UvA-DARE (Digital Academic Repository)

Overexpression of Mineralocorticoid Receptors Partially Prevents Chronic
Stress-Induced Reductions in Hippocampal Memory and Structural Plasticity
Kanatsou, S.; Fearey, B.C.; Kuil, L.E.; Lucassen, P.J.; Harris, A.P.; Seckl, J.R.; Krugers, H.;
Joels, M.
DOI
10.1371/journal.pone.0142012
Publication date
2015
Document Version
Final published version
Published in
PLoS ONE
License
CC BY
Link to publication
Citation for published version (APA):
Kanatsou, S., Fearey, B. C., Kuil, L. E., Lucassen, P. J., Harris, A. P., Seckl, J. R., Krugers,
H., & Joels, M. (2015). Overexpression of Mineralocorticoid Receptors Partially Prevents
Chronic Stress-Induced Reductions in Hippocampal Memory and Structural Plasticity. PLoS
ONE, 10(11), [e0142012]. https://doi.org/10.1371/journal.pone.0142012

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:09 Jan 2023

RESEARCH ARTICLE

Overexpression of Mineralocorticoid
Receptors Partially Prevents Chronic StressInduced Reductions in Hippocampal Memory
and Structural Plasticity
Sofia Kanatsou1*, Brenna C. Fearey1, Laura E. Kuil2, Paul J. Lucassen2, Anjanette
P. Harris3, Jonathan R. Seckl3, Harm Krugers2☯, Marian Joels1☯
1 Department of Translational Neuroscience, Brain Center Rudolf Magnus, University Medical Center
Utrecht, Utrecht, The Netherlands, 2 Swammerdam Institute for Life Sciences, Center for Neuroscience,
University of Amsterdam, Amsterdam, The Netherlands, 3 Endocrinology Unit, Centre for Cardiovascular
Science, Queen's Medical Research Institute, the University of Edinburgh, Edinburgh, United Kingdom
☯ These authors contributed equally to this work.
* s.kanatsou@gmail.com

OPEN ACCESS
Citation: Kanatsou S, Fearey BC, Kuil LE, Lucassen
PJ, Harris AP, Seckl JR, et al. (2015) Overexpression
of Mineralocorticoid Receptors Partially Prevents
Chronic Stress-Induced Reductions in Hippocampal
Memory and Structural Plasticity. PLoS ONE 10(11):
e0142012. doi:10.1371/journal.pone.0142012
Editor: Alexandra Kavushansky, Technion - Israel
Institute of Technology, ISRAEL
Received: April 30, 2015
Accepted: September 11, 2015
Published: November 23, 2015
Copyright: © 2015 Kanatsou et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Abstract
Exposure to chronic stress is a risk factor for cognitive decline and psychopathology in
genetically predisposed individuals. Preliminary evidence in humans suggests that
mineralocorticoid receptors (MRs) may confer resilience to these stress-related changes.
We specifically tested this idea using a well-controlled mouse model for chronic stress in
combination with transgenic MR overexpression in the forebrain. Exposure to unpredictable
stressors for 21 days in adulthood reduced learning and memory formation in a low arousing
hippocampus-dependent contextual learning task, but enhanced stressful contextual fear
learning. We found support for a moderating effect of MR background on chronic stress
only for contextual memory formation under low arousing conditions. In an attempt to understand potentially contributing factors, we studied structural plasticity. Chronic stress altered
dendritic morphology in the hippocampal CA3 area and reduced the total number of doublecortin-positive immature neurons in the infrapyramidal blade of the dentate gyrus. The latter
reduction was absent in MR overexpressing mice. We therefore provide partial support for
the idea that overexpression of MRs may confer resilience to the effects of chronic stress on
hippocampus-dependent function and structural plasticity.

Data Availability Statement: All relevant data are
available via Figshare (http://dx.doi.org/10.6084/m9.
figshare.1585817).
Funding: SFK was supported by ALW grant # 82102-007 from the Netherlands Organization for
Scientific Research NWO. The funding source had no
involvement in the study design; in the collection,
analysis and interpretation of data; in the writing of
the report; and in the decision to submit the article for
publication.

Introduction
Human studies have shown that frequent exposure to stressful events is an important risk-factor for developing psychopathology, especially in individuals with a predisposing genetic
background [1–3]. This supports the notion that gene–environment interactions affect susceptibility to stress-related diseases, with some genes enhancing susceptibility and others conferring resilience to stressful events in adulthood [4–5].
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Upon exposure to stressful events, the adrenal glands secrete high levels of corticosteroid
hormones (corticosterone in rodents and cortisol in humans; [4–5]. Corticosteroids enter the
brain and bind to two types of intracellular receptors: mineralocorticoid (MRs) and glucocorticoid receptors (GRs). MR and GR exert slow transcriptional control over responsive genes via
hormone response elements present in promoters [5]. Apart from their actions in the nucleus,
MR and GR also mediate rapid, non-genomic actions via membrane-located receptors [6].
GRs are present throughout the brain and have a low affinity for corticosterone [5]. Under
non-stressful conditions only part of the receptors are occupied, whereas stress-levels of corticosteroids cause a substantial increase in binding. Intracellular MRs are highly expressed in
some limbic areas, notably hippocampus and amygdala, and have a much higher affinity for
corticosterone, implying substantial occupancy even by basal hormone levels. Increasing MR
density may thus more effectively change MR signaling than increased ligand concentrations.
The affinity of membrane-located MRs appears to be similar to that of GRs [7].
MRs play a crucial role in synaptic transmission and plasticity. For instance, non-genomic
MR actions facilitate glutamatergic transmission in the hippocampus and amygdala and
enhance synaptic retention of AMPA receptors [8–10]. Behaviorally, MRs promote an appropriate learning/cognitive strategy under stressful conditions and are relevant for spatial learning or establishing contextual fearful memories [11–13]. In addition, MR overexpression in the
forebrain reduces anxiety and enhances memory retention [14–15].
Studies in humans also support the importance of MRs for behavioral adaptation. First,
splice variants of MR mRNA and lower levels of mRNA were found in postmortem brain
regions of patients with major depressive disorder [16]. Second, in an aged population, carriers
of the MR-I180V single-nucleotide polymorphism (SNP) associated with loss of function had a
higher prevalence of depressive symptoms than non-carriers [17]. Third, a specific MR haplotype–related to high MR expression levels- was associated with a heightened dispositional optimism in women [16]. In agreement, a recent study in humans revealed a beneficial effect of
MR stimulation in cognition both in depressed patients and healthy individuals [18].
Moreover, a human study using fMRI has shown that a common functional polymorphism
of the MR (Iso /Val (rs5522), associated with variability in HPA axis reactivity, moderates the
effect of childhood emotional neglect and amygdala reactivity [19]. In stressed individuals, a
shift from hippocampal to dorsal striatal memory systems was found to be dependent on the
MR activation [20]. Also, blockade of MRs prevents the stress-induced enhanced connectivity
between the amygdala and the dorsal striatum, possibly explaining the behavioral shift towards
habitual responses, and prevents a stress-dependent shift from trace to delay conditioning
learning [21–22].
These studies have led to the hypothesis that high (functional) MR levels confer resilience to
stress-related psychopathologies [23,15]. In our study, we tested this hypothesis in a mouse
model. Specifically, we examined if enhanced forebrain MR expression levels confer resilience
to the effects of chronic unpredictable stress regarding hippocampus-dependent behavior and
hippocampal structural plasticity.
Since activation of corticosteroid receptors depends on plasma corticosterone levels [5, 24],
MRs may play a different role in behavioral tasks which differ in the degree of salience. We
therefore assessed the effects of chronic unpredictable stress and MR overexpression on behavior under low arousing and high arousing experimental conditions, which differ in the degree
of activation of the HPA-axis.
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Materials and Methods
Animals
All mice used in our experiments were bred in-house. In each breeding cage, two wild type
C57Bl6 female mice (Harlan, The Netherlands) were housed with one MR-transgenic (MR-tg)
male mouse for one week [14]. At postnatal day 23, all pups were weaned, genotyped and pups
with identical genotypes but from different litters housed two per cage (either MR-Tg or their
littermate controls). Mice were kept in a temperature and humidity controlled facility (21.5–
22°C, with humidity between 40 and 60%) on a 12h light/dark cycle (lights on at 8:00 a.m.)
with food and water available ad libitum. All experiments were performed in strict accordance
with the Dutch regulations for animal experiments. The protocol was approved by the committee on Animal Health and Care from the University of Amsterdam, the Netherlands (Permit
Number: DED 206) and in accordance with the EC Council Directive of September 2010
(2010/63/EU). All efforts were made to minimize suffering.

Chronic Unpredictable Stress
At two months of age, mice were randomly selected for chronic unpredictable stress (CUS) or
control treatment. Mice in the CUS group were exposed to a 21-days CUS paradigm that was
based on earlier described approaches [25–27]. The stressors used in this CUS paradigm were
applied daily (each different stressor was repeated once-weekly) in an unpredictable order
between 8:30 a.m. and 12:30 p.m. in a separate room. Control mice were left undisturbed in
their home cages in the regular housing room.
The following stressors were used in the CUS protocol:
Elevated plus maze (EPM): All mice were placed one-by-one in the center of a light grey colored plus formed maze (UGO BASILE S.r.l.–Italy) always facing the same open arm. After 15
minutes, the mice were removed from the maze and returned to their home cages. The maze was
cleaned thoroughly with 70% EtOH between each use. All movements of the mice were recorded
using a life-recording camera system that was installed above the maze (Ethovision XT 6, the
Netherlands). The EPM was performed on day 1, day 11 and day 21 of the CUS regimen and only
in animals that underwent CUS. We applied the EPM on day 1 to test the anxiety levels of both
MR-tg and control stressed animals (at that time non-stressed, as this is the first stressor of the
regimen) and on day 21 to test for habituation over time (in the stressed animals only) (S1 Fig).
Forced swim: Mice were placed for 3 minutes in a glass beaker (24 cm x 12 cm x 12 cm,
Fisher Scientific, the Netherlands) filled with 1.6L water at 28°C. After these 3 minutes, the
mice were placed in a cage under a red lamp for 5 minutes in order to dry before returning
them to their home cages.
Rotating platform: Home cages with two mice were placed on a see-saw rocker for 1 hour
with 70 oscillations per minute.
Wet sawdust: Four mice were placed in a cage filled with a layer of wet sawdust for 4 hours.
Immobilization: Mice were individually placed in a restrainer for 30 minutes.
Group housing: Four mice (two MR-tg and two control animals) were housed overnight
(5:00 p.m. until 9:00 a.m.) in a single cage.
Isolation: Mice were housed overnight individually in a type 2 cage (140 mm x 365 mm x
207 mm).

Neuroendocrine parameters
To evaluate the effectiveness of CUS, we measured bodyweight, thymus weight and adrenal
weight. The bodyweights of the mice were recorded at three time-points: three hours after the
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stressor on day 1, three hours after the stressor on day 11 and in the morning of day 22 (one
day after the CUS).
To further validate the effectiveness of CUS, a subset of mice was decapitated on day 22
between 08.30 and 11.00 h, and trunk blood was collected in EDTA-covered capillary tubes
(Sarstedt, The Netherlands) to measure basal plasma corticosterone levels. These levels were
measured in duplicate via a radioimmunoassay kit according to the manufacturer’s protocol
(MP Biochemicals, Amsterdam, The Netherlands). At the same time-point, the adrenal glands
and thymus were dissected and weighed.

Behavior
We started all behavioral tests one day after the final stressor of the chronic unpredictable stress
(PND82) and during the light phase (9:00 a.m. and 13:00 a.m.) using different cohorts of mice
1) for memory in low arousing behavioural tasks (object in-context) and 2) for memory under
high-arousing conditions (contextual fear conditioning). As the elevated plus maze is one of
the stressors of the CUS paradigm, we used the data of the stressed animals only (from both
cohorts that underwent behavioral testing as mentioned above) to assess anxiety and locomotion upon initiation of the CUS (day1) and during the last day of the CUS (day21, S1 Fig).
Object in-context memory. We tested one batch of mice for place memory in a nonstressful test specific for the influence of context on object recognition [28–30]. As a context we
used blue-colored plastic boxes (h x l x w: 33 cm x 54 cm x 37 cm) that contained bedding
material; blocks of Lego and small bottles were used as objects. The overall test was performed
over three days (illustrated in Fig 3): on day 1 the mice were habituated for 10 minutes in the
context without objects. On day 2 the mice habituated first for 10 minutes in a context (A) that
had no cues on the walls but had two identical objects, i.e. 2 blocks of Lego, placed in opposite
corners. After this, mice were habituated for another 10 minutes in a novel context (B) that
had cues on the walls in the form of stripes and contained two (new) identical objects, namely
2 small bottles, placed in opposite corners. Between habituating to both contexts, a retention
interval of 1 min was used, during which the mice were kept in a familiar cage (i.e. a cage that
was used to transfer the mice from the housing room to the testing room) until context B was
presented. On day 3 the object in-context recognition memory was tested by placing the mice
for 10 minutes in context B in which 1 of the 2 familiar objects of this context, namely the
small bottle, was replaced by an object from context A, i.e. a block of Lego.
In all contexts, the mice were placed facing the same wall and opposite to the objects.
Objects were cleaned thoroughly, placed in a 15 cm distance from the corners of each context
and new bedding material was added on top of the old and mixed between each task, in order
to saturate the olfactory cues of previous mice that had been tested. Sniffing was used as explorative behavior when the animal displayed such behavior towards an object within a distance of
maximum 2 cm. Climbing on top of or watching the objects from a (close) distance was not
considered as sniffing behavior.
We used the discrimination index (DI) observed on day 3 as measurement of the object incontext recognition memory. The DI is calculated as time being spent exploring the novel
object compared to the total exploration time towards both objects (tnovel /(tnovel + tfamiliar))
[31].
Contextual fear conditioning. Contextual fear was also assessed one day after the final
stressor, in another batch of mice. On day 1, the mice were placed in a chamber that had a
stainless steel grid floor connected to a shock generator [13]. Mice were allowed to explore the
context for three minutes after which they received a single mild foot shock (0.4 mA) for 2 seconds. After this shock, the mice stayed for an additional 30 seconds in this chamber. On day 2,
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the mice were placed in the same chamber and their freezing behavior was recorded for 3
minutes.
The freezing behavior of the mice was scored every 2 seconds on both days in each chamber,
with ‘freezing’ being defined as ‘no body movements except those related to breathing’ [32].

Pyramidal cell morphology
To examine the effects of stress on the morphology of hippocampal pyramidal neurons we performed Golgi-Cox staining as previously described [33–35]. Next, using yet another batch of
mice killed in the morning one day after the final stressor, brains were embedded in celloidine
and cut into 200 μm thick sections using a vibratome.
Using a light microscope (LSM510, Zeiss, Germany), Z-stacks (step size 1μm) from each
neuron were collected in bright field mode using a light microscope (LSM510, Zeiss, Germany)
with a 20x magnification. Full images of the dendritic tree of Golgi-stained neurons were
reconstructed in ImagePro equipped with the Neurodraw toolbox (kindly provided by G.
Ramakers, J. Van Heerikhuize and C. Pool, The Netherlands Institute of Neuroscience,
Amsterdam).
For analysis, we used 5–8 pyramidal neurons per mouse present exclusively in the CA3
hippocampal area along the rostral-caudal hippocampus. We used selection criteria for each
neuron as previously described [36]. Earlier studies have shown that apical rather than basal
dendritic trees are very sensitive to chronic stress [37]. Therefore, we calculated the total dendritic length, the number of branch points and dendritic complexity index of the apical dendrites of every reconstructed pyramidal cell. In addition, we performed a 3D Sholl analysis
using the software package NeuronStudio [33, 38].

Neurogenesis
Neurogenesis has been implicated in cognition, fear and behavioral flexibility [39] and is regulated by stress and altered after MR modulation [40, 41].
To study the long-term effect of CUS on hippocampal neurogenesis, we performed immunostaining using three different markers in another batch of mice, killed one day after the final
stressor: 1) Bromodeoxyuridine (BrdU) as an indicator for cell-survival [42–43]; 2) Ki67 to
examine cell-proliferation [38, 43]; and 3) doublecortin (DCX) to identify early-stage differentiating neurons [44].
BrdU-labeling was assessed by administering a total dose of 300 mg/kg BrdU ((SigmaAldrich, St. Louis, Missouri, USA) 10mg/ml in 0.007 M NaOH/0.9% NaCl) intraperitoneally
via three individual injections of 100 mg/kg with an interval of two hours between each injection three hours after the first stressor [38,45].
Perfusion. Twenty four hours after the final stressor, mice were anaesthetized and transcardially perfused with a paraformaldehyde solution (4% paraformaldehyde in 0.1M phosphate
buffer pH7.4). Next, the brains were extracted and post-fixed overnight at 4°C and subsequently cryoprotected in a sucrose solution (30% sucrose in 0.1M phosphate buffer, pH7.4) on
a shaking platform at 4°C for one day.
Immunohistochemistry. Perfused brains were sectioned into 40 μm thick sections and
stored at -20°C. Sections selected for immunohistochemistry were first overnight incubated at
4°C on a rocker with the primary antibodies: rat monoclonal anti-BrdU (CloneBU1/75 (ICR1),
Accurate Chemical; 1:500)) [46–47], rabbit polyclonal anti-Ki-67 (NCL-L-Ki67_MM1, Novocastra, Newcastle upon Tyne, United Kingdom; 1:10000) [47] [or polyclonal goat anti-DCX
(sc-8066, Santa Cruz, Leiden, the Netherlands; 1:800) [47] diluted in 0.05M tris buffer saline
(TBS), pH7.6. The next morning, the sections were washed with 0.05M TBS and incubated for
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2 hours at room temperature with the secondary antibodies (biotinylated sheep anti-mouse
1:200 (GE Healthcare, United Kingdom), goat anti-rabbit 1:200 (Vector Laboratories, CA,
USA) or biotinylated donkey anti-goat 1:500 (kindly provided by Dr. I. Huitinga, Netherland
Institute for Neuroscience, Amsterdam)) diluted in 0.05M TBS, pH 7.6. Next, all sections were
washed with 0.05M TBS and incubated for 90 minutes with avidin-biotin (ABC kit, Elite Vectastain, Brunschwig Chemie, Amsterdam, the Netherlands) diluted 1:800 in 0.05M TBS, in
0.3% triton at room temperature. Sections were then rinsed in 0.05M Tris-buffer (TB), pH7.4
and incubated for 6 minutes in 3–3’ diaminobenzidine (DAB, 20 mg/100 ml of Tris buffer,
0.01% H2O2). Finally, the sections were dehydrated, incubated in xylene for 10 minutes and
dried for 2 days at room temperature.
Quantification. We quantified the number of Ki67-, BrdU- and DCX-positive cells that
were located bilaterally along the rostral-caudal hippocampal axis in every 6th coronal section.
In order to get an estimation of the total number of all positive stained cells along the entire
rostral-caudal axis of the dentate gyrus (DG), the total number of the counted cells was multiplied by six, to correct for the fact that we only used one of six consecutive sections [44]. BrdU
and Ki67-positive cells were quantified manually using a light microscope (40 x objective,
Zeiss). Due to the complexity and number of DCX-positive cells, these cells were quantified by
systematic random sampling using a Stereo investigator system (Microbrightfield, Magdeburg,
Germany). Contours were drawn for each hippocampal section and the cells were counted
using an optical fractionator at 40x magnification (Axiophot, Zeiss-West Germany). Optical
fractionator settings were the same for all cells as follows: 70 x 80 counting grid size and 25 x
25 counting frame size. The same volume was sampled for every subject.
Cells were counted along the transversal axis, namely the suprapyramidal blade and the
infrapyramidal blade and we further made a distinction between the rostral and caudal part of
the dentate gyrus based on the curvature of the hippocampus. Although literature does not
support evidence for an accurate distinction between the rostral and the caudal part of the DG,
sections with bregma -1,34 to -2,70 were defined as the rostral dentate gyrus while the sections
between bregma point -2,80 to -3,80 were defined as the caudal part of the dentate gyrus [48].
To correct for the variation in the amount of sections between the animals, in all cases seven
sections were selected per animal.

Statistical analysis
Analyses were performed using statistical package SPSS 17.0 for Windows XP. Data were normally distributed as determined by Shapiro-Wilk tests for normality and we therefore performed parametrical statistical analyses on datasets. Only for corticosterone levels we used a
non-parametric statistical analysis (Kruskal Wallis followed by a Mann Whitney U test), as this
dataset was not normally distributed. For datasets in which no time-effect was present we performed a two-way ANOVA (with CUS as the predicting factor and genotype as the moderating
factor). If an interaction effect was significant a post hoc Fishers Least Significant Difference
(LSD) test was performed, after determining equality of variances using Levene’s test (which
was the case unless stated otherwise). As we always performed four post-hoc comparisons
(control / non-stressed vs control / stressed or vs MR / non-stressed; control / stressed vs. MR /
stressed; MR / non-stressed vs MR / stressed) we adjusted the alpha and considered p  0.0125
to be significant. Data are presented as mean with standard error of the mean (SEM). To compare the distribution of dendrites, we performed repeated-measures ANOVA on Sholl plots,
with “distance from the soma” as within-subjects factor and “genotype” and “treatment” as
fixed between-subject factors. A Pearson correlation was performed to analyze the relation
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Fig 1. Neuroendocrinological parameters to determine the effectiveness of the CUS paradigm. These parameters included: (A) body weight gain (g),
(B) thymus weight (mg / g body weight), (C) adrenals weight (mg / g body weight and (D) corticosterone levels. Data are expressed as mean ± SEM with pvalues based on post-hoc LSD. n20 mice per group for A,B and C and n = 6–8 for D. *: significant, p  0.0125.
doi:10.1371/journal.pone.0142012.g001

between the number of BrdU- and Ki67-positive cells, and the relation between body weight
and adrenal weight.

Results
Animals
Data for this study were obtained from 139 male mice, of which 73 were MR-tg and 66 were
(littermate) controls. These mice belonged to 60 mixed gender litters with on average 7 pups.

Neuroendocrine parameters
For bodyweight gain over 21 days of chronic unpredictable stress (CUS), there was a significant
interaction between CUS and genotype (F(1,127) = 16.093, p<0.002; Fig 1A). Follow-up analysis showed that stressed control (p<0.001) as well as MR-tg mice (p<0.001) had reduced body
weight gains when compared to corresponding non-stressed control groups (Fig 1A). The
apparent interaction was explained by the fact that non-stressed MR-tg mice were heavier than
non-stressed controls (p< 0.001).
There was no interaction nor a main effect of genotype on thymus weight normalized to
bodyweight. CUS had a main effect on normalized thymus weight (F (1,95) = 20.828, p<0.001;
Fig 1B). For the adrenal weight, no interaction nor a main effect of CUS or genotype was
found. There was no correlation between body weight and adrenal weight in the control nonstressed mice (n = 8, r = 0.352, p = 0.393).
We observed a statistically significant difference in corticosterone levels between the different groups (χ2(2) = 12.438, p = 0.006) with a mean rank score of 8.14 for MR-tg non-stressed,
9.43 for control non-stressed, 19.17 for MR-tg stressed and 17.40 for control stressed. Post-hoc
analysis revealed that MR-tg stressed mice had increased basal corticosterone levels compared
to MR-tg non-stressed mice (U(13) = 4.00, Z = -2.64, p<0.008, Fig 1D).

Behavior
Contextual fear conditioning. In total 24 control (CUS: n = 12; non-stressed: n = 12) and
24 MR-tg (CUS: n = 12; non-stressed: n = 12) male mice were subjected to contextual fear conditioning, a highly stressful learning task which (among other regions of the brain) involves the
hippocampus [49].
Prior to the foot-shock, there was neither an interaction between stress and genotype nor a
main effect of genotype. Chronic stress did affect freezing behavior prior to the foot-shock
(F(1,45) = 6.720, p<0.013, Fig 2A), i.e. it increased freezing in this novel environment.
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Fig 2. Contextual fear conditioning in stressed and non-stressed control and MR-tg mice. Bar graphs represent the results for: (A) freezing time before
the foot shock on day 1, (B) freezing time after the foot shock on day 1, and (C) freezing time during the retention test on day 2. Data are expressed as mean
+ SEM with p-values based on post-hoc LSD. n = 12 mice per group.
doi:10.1371/journal.pone.0142012.g002

However, it should be realized that the actual amount of freezing at this time of the test was
very low, <1% of the total observation time.
Immediately after exposure to the foot-shock, mice displayed considerable freezing behavior
(Fig 2B). CUS decreased freezing compared to controls immediately after receiving the footshock (F(1,45) = 9.483, p<0.04).
Twenty four hours later, when retention of the shock-context was tested, no interaction
between CUS and genotype was discerned (Fig 2C). We did see a significant effect of CUS (F
(1,45) = 0.165, p = 0.048). We also observed a significant effect of genotype (F (1,45) = 4.710,
p = 0.036).
Object in-context recognition memory. To probe hippocampal function under nonarousing circumstances [29] we tested mice (all groups n = 9) in an object-in-location memory
task (Fig 3). On the testing day (day three), the DI was tested against chance level (50%) and it
was found to be highly significant above 50% for both the control non-stressed mice (one-sample t-test, p<0.001) and the MR-tg non-stressed mice (one-sample t-test, p<0.001). A DI significantly above the chance level was also found in control stressed mice (One-sample T-test,

Fig 3. Object in context. Left: schematic representation to indicate the setup of the object-in-context experiment. A) Mice were initially habituated in a
context that had no object. B1) During training, mice were placed in the same context but with two identical objects and then placed in a novel context with
two identical novel objects (B2). (C) Finally the mice were placed in the latter context but with one object being replaced by an object from the first context. (D)
The discrimination index as observed from the object in context experiment. Data are expressed as mean ± SEM with p-values based on post-hoc LSD. n = 9
mice per group. *: significant, p  0.0125.
doi:10.1371/journal.pone.0142012.g003
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p<0.047) and MR-tg stressed mice (one-sample t-test, p<0.001). We observed an interaction
between CUS and genotype at trend-level F(1,36) = 2.568, p = 0.1, Fig 3D). Follow-up post-hoc
analysis revealed a significant memory deficit after CUS (compared to non-stress) in control
mice (p<0.012), but not in MR-tg mice. Furthermore, MR-tg stressed mice perform significantly better than control stressed mice (p<0.003).

Structural plasticity
We next examined CUS-induced changes in structural plasticity in specific hippocampal subareas that were previously reported to be very sensitive to chronic stress; that is, the apical dendritic complexity of CA3 pyramidal cells and adult neurogenesis in the dentate gyrus [37, 45].
Pyramidal cell morphology. For the parameters investigated, i.e. dendritic complexity,
dendritic length and the number of branch points in CA3 apical dendrites, no significant interaction effects or effects of genotype were observed. We did find a significant main effect of
CUS on the dendritic complexity index (F(1,30) = 5.319, p<0.029) and dendritic length (F
(1,30) = 4.465, p<0.044), though not on the number of dendritic branch points (S2 Fig), which
is largely compatible with what has been reported previously in other species [37, 50].
Analysis of the average dendritic length measured at distinct distance points from the soma
(Fig 4A) showed an overall significant difference over the several points from the soma
(repeated measures Anova, sphericity assumed correction: F(15,390) = 301.782, p<0.001) but
no significant dendritic length point x treatment x genotype effect was found (repeated measures Anova, sphericity assumed correction: F(15,390) = 1.294, p<0.266).
Neurogenesis. BrdU-labelling was studied after a 3 week survival period (Fig 5A). Hence,
the current BrdU numbers most likely reflect a combination of cell proliferation and survival
[41]. Interestingly, we found a correlation that was highly significant (R2 = 0.516, p<0.005)
between the total number of cells positive for BrdU and for Ki67 (Fig 5B), a marker for cell proliferation at the time of analysis. DCX labels immature neurons (Fig 5C), which is commonly
used as a marker for adult neurogenesis.
When taking all immunostainings into account, we only found an interaction effect at trend
level for BrdU, but not for Ki67 or DCX. For none of the markers did we observe an effect of
genotype. A main effect of CUS was apparent for the total number of DCX-positive cells (F
(1,31) = 4.274, p<0.048).
It has been argued that neurogenesis is not homogeneous across the DG. Along the transversal axis, for instance, neurogenesis in the suprapyramidal blade showed greater experiencerelated activity than the infrapyramidal blade [51]. We therefore refined our analysis and made
a distinction for the three markers between the infra- and suprapyramidal blades. For BrdU,
we observed a main effect of CUS in the suprapyramidal blade (F(1,31) = 5.268, p = 0.030). No
effects were found in terms of Ki67. Effects in DCX staining were more pronounced: a significant interaction effect of CUS and genotype was present in the infrapyramidal blade (F(1,31) =
4.210, p = 0.05). Post-hoc analysis indicated that CUS caused a significant decrease in the number of DCX-positive cells in control mice (p<0.012) but not in MR-tg mice.
The rostral and caudal part of the hippocampus have been shown to be associated with distinct behaviors [52]. Therefore, we assessed neurogenesis along the rostral-caudal part of the
DG for all markers (Fig 5). In the caudal subarea, our results revealed a significant genotype
effect (F(1,31) = 4.413, p<0.045) for the BrdU-positive cells. No significant effects were found
for the BrdU-positive cells in the rostral subarea. Main or interaction effects in Ki67-positive
cells and DCX-positive cells along the rostral-caudal axis of the DG were not detected.

PLOS ONE | DOI:10.1371/journal.pone.0142012 November 23, 2015

9 / 17

Mineralocorticoid Receptors and Resilience to Chronic Stress

Fig 4. Sholl plots in stressed and non-stressed control and MR-tg mice. (A) The average dendritic length measured at specific distance points from the
soma in all experimental groups. Analysis was based on the same cell groups as used in S2 Fig. Data are expressed as mean ± SEM. (B) Representative
image of a CA3 pyramidal neuron analyzed at various bins representing the distance from the soma. We restricted the analysis to the apical dendrites only.
Calibration bar: 20 μm.
doi:10.1371/journal.pone.0142012.g004

Discussion
Environmental factors such as repetitive exposure to stressful events are an important risk factor for stress-related psychopathology; this can be moderated by genetic susceptibility or resilience factors [5]. It has been suggested that efficient MR function may confer resilience to
stress-related psychopathology and cognitive decline [16–17]. Here we used a mouse model to
specifically examine potential moderating effects of MR overexpression on CUS-induced
behavioral deficits and structural plasticity.
We found that MR overexpression may indeed protect against CUS-induced deficits in a
relatively non-arousing memory task, but not in highly stressful learning conditions. Although
we found that CUS induced CA3 pyramidal dendritic atrophy in the dendritic complexity
index and dendritic length, these changes appeared to be unaffected by MR overexpression.
CUS–as reported before- suppressed neurogenesis, which was moderated by MR in the
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Fig 5. Neurogenesis results in stressed and non-stressed control and MR-Tg mice. Right panel shows representative examples of BrdU, Ki67 and DCX
labeled cells being scored (D-F, arrows, calibration bar: 50 μm). Left panel shows the bar graphs on the left summarize the averaged results for: (A) BrdU
positive cells, (B) Ki67 positive cells and (C) DCX positive cells. For each marker we analyzed the total number of cells, the number of cells along the rostral
and caudal subareas of the hippocampus as well as the numbers for two subregions that make up this total number (total infra and total supra). Data are
expressed as mean ± SEM with p-values based on post-hoc LSD. n = 8 animals per group. *: significant, p  0.0125.
doi:10.1371/journal.pone.0142012.g005

infrapyramidal blade. We therefore tentatively conclude that MR overexpression may protect
against some but not all CUS-induced changes in hippocampal behavior and structural
plasticity.

Experimental model
We used transgenic mice with forebrain specific overexpression of human MR under the control of a CaMKIIα promoter [14]. More specifically, these animals have a 3–4 fold MR mRNA
increase in the hippocampus and 8-fold increase in amygdala. Immunohistochemical staining
of MR showed more MR-positive neurons and greater intensity of staining in CA-1, CA-2,
CA-3 of the dorsal blade of the dentate gyrus (DG), lateral septum and cortex compared to
control mice; we confirmed this in the present set of animals (unpublished observation).
MR-Tg was not detected in cerebellum, hypothalamus or peripheral tissues such as liver, lung
and muscle [14].
The presently reported effect of MR overexpression on corticosterone levels is not in line
with results from Mitra et al. [53], who reported that selective MR overexpression in the amygdala reduces stress-induced corticosterone secretion. This could be explained by the different
models used to induce MR overexpression; that is, Mitra et al. [53] used viruses to overexpress
the MR locally (only in the BLA) in adult rats. In this model, the HSV vectors that was to drive
overexpression infect only approximately 30% of the neurons. Therefore, other areas contributing to anxiety-like behaviour and HPA axis activity, such as the hippocampus [54], were not
affected, as opposed to the model we used. Moreover, viral MR overexpression occurred only
during adulthood [53]. In our model, MR overexpression started around PND15 and remained
present up until measurements in adulthood, which may have resulted in compensatory
mechanisms.
Similar to what was reported before for fully-grown MR-tg mice [14], we found MR-tg mice
to be significantly heavier than control mice, even at a relatively young age (~2 months old).
Since MRs were overexpressed in the forebrain but not in hypothalamus (unpublished observations), this might indicate that forebrain MR play a substantial role in appetite and/or
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metabolic processes. Although this is of interest, it most likely did not affect our present findings, as we did not use food-rewarded tasks.
Both control and MR-tg mice exposed to CUS gained less bodyweight over the 21-days
period when compared to non-stressed mice. In addition, CUS caused a reduced normalized
thymus weight, increased basal corticosterone levels but had no effect on the adrenal weight.
This shows the effectiveness of the 21-days stress paradigm, which was based on earlier
described CUS protocols in rats [25–27, 44, 55].

Behavioral results
Our behavioral observations are in line with earlier studies showing that CUS hampers contextual memory formation under non-stressful conditions but enhances contextual fear memory
formation [12, 56–58]. Our data indicate that MR overexpression does not moderate the effects
of CUS on contextual learning under high arousing (fear) conditions, as opposed to contextual
learning under low arousing conditions. The most likely explanation is that high-arousing contextual fear conditioning is associated with high corticosterone levels, in a range generally
involving GR activation [13, 59]. Corticosterone levels during low-arousing contextual learning
are probably too low to largely activate GR and may depend more prominently on MR, and its
involvement in behavioral reactivity towards novel spatial situations [60]. A second and less
likely explanations is that mice had reached a ceiling in contextual fear memory. Interestingly,
we observed a main effect of genotype in contextual fear conditioning which was particularly
evident directly after re-exposure. This might be due to MR-dependent differences in overall
anxiety. However, we did not observe genotype effects in the elevated plus maze, determined
one day before contextual fear learning (S1 Fig). Alternatively, MR expression may influence
the generalization of fear. This too is unlikely because MR-tg and control animals showed low
levels of freezing when tested in a different context (data not shown). The tendency towards
more pronounced freezing in non-stressed MR-tg (vs control) mice agrees with earlier studies
in naïve mice reporting that pharmacological blockade of MR hampers retention of fear context [61] and hampers selective attention, executive function and working memory in men
[20–22, 62–63].
With respect to a very sensitive hippocampus-dependent memory task under relatively
non-arousing conditions [29] we found support for our hypothesis: overexpression of MR
appears to protect against CUS-induced deficits. Of note, although the difference between
chronically stressed and control animals was highly significant in wild type mice and absent in
MR-tg animals, the interaction effect was only evident at trend level, so interpretation of the
data should be done with care. The employed memory task, as other contextual tasks [64],
might improve with a rise in circulating CORT levels; we cannot entirely exclude that putatively higher circulating CORT levels in MR-tg mice with a history of CUS contributed to the
observed resilience. In contrast to the contextual fear conditioning paradigm, we found no support that MR overexpression by itself (under non-stressful conditions) improves memory for
an object-in-location.

Structural plasticity
The potentially protective effect of MR overexpression under non-arousing conditions could
be explained by accompanying changes in structural or functional plasticity. We addressed the
first possibility, by examining dendritic complexity of CA3 pyramidal cells and adult neurogenesis in the dentate gyrus, two parameters that are exquisitely sensitive to CUS [37, 44]. Chronic
unpredictable stress has been reported to result in reduced hippocampal CA3 dendritic complexity [37, 50, 65–66]. Although the exact mechanism is unknown, elevated plasma
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corticosterone levels and altered glutamatergic tone have been implicated [67–69]. In agreement, we found a main effect of CUS on the dendritic complexity index and dendritic length.
However, there was no indication for a moderating effect of MR overexpression. Therefore,
there is no reason to assume that the improved object-in-location memory in MR overexpressing (compared to wild type) CUS mice is caused by changes in CA3 dendritic complexity.
CA3 neurons, however, are not the only critical elements for good performance in this particular learning task, which would explain the disparate findings. CA1 or dentate neurons may be
equally important for optimal task performance, but—in terms of dendritic complexity- these
are far less sensitive to CUS than CA3 neurons [37].
Chronic stress has also been reported to reduce hippocampal adult neurogenesis [38, 70].
CUS or MR overexpression did not consistently change BrdU or Ki67 staining in the DG; interaction effects were not linked to significant post-hoc differences between specific groups. However, we did find a significant moderating effect of MR overexpression on CUS-induced DCX
suppression in the infrapyramidal blade. This effect might contribute to our behavioral observations; spatial learning depends on as well as affects neurogenesis. Neurons in the suprapyramidal blade show greater experience-related activity but mature later than those in the
infrapyramidal blade [51]. Changes in the infrapyramidal blade may therefore disproportionally contribute to the behavioral changes. No changes were found along the rostral-caudal part
of the hippocampus in all three neurogenic markers. The effects of CUS on neurogenesis are
believed to be mediated—at least in part—by elevated plasma corticosterone levels [45, 71]. It
seems unlikely, though, that the protective effect of MR overexpression is caused by a reduction
of stress-induced corticosterone levels; our neuroendocrine observations do not support this.

Conclusions
In conclusion, this study supports that MR overexpression may confer resilience to the effects
of prolonged stress exposure on some but certainly not all aspects of hippocampal memory
performance and structural plasticity. Comparable observations have been made for other
mediators of the stress response: genetic deletion of CRH also preserves learning and memory
and neuronal integrity which is otherwise disrupted after exposure to chronic stress [71]. Collectively, these studies indicate that reducing vulnerability factors (such as CRH) or enhancing
resilience factors (such as MR) might maintain brain function at an optimal level in the face of
chronic stress exposure.

Supporting Information
S1 Fig. Elevated plus maze results as observed in stressed control and MR-tg mice. The bar
graphs show results for: (A) total number of arm entries, (B) percentage of open arm entries
and (C) percentage of time spent in the open arms. We observed no interaction effect of genotype and time nor a main effect of genotype, for any of the parameters analyzed. Data are
expressed as mean ± SEM. n = 24 mice per group.
(TIFF)
S2 Fig. Dendritic complexity results as observed in Fig 4. Dendritic morphology in stressed
and non-stressed control and MR-tg mice. An example of an analyzed neuron is depicted in A.
The dendritic complexity results included: (B) dendritic complexity index, (C) dendritic length
and (D) number of branch points. Data are expressed as mean ± SEM; n = 6–8 animals per
group.
(TIFF)

PLOS ONE | DOI:10.1371/journal.pone.0142012 November 23, 2015

13 / 17

Mineralocorticoid Receptors and Resilience to Chronic Stress

Acknowledgments
We would like to thank Dr. M.J. Noordam for providing us with Fig 3 and S2 Fig.

Author Contributions
Conceived and designed the experiments: SK BF LK PL AH JS HK MJ. Performed the experiments: SK BF LK PL AH JS HK MJ. Analyzed the data: SK BF LK PL AH JS HK MJ. Contributed reagents/materials/analysis tools: SK BF LK PL AH JS HK MJ. Wrote the paper: SK BF LK
PL AH JS HK MJ.

References
1.

Caspi A, Sugden K, Moffitt TE, Taylor A, Craig IW, Harrington H, et al. Influence of life stress on depression: moderation by a polymorphism in the 5-HTT gene. Science 2003; 301: 386–389. PMID:
12869766

2.

Kendler KS, Kessler RC, Walters EE, MacLean C, Neale MC, Heath AC, et al. Stressful life events,
genetic liability, and onset of an episode of major depression in women. Am J Psychiatry 1995, 152:
833–842. PMID: 7755111

3.

Klengel T, Mehta D, Anacker C, Rex-Haffner M, Pruessner JC, Pariante CM, Allele-specific FKBP5
DNA demethylation mediates gene-childhood trauma interactions. Nat Neurosci 2013; 16: 33–41. doi:
10.1038/nn.3275 PMID: 23201972

4.

Binder EB, Bradley RG, Liu W, Epstein MP, Deveau TC, Mercer KB, et al. Association of FKBP5 polymorphisms and childhood abuse with risk of posttraumatic stress disorder symptoms in adults. JAMA
2008; 299: 1291–1305. doi: 10.1001/jama.299.11.1291 PMID: 18349090

5.

de Kloet ER, Joels M, Holsboer F, Stress and the brain: from adaptation to disease. Nat Rev Neurosci
2005; 6: 463–475. PMID: 15891777

6.

Joels M, Sarabdjitsingh RA, Karst H, Unraveling the time domains of corticosteroid hormone influences
on brain activity: rapid, slow, and chronic modes. Pharmacol Rev 2012; 64: 901–938. doi: 10.1124/pr.
112.005892 PMID: 23023031

7.

Joels M, Karst H, DeRijk R, de Kloet ER, The coming out of the brain mineralocorticoid receptor. Trends
Neurosci 2008; 31: 1–7. PMID: 18063498

8.

Karst H, Berger S, Turiault M, Tronche F, Schutz G, Joels M, Mineralocorticoid receptors are indispensable for nongenomic modulation of hippocampal glutamate transmission by corticosterone. Proc Natl
Acad Sci U S A 2005; 102: 19204–19207. PMID: 16361444

9.

Groc L, Choquet D, Chaouloff F, The stress hormone corticosterone conditions AMPAR surface trafficking and synaptic potentiation. Nat Neurosci. 2008; 11: 868–870. doi: 10.1038/nn.2150 PMID:
18622402

10.

Karst H, Berger S, Erdmann G, Schutz G, Joels M, Metaplasticity of amygdalar responses to the stress
hormone corticosterone. Proc Natl Acad Sci U S A 2010; 107: 14449–14454. doi: 10.1073/pnas.
0914381107 PMID: 20663957

11.

Berger S, Wolfer DP, Selbach O, Alter H, Erdmann G, Reichardt HM, et al. Loss of the limbic mineralocorticoid receptor impairs behavioral plasticity. Proc Natl Acad Sci U S A 2006; 103: 195–200. PMID:
16368758

12.

Schwabe L, Schachinger H, de Kloet ER, Oitzl MS, Corticosteroids operate as a switch between memory systems. J Cogn Neurosci 2010; 22: 1362–1372. doi: 10.1162/jocn.2009.21278 PMID: 19445601

13.

Zhou M, Bakker EH, Velzing EH, Berger S, Oitzl M, Joels M, et al. Both mineralocorticoid and glucocorticoid receptors regulate emotional memory in mice. Neurobiol Learn Mem 2010; 94: 530–537. doi: 10.
1016/j.nlm.2010.09.005 PMID: 20849967

14.

Lai M, Horsburgh K, Bae SE, Carter RN, Stenvers DJ, Fowler JH, et al. Forebrain mineralocorticoid
receptor overexpression enhances memory, reduces anxiety and attenuates neuronal loss in cerebral
ischaemia. Eur J Neurosci 2007: 25; 1832–1842. PMID: 17432969

15.

Mitra R, Ferguson D, Sapolsky RM, Mineralocorticoid receptor overexpression in basolateral amygdala
reduces corticosterone secretion and anxiety. Biol Psychiatry 2009; 66: 686–690. doi: 10.1016/j.
biopsych.2009.04.016 PMID: 19500777

16.

Klok MD, Alt SR, Irurzun Lafitte AJ, Turner JD, Lakke EA, Huitinga I, et al. Decreased expression of
mineralocorticoid receptor mRNA and its splice variants in postmortem brain regions of patients with
major depressive disorder. J Psychiatr Res 2011; 45: 871–878. doi: 10.1016/j.jpsychires.2010.12.002
PMID: 21195417

PLOS ONE | DOI:10.1371/journal.pone.0142012 November 23, 2015

14 / 17

Mineralocorticoid Receptors and Resilience to Chronic Stress

17.

Kuningas M, de Rijk RH, Westendorp RG, Jolles J, Slagboom PE, van Heemst D, Mental performance
in old age dependent on cortisol and genetic variance in the mineralocorticoid and glucocorticoid receptors. Neuropsychopharmacology 2007; 32: 1295–1301. PMID: 17133261

18.

Otte C, Wingenfeld K, Kuehl LK, Kaczmarczyk M, Richter S, Quante A, et al. Mineralocorticoid receptor
stimulation improves cognitive function and decreases cortisol secretion in depressed patients and
healthy individuals. Neuropsychopharmacology 2015; 40(2): 386–93. doi: 10.1038/npp.2014.181
PMID: 25035081

19.

Bogdan R, Williamson DE, Harri AR, Mineralocorticoid receptor Iso/Val (rs5522) genotype moderates
the association between previous childhood emotional neglect and amygdala reactivity. Am J Psychiatry 2012; 169(5): 515–22. doi: 10.1176/appi.ajp.2011.11060855 PMID: 22407082

20.

Schwabe L, Tegenthoff M, Höffken O, Wolf OT, Mineralocorticoid Receptor Blockade Prevents StressInduced Modulation of Multiple Memory Systems in the Human Brain. Biol Psychiatry. 2013; 74(11):
801–8. doi: 10.1016/j.biopsych.2013.06.001 PMID: 23871473

21.

Vogel S, Klumpers F, Krugers HJ, Fang Z, Oplaat KT, Oitzl MS et al., Blocking the Mineralocorticoid
Receptor in Humans Prevents the Stress-Induced Enhancement of Centromedial Amygdala Connectivity with the Dorsal Striatum. Neuropsychopharmacology 2015a; 40: 947–956.

22.

Vogel S, Klumpers F, Kroes MC, Oplaat KT, Krugers HJ, Oitzl MS et al., A Stress-Induced Shift from
Trace to Delay Conditioning Depends on the Mineralocorticoid Receptor. Biol Psychiatry. 2015b;
S0006-3223(15): 00124–9.

23.

DeRijk RH, van Leeuwen N, Klok MD, Zitman FG, Corticosteroid receptor-gene variants: modulators of
the stress-response and implications for mental health. Eur J Pharmacol 2008; 585: 492–501. doi: 10.
1016/j.ejphar.2008.03.012 PMID: 18423443

24.

De Kloet ER, Oitzl MS, Joels M, Stress and cognition: are corticosteroids good or bad guys? Trends
Neurosci 1999; 22: 422–426. PMID: 10481183

25.

Alfarez DN, Joels M, Krugers HJ, Chronic unpredictable stress impairs long-term potentiation in rat hippocampal CA1 area and dentate gyrus in vitro. Eur J Neurosci 2003; 17: 1928–1934. PMID: 12752792

26.

Herman JP, Adams D, Prewitt C, Regulatory changes in neuroendocrine stress-integrative circuitry produced by a variable stress paradigm. Neuroendocrinology 1995; 6: 180–190.

27.

Sandi C, Touyarot K, Mid-life stress and cognitive deficits during early aging in rats: individual differences and hippocampal correlates. Neurobiol Aging 2006; 27: 128–140. PMID: 16298248

28.

Smith DM, Mizumori SJ, Learning-related development of context-specific neuronal responses to
places and events: the hippocampal role in context processing. J Neurosci 2006; 26: 3154–3163.
PMID: 16554466

29.

Balderas I, Rodriguez-Ortiz CJ, Salgado-Tonda P, Chavez-Hurtado J, McGaugh JL, Bermudez-Rattoni
F. The consolidation of object and context recognition memory involve different regions of the temporal
lobe. Learn Mem 2008; 15: 618–624. doi: 10.1101/lm.1028008 PMID: 18723431

30.

Spanswick SC, Sutherland RJ, Object/context-specific memory deficits associated with loss of hippocampal granule cells after adrenalectomy in rats. Learn Mem 2010; 17: 241–245. doi: 10.1101/lm.
1746710 PMID: 20410060

31.

Akkerman S, Blokland A, Reneerkens O, van Goethem NP, Bollen E, Gijselaers HJ, et al. Object recognition testing: methodological considerations on exploration and discrimination measures. Behav Brain
Res 2012; 232: 335–347. doi: 10.1016/j.bbr.2012.03.022 PMID: 22490364

32.

Zhou M, Conboy L, Sandi C, Joels M, Krugers HJ, Fear conditioning enhances spontaneous AMPA
receptor-mediated synaptic transmission in mouse hippocampal CA1 area. Eur J Neurosci 2009; 30:
1559–1564. doi: 10.1111/j.1460-9568.2009.06951.x PMID: 19811531

33.

Bagot RC, van Hasselt FN, Champagne DL, Meaney MJ, Krugers HJ, Joels M, Maternal care determines rapid effects of stress mediators on synaptic plasticity in adult rat hippocampal dentate gyrus.
Neurobiol Learn Mem 2009; 92: 292–300. doi: 10.1016/j.nlm.2009.03.004 PMID: 19292996

34.

Boekhoorn K, Terwel D, Biemans B, Borghgraef P, Wiegert O, Ramakers GJ, et al. Improved long-term
potentiation and memory in young tau-P301L transgenic mice before onset of hyperphosphorylation
and tauopathy. J Neurosci 2006; 26: 3514–3523. PMID: 16571759

35.

Champagne DL, Bagot RC, van Hasselt F, Ramakers G, Meaney MJ, de Kloet ER, et al. Maternal care
and hippocampal plasticity: evidence for experience-dependent structural plasticity, altered synaptic
functioning, and differential responsiveness to glucocorticoids and stress. J Neurosci 2008; 28: 6037–
6045. doi: 10.1523/JNEUROSCI.0526-08.2008 PMID: 18524909

36.

Oomen CA, Soeters H, Audureau N, Vermunt L, van Hasselt FN, Manders EM, et al. Severe early life
stress hampers spatial learning and neurogenesis, but improves hippocampal synaptic plasticity and
emotional learning under high-stress conditions in adulthood. J Neurosci 2010; 30: 6635–6645. doi: 10.
1523/JNEUROSCI.0247-10.2010 PMID: 20463226

PLOS ONE | DOI:10.1371/journal.pone.0142012 November 23, 2015

15 / 17

Mineralocorticoid Receptors and Resilience to Chronic Stress

37.

Magarinos AM, McEwen BS, Flugge G, Fuchs E, Chronic psychosocial stress causes apical dendritic
atrophy of hippocampal CA3 pyramidal neurons in subordinate tree shrews. J Neurosci 1996; 16:
3534–3540. PMID: 8627386

38.

Wearne SL, Rodriguez A, Ehlenberger DB, Rocher AB, Henderson SC, Hof PR, New techniques for
imaging, digitization and analysis of three-dimensional neural morphology on multiple scales. Neuroscience 2005; 136: 661–680. PMID: 16344143

39.

Oomen CA, Bekinschtein P, Kent BA, Saksida LM, Bussey TJ, Adult hippocampal neurogenesis and
its role in cognition. WIREs Cogn Sci 2014; 5: 573–587.

40.

Gass P, Kretz O, Wolfer DP, Berger S, Tronche F, Reichardt HM, et al. Genetic disruption of mineralocorticoid receptor leads to impaired neurogenesis and granule cell degeneration in the hippocampus of
adult mice. EMBO Rep. 2000; 1(5): 447–51. PMID: 11258486

41.

Heine VM, Maslam S, Zareno J, Joels M, Lucassen PJ, Suppressed proliferation and apoptotic
changes in the rat dentate gyrus after acute and chronic stress are reversible. Eur J Neurosci 2004; 19:
131–144. PMID: 14750971

42.

Drew MR, Hen R, Adult hippocampal neurogenesis as target for the treatment of depression. CNS Neurol Disord Drug Targets 2007; 6: 205–218. PMID: 17511617

43.

Kee N, Sivalingam S, Boonstra R, Wojtowicz JM, The utility of Ki-67 and BrdU as proliferative markers
of adult neurogenesis. J Neurosci Methods 2002; 115: 97–105. PMID: 11897369

44.

Oomen CA, Mayer JL, de Kloet ER, Joëls M, Lucassen PJ, Brief treatment with the glucocorticoid
receptor antagonist mifepristone normalizes the reduction in neurogenesis after chronic stress. Eur J
Neurosci. 2007; 26(12): 3395–401. PMID: 18052970

45.

Hu P, Oomen C, van Dam AM, Wester J, Zhou JN, Joels M, A single-day treatment with mifepristone is
sufficient to normalize chronic glucocorticoid induced suppression of hippocampal cell proliferation.
PLoS One 2012; 7: e46224. doi: 10.1371/journal.pone.0046224 PMID: 23049985

46.

Naninck EF, Hoeijmakers L, Kakava-Georgiadou N, Meesters A, Lazic SE, Lucassen PJ, et al. Chronic
early life stress alters developmental and adult neurogenesis and impairs cognitive function in mice.
Hippocampus 2015; 25(3):309–28. doi: 10.1002/hipo.22374 PMID: 25269685

47.

Marlatt MW, Lucassen PJ, van Praag H, Comparison of neurogenic effects of fluoxetine, duloxetine
and running in mice. Brain Res. 2010; 23: 1341:93–9.

48.

Franklin K and Paxinos G, The Mouse Brain in Stereotaxic Coordinates. San Diego, Academic Press
1997.

49.

Kim JJ, Fanselow MS, Modality-specific retrograde amnesia of fear. Science 1992; 256: 675–677.
PMID: 1585183

50.

Magarinos AM, McEwen BS, Stress-induced atrophy of apical dendrites of hippocampal CA3c neurons:
comparison of stressors. Neuroscience 1995; 69: 83–88. PMID: 8637635

51.

Snyder JS, Radik R, Wojtowicz JM, Cameron HA, Anatomical gradients of adult neurogenesis and
activity: Young neurons in the ventral dentate gyrus are activated by water maze training. Hippocampus. 2009; 19(4): 360–70. doi: 10.1002/hipo.20525 PMID: 19004012

52.

Moser MB, Moser EI. Functional differentiation in the hippocampus. Hippocampus 1998; 8: 608–619.
PMID: 9882018

53.

Mitra R, Ferguson D, Sapolsky RM, Mineralocorticoid receptor overexpression in basolateral amygdala
reduces corticosterone secretion and anxiety.Biol Psychiatry. 2009; 66(7): 686–90. doi: 10.1016/j.
biopsych.2009.04.016 PMID: 19500777

54.

Bannerman DM, Grubb M, Deacon RMJ, Yee BK, Feldon J, Rawlins JNP, Ventral hippocampal lesions
affect anxiety but not spatial learning. Behav. Brain Res. 2003; 139: 197–213.

55.

Marin MT, Cruz FC, Planeta CS, Chronic restraint or variable stresses differently affect the behavior,
corticosterone secretion and body weight in rats. Physiol Behav 2007; 90: 29–35. PMID: 17023009

56.

Baker KB, Kim JJ, Effects of stress and hippocampal NMDA receptor antagonism on recognition memory in rats. Learn Mem 2002; 9: 58–65. PMID: 11992016

57.

Krugers HJ, Douma BR, Andringa G, Bohus B, Korf J, Luiten PG, Exposure to chronic psychosocial
stress and corticosterone in the rat: effects on spatial discrimination learning and hippocampal protein
kinase C gamma immunoreactivity. Hippocampus 1997; 7: 427–436. PMID: 9287082

58.

Wright RL, Conrad CD, Chronic stress leaves novelty-seeking behavior intact while impairing spatial
recognition memory in the Y-maze. Stress 2005; 8: 151–154. PMID: 16019606

59.

Pugh CR, Tremblay D, Fleshner M, Rudy JW, A selective role for corticosterone in contextual-fear conditioning. Behav. Neurosci. 1997; 111: 503e511.

60.

Oitzl MS, Fluttert M, de Kloet ER, The effect of corticosterone on reactivity to spatial novelty is mediated
by central mineralocorticosteroid receptors. Eur J Neurosci. 1994; 6(7): 1072–9. PMID: 7952288

PLOS ONE | DOI:10.1371/journal.pone.0142012 November 23, 2015

16 / 17

Mineralocorticoid Receptors and Resilience to Chronic Stress

61.

Zhou M, Kindt M, Joels M, Krugers HJ, Blocking mineralocorticoid receptors prior to retrieval reduces
contextual fear memory in mice. PLoS One 2010 2011; 6: e26220.

62.

Cornelisse S, Joëls M, Smeets T, A randomized trial on mineralocorticoid receptor blockade in men:
effects on stress responses, selective attention, and memory. Neuropsychopharmacology. 2011; 36
(13): 2720–8. doi: 10.1038/npp.2011.162 PMID: 21881569

63.

Otte C, Moritz S, Yassouridis A, Koop M, Madrischewski AM, Wiedemann K et al., Blockade of the
mineralocorticoid receptor in healthy men: Effects on experimentally induced panic symptoms, stress
hormones, and cognition. Neuropsychopharmacology 2007; 32: 232–238. PMID: 17035932

64.

Roozendaal B, Okuda S, Van der Zee EA, McGaugh JL, Glucocorticoid enhancement of memory
requires arousal-induced noradrenergic activation in the basolateral amygdala. Proc Natl Acad Sci
USA 2006; 103: 6741–6746. PMID: 16611726

65.

Woolley CS, Gould E, McEwen BS, Exposure to excess glucocorticoids alters dendritic morphology of
adult hippocampal pyramidal neurons. Brain Res 1990; 531: 225–231. PMID: 1705153

66.

McKittrick CR, Magarinos AM, Blanchard DC, Blanchard RJ, McEwen BS, Sakai RR, Chronic social
stress reduces dendritic arbors in CA3 of hippocampus and decreases binding to serotonin transporter
sites. Synapse 2000; 36: 85–94. PMID: 10767055

67.

McEwen BS, Chattarji S, Molecular mechanisms of neuroplasticity and pharmacological implications:
the example of tianeptine. Eur Neuropsychopharmacol 2004; 14 Suppl 5: S497–S502. PMID:
15550348

68.

Reagan LP, Rosell DR, Wood GE, Spedding M, Munoz C, Rothstein J, et al. Chronic restraint stress
up-regulates GLT-1 mRNA and protein expression in the rat hippocampus: reversal by tianeptine. Proc
Natl Acad Sci U S A 2004; 101: 2179–2184. PMID: 14766991

69.

Cameron HA, Gould E, Adult neurogenesis is regulated by adrenal steroids in the dentate gyrus. Neuroscience 1994; 61: 203–209. PMID: 7969902

70.

Gould E, McEwen BS, Tanapat P, Galea LA, Fuchs E, Neurogenesis in the dentate gyrus of the adult
tree shrew is regulated by psychosocial stress and NMDA receptor activation. J Neurosci 1997; 17:
2492–2498. PMID: 9065509

71.

Wang XD, Su YA, Wagner KV, Avrabos C, Scharf SH, Hartmann J, Nectin-3 links CRHR1 signaling to
stress-induced memory deficits and spine loss. Nat Neurosci 2013; 16: 706–713. doi: 10.1038/nn.3395
PMID: 23644483

PLOS ONE | DOI:10.1371/journal.pone.0142012 November 23, 2015

17 / 17

