatal connectivity and cortisol increase measured as area under the curve was affected by stress and
MR-blockade. For illustrative purposes, the image is thresholded at p<0.005, uncorrected, and masked for the region of interest (putamen). Right: For
illustrative purposes only, we plot the parameter estimates for the correlation between amygdala-striatal activity and cortisol increase.

enabling enhanced memory encoding of stressful events.
However, we show that MR-dependent amygdala up-
regulation may also lead to a qualitatively different memory
trace by shifting processing towards another memory system.
We also found that heightened cortisol levels induced by
MR-blockade under non-stressful conditions were associated
with enhanced amygdala activity. Given that the MR was
blocked in these participants, this finding suggests that also
the GR can enhance amygdala activation with moderate
cortisol increases. One should keep in mind that spirono-
lactone in itself caused an increase in cortisol levels, which
was already present at least 25min before stress onset.
Therefore, in contrast to the rapid effect in the stress/placebo
group, this up-regulation of amygdala activity in the control/
MR-blocked group cannot easily be attributed to rapid non-
genomic effects, but might involve genomic GR-effects.
Furthermore, when stress-induction was combined with
moderately enhanced cortisol levels due to MR-blockade, we
did not find an upregulation of amygdala activity, suggesting
that the relation between GR activation and amygdala
activity may be non-linear or depend on prior cortisol levels.
To conclude, we interpret our findings as supporting an
MR-dependent, stress-induced shift towards enhanced
stimulus-response learning, which appears to be associated
with an up-regulation of amygdala activity. However, future
studies are needed to decipher the additional effects of GR-
activation when the MR is blocked and cortisol levels are
thus increased without an additional stress induction.
Recent studies on emotional face processing, fear learning,
and probabilistic learning suggested that a stress-induced
shift towards systems supporting habit-like behavior might
arise from changes in amygdala connectivity with the
hippocampus and the striatum (Schwabe et al, 2013a;
Vogel et al, 2015b) or by affecting hippocampal activity
(Vogel et al, 2015a). Beyond that, our current findings
suggest that also amygdala activity is affected by MR-
activation and might then orchestrate a stress-induced shift
by changing connectivity to the striatum. Interestingly, we
did not find such a stress-induced, MR-dependent enhance-
ment of amygdala activity in the task directly following
stressor onset (Vogel et al, 2015b). This might suggest that
the stress-induced enhancement of amygdala activity might
take about twenty minutes to arise which would be in line
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with in-vitro findings of enhanced amygdala excitability after
corticosterone applications of 20 min (Karst et al, 2010) and
a delayed rise of brain corticosterone levels after stress (Qian
et al, 2011). Furthermore, the stress-induced increase in
amygdala activity and connectivity may be transient as
amygdala activity was found to be reduced one hour after
hydrocortisone administration (Henckens et al, 2010) and no
connectivity increase with the striatum could be detected one
hour after stress onset (van Marle et al, 2010) or
hydrocortisone administration (Henckens et al, 2012). These
results highlight the striking time-dependency of stress
effects on neural activity and memory (Henckens et al,
2010; Joéls et al, 2011; van Ast et al, 2013).

Another interesting aspect is that the heightened amygdala
activity after stress was most pronounced during the feedback
phase of the experiment when participants update and correct
their memory. It appears that participants with higher stress-
induced cortisol levels show stronger amygdala activity,
especially during the updating of memories, biasing them
towards stimulus-response learning. Previous experiments in
rodents focused on the effects of a stress-induced shift
between memory systems at encoding (Packard and Teather,
1998; Packard and Wingard, 2004; Wingard and Packard,
2008) or retrieval (Elliott and Packard, 2008). Our findings are
the first to indicate that also the updating of already encoded
(but not yet consolidated) information might be affected by a
stress-induced shift in humans. Altogether, these findings
suggest that multiple memory stages can be modulated by a
stress-induced shift between memory systems.

Here, we used a translational approach in humans by
testing a specific hypothesis concerning a stress-induced shift
in memory systems which was derived from rodent studies.
By employing a task which allowed the dissociation of
'cognitive' and ‘'habit' learning in behavior, we could
determine the neural mechanism underlying a stress-
induced shift in the balance of spatial memory systems: an
MR-dependent up-regulation of amygdala activity and
connectivity with the striatum. However, some caveats
should be kept in mind. Spironolactone can also affect other
receptors, for example progesterone receptors (Schane and
Potts, 1978). As spironolactone also affects HPA axis
regulation (de Kloet et al, 2005) it can change cortisol and
corticotropin releasing factor concentrations, possibly



contributing to the observed effects. Experiments with more
specific drugs, possibly in rodents, might help in further
specifying the role of the MR in the stress-induced shift.
While a more specific MR-antagonist has been described
(eplerenone), its effect on human cognition is still unclear
and we chose for spironolactone in order to achieve
comparability with earlier studies in humans (eg Cornelisse
et al, 2011; Otte et al, 2007). Furthermore, also other
neuromodulators may be involved in the stress-induced shift.
For instance, it is conceivable that the MR might not directly
act in the amygdala to change its activity and connectivity,
but that these effects are mediated by dopamine in the
ventral tegmental area (de Oliveira et al, 2014). The interplay
between cortisol and other modulators is therefore a
promising target for further research. Finally, it should be
emphasized that the current study was carried out in male
participants only due to practical limitations to our sample
size and may not directly generalize to females (Ter Horst
et al, 2013), although a stress-induced shift in females was
demonstrated previously (Schwabe et al, 2013a).

Recent studies in other domains also support a stress-
induced shift towards cognitively less demanding systems
underlying behavior and learning (Arnsten, 2009; Otto et al,
2013; Vogel et al, 2015b). Beyond its effects on memory,
stress also leads to more reflexive behavior (Porcelli and
Delgado, 2009; Schwabe et al, 2011) and less strategic
decisions being made. Altogether, these studies suggest a
rapid stress-induced shift in neural processing, resulting in a
dominance of less demanding systems across a broad range
of cognitive domains. Our findings support the model
proposed earlier (Schwabe et al, 2010) that the shift also
affects spatial memory formation by inducing a dominance
of habit-like stimulus-response learning. This shift towards
the striatum might rescue memory performance under stress
(Schwabe et al, 2010) but might also lead to strong memories
which are hard to unlearn or update, potentially predispos-
ing individuals (at least males) to develop psychopathology.
Our data suggest that the stress-induced shift depends on the
MR and may be prevented by the acute administration of
MR-antagonists—or possibly other manipulations—dam-
pening amygdala hyperactivity.
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