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ARTICLE INFO ABSTRACT

Keywords: Chronic stress contributes to numerous human pathologies including cognition impairments and psychiatric
Stress o disorders. Glucocorticoids are primary stress hormones that activate two closely related nuclear receptors, the
Glucocorticoid glucocorticoid (GR) and mineralocorticoid receptor (MR), that are both highly expressed in the hippocampus. To
Glucocorticoid receptor . . . . . . . . . is
. . investigate potential combinatorial actions of hippocampal GR and MR, we developed mice with conditional
Mineralocorticoid receptor . . L. )
Neurodegeneration knockout of both GR and MR in the hippocampus and compared them to their single knockout counterparts. Mice
Neurogenesis lacking MR alone or both GR and MR in the hippocampus exhibited altered expression of multiple CA2-specific
neuronal markers and enhanced cue-dependent learning in a conditioned fear test. Provocatively, in contrast to
the single knockouts, mice depleted of both GR and MR showed profound neurodegeneration of the hippo-
campus. Neuronal death was increased and neurogenesis was reduced in the dentate gyrus of the double
knockout mice. Global gene expression assays of the knockout mice revealed a synergistic increase in the number
of dysregulated genes in the hippocampus lacking both GR and MR. This large cohort of genes reliant on both GR
and MR for expression was strongly associated with cell death and cell proliferation pathways. GR/MR com-
plexes were detected in CA1 and dentate gyrus neurons suggesting receptor heterodimers contribute to the joint
actions of GR and MR. These findings reveal an obligate role for MR signaling in regulating the molecular
phenotype of CA2 neurons and demonstrate that combinatorial actions of GR and MR are essential for preserving
dentate gyrus neurons and maintaining hippocampal health.

homologous glucocorticoid (NR3C1; here after GR) and mineralocorti-
coid receptors (NR3C2; here after MR) that are members of the nuclear

1. Introduction

Stress contributes to numerous human pathologies including cogni-
tion impairment and psychiatric disorders (de Kloet et al., 2005). Glu-
cocorticoids are primary stress hormones that are synthesized and
released from the adrenal glands following activation of the
hypothalamic-pituitary-adrenal (HPA) axis (Oakley and Cidlowski,
2013). These hormones are secreted in a diurnal pattern and acutely in
response to physiological or emotional stress. Glucocorticoids act on
nearly every cell and tissue of the body to maintain homeostasis, and
their ability to suppress the immune system have made synthetic deri-
vates of these hormones one of the most prescribed drug classes in the
world today. The actions of glucocorticoids are mediated by the highly
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receptor superfamily of ligand dependent transcription factors. MR
binds endogenous glucocorticoids (cortisol in humans; corticosterone in
rodents) with higher affinity than GR (Reul and de Kloet, 1985). Thus,
MR is thought to be predominantly occupied by glucocorticoids under
non-stressed conditions when HPA activity is low and to remain bound
as HPA activity increases (De Kloet et al., 1998). GR, on the other hand,
becomes progressively occupied by glucocorticoids as hormone levels
rise during the circadian peak and in response to stress. Once bound by
glucocorticoids, GR and MR regulate the expression of numerous genes
by direct binding to nearly identical DNA sequences. Because of their
molecular similarity, the specific and collaborative roles played by GR
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and MR in mediating the direct actions of stress on target tissues remain
poorly understood.

In the brain, glucocorticoids act on the hippocampus to regulate
learning, memory, and mood. A particularly striking feature of the
hippocampus is that it expresses high levels of both GR and MR sug-
gesting it is especially sensitive to stress (Seckl et al., 1991; Watzka et al.,
2000). Indeed, sustained elevations in glucocorticoids resulting from
chronic stress or prolonged glucocorticoid therapy lead to hippocampal
alterations that have been associated with learning and memory deficits,
depression, anxiety, and post-traumatic stress disorder (de Kloet et al.,
2005). Pharmacological agents have been used to delineate hippocam-
pal GR and MR activity; however, these studies are limited by ligand
promiscuity and by their failure to discriminate between systemic and
local signaling effects. Mice with conditional knockout of GR or MR in
hippocampal neurons have also been developed to elucidate receptor
function (Tronche et al., 1999; Gass et al., 2000; Boyle et al., 2005;
Berger et al., 2006), but it is unclear whether observed phenotypes are
due directly to the receptor that was depleted or indirectly to aberrant
signaling properties of the remaining receptor. In addition, it remains
unknown if GR and MR signaling pathways work together to regulate
hippocampal function and whether loss of both receptors in the hippo-
campus leads to unique molecular and behavioral phenotypes. Under-
standing the signaling paradigms of GR and MR in the hippocampus is of
utmost importance given the established role of chronic stress signaling
to negatively influence intellectual and mental health.

We used a genetic approach to investigate potential combinatorial
actions of hippocampal GR and MR by generating mice with conditional
knockout of GR, MR, or both GR and MR in the hippocampus. Mice with
knockout of MR alone or both GR and MR in the hippocampus showed a
major loss of multiple CA2-specific neuronal markers and increased cue-
dependent learning in a condition fear test. Provocatively, extensive
neurodegeneration was observed only in the dentate gyrus of mice
lacking both hippocampal GR and MR. Ablation of these two receptors in
the double knockout hippocampus led to increased neuronal death and
reduced neurogenesis. Global gene expression assays revealed major
transcriptional reprogramming of the hippocampus in knockout mice.
Compared to their single knockout counterparts, mice depleted of both
GR and MR in the hippocampus exhibited a synergistic increase in the
number of dysregulated genes. This large set of genes uniquely reliant on
both GR and MR signaling for appropriate expression was strongly
associated with cell death and cell proliferation pathways. Furthermore,
GR/MR complexes were detected in the hippocampus and provide a
unique mechanism for increasing the sensitivity and expanding the di-
versity of stress responses mediated by this dual receptor system. These
findings reveal that MR signaling is necessary for the molecular
phenotype of CA2 neurons and that combinatorial actions of GR and MR
are required for preserving dentate gyrus neurons and maintaining
hippocampal health.

2. Material and methods
2.1. Generation of GRE™I-¢cre pREM™XI=cre qng GRMRE™I~ mice

Mice with floxed GR locus (GRﬁ/ﬁ) (Oakley et al., 2013), floxed MR
locus (MRﬂ/ﬂ) (McCurley et al., 2012), and with both alleles floxed
(GRﬂ/ﬁMRﬂ/ﬁ) have been described previously (Oakley et al., 2019).
GRﬂ/ﬂ, MRﬂ/ﬂ, and GRYMRYM mice were each mated with mice
expressing Cre recombinase under the direction of the empty spiracles
homeobox 1 (Emx1) locus (The Jackson Laboratory, 005628). The
resulting GRﬂ/ﬂmeJCre/+ (GREm_xl—cre)’ MRﬂ/ﬂEmXICrE/+ (MRme]—crE),
and GRV MRV AEmx1¢7¢/* (GRMRE™! ") mice were on a C57BL/6NJ
background. The GR¥ Emx1/* mice have been described previously
(Tejos-Bravo et al,, 2021). Cre negative GRVAEmx1t/+ (GRflox),
MRYFEmx17/* (MRflox), and GRV'"MRV Emx1*/* (dflox) mice served
as controls. Data presented are from male mice. Genotypes were deter-
mined using real time PCR with specific probes designed for each gene
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(Transnetyx). Mice were housed on a 12 h:12 h light/dark cycle with
access to food and water ad libitum. All experiments on mice were
approved and performed according to the guidelines of the Animal Care
and Use Committee (NIEHS) and the Institutional Animal Care and Use
Committee (UNC). All efforts were made to minimize animal suffering,
to reduce the number of mice used, and to use alternatives to in vivo
techniques, if available.

2.2. Real-time PCR

Total RNA from whole hippocampus was analyzed on a 7900HT
(Applied Biosystems) or CFX96 (BioRad) sequence detection system. All
primer sets for PCR were purchased from Applied Biosystems. Relative
expression values for each gene were calculated using the double delta
Ct analysis method and the housekeeping gene peptidylprolyl isomerase

B (Ppib).
2.3. Immunoblotting

The hippocampus and cortex were removed from both hemispheres
of each mouse and lysed in sodium dodecyl sulfate (SDS) sample buffer.
Nitrocellulose membranes with equivalent amounts of protein were
analyzed and quantitated using the Odyssey Infrared Imaging System
(LI-COR Biosciences). Primary antibodies were to GR (Cell Signaling,
#3660), MR (clone 6G1 generously provided by Dr. Celso E. Gomez-
Sanchez) (Gomez-Sanchez et al.,, 2006), and actin (Millipore,
#MAB1501). Goat anti-rabbit Alexa Fluor 680-conjugated (Life Tech-
nologies, #A21109) and goat anti-mouse IRDye800-conjugated (LI-COR
Biosciences, #926-32210) secondary antibodies were utilized.

2.4. Corticosterone measurements

Mandibular bleeds were performed on adult male mice on three
occasions separated by at least one week: in the morning (between 8:30
and 9:30 a.m.), evening (between 7:00 and 8:30 p.m.), and immediately
following restraint stress. For restraint stress, mice were placed in
ventilated holders (Kent Scientific) for 30 min, and these experiments
were carried out in the morning (between 7:00 and 9:30 a.m.). Serum
corticosterone levels were measured using an Enzyme Immunoassay Kit
(Arbor Assays, Ann Arbor, MI).

2.5. Histological analysis

Control and knockout mice were perfused transcardially with saline
followed by 4 % paraformaldehyde. Brains were removed, fixed in 4 %
paraformaldehyde for 24 h, cryoprotected in 30 % sucrose in PBS for 48
h, and then frozen in embedding medium (OCT, Sakura Finetek, Tor-
rance, CA). Coronal sections (40 pm) were collected using a cryostat.
Free floating sections were stored at 4 °C in phosphate buffered saline
(PBS) supplemented with sodium azide (0.01 %). For some experiments,
brains were embedded in paraffin and 8-pm coronal sections were
collected using a vibratome and mounted on slides. Nissl stains were
performed on 40-pm sections according to standard protocols. The
thickness of the dorsal blade of the dentate gyrus was determined from
Nissl-stained sections using NIH Image J (FLJI) software. Three mea-
surements were taken (beginning, middle, end) along an approximate
350 pm section of the dentate gyrus that was similarly located in both
the dflox and GRMRF™I~¢"® mice. For immunofluorescence studies, 40-
pm free floating sections were processed for antigen retrieval by boiling
in a citrate-based antigen unmasking solution (Vector Laboratories) for
5 min. Primary antibodies were rabbit anti-GR (Cell Signaling, #3660),
mouse anti-MR (clone 6G1) (Gomez-Sanchez et al.,, 2006), rabbit
anti-PCP4 (Sigma-Aldrich, #HPA005792), mouse anti-RGS14 (Anti-
bodies Incorporated, #75-170), and mouse anti-PCP4 (Sigma-Aldrich,
#AMAB91359). Secondary antibodies were goat anti-mouse Alexa Fluor
488 (Life Technologies, #A11001) and goat anti-rabbit Alexa Fluor 594
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(Life Technologies, #A11012). Slides were mounted using VECTA-
SHIELD antifade mounting medium with DAPI (Vector Laboratories).
For Ki67 and doublecortin (DCX) staining, paraffin sections were
deparaffinized, rehydrated, and processed as above for immunofluo-
rescence using rabbit anti-Ki67 (Cell Signaling, #12202) or rabbit
anti-DCX (Cell Signaling, #4604) primary antibodies. Mouse anti-NeuN
Alexa Fluor 488-conjugated primary antibody (EMD Millipore,
MAB377X) was also used in conjunction with DCX staining.
Ki67-positive cells and DCX-positive cells were counted in the dentate
gyrus from 2 different sections from each hemisphere of 3 different mice
per genotype (total of 12 sections). The TUNEL assay was performed on
paraffin sections using the ApopTag Fluorescein In Situ Apoptosis
Detection Kit (Millipore). TUNEL-positive nuclei were counted in the
dentate gyrus from 2 different sections from each hemisphere of 3
different mice per genotype (total of 12 sections). Images were captured
using an epifluorescence or laser confocal microscope (Zeiss LSM 780).
Hematoxylin and eosin staining was performed on paraffin sections
according to standard protocols.

2.6. Microarray analysis

Global gene expression analysis was performed on RNA isolated from
the whole hippocampus from ~2.5-month old dflox, GRE™I-cre
MRE™L-¢e and GRMRE™1 - mice (n = 3-4 mice per genotype). The
Agilent Whole Mouse Genome oligo arrays (014868) (Agilent Technol-
ogies) was used following the Agilent 1-color microarray-based gene
expression analysis protocol as described previously (Oakley et al.,
2019). To determine differentially expressed probes, an ANOVA with
multiple test correction (FDR g-value < 0.05) was performed using
Partek Genomics Suite software, version 6.6 (Partek). Heat maps of
differentially expressed genes were generated using hierarchical clus-
tering. The statistically significant probes were analyzed by Ingenuity
Pathway Analysis (IPA) software (Ingenuity Systems). Gene enrichment
P values (p-value < 0.05) were determined by IPA using Fisher’s exact
test. Microarray data have been deposited in Gene Expression Omnibus
with the accession number “GSE149625.”

2.7. Behavioral assays

Behavioral assays were performed during the light phase of the light/
dark cycle. Control mice were comprised of 8-10 GRflox, 7-8 MRflox,
and 10 dflox mice. Separate analysis of these 3 wild-type groups
revealed no significant differences in any of the tests. Knockout mice
were comprised of 12 GREF™I=¢ 1112 MRF™I-“¢ and 9-12
GRMRF™I-¢re mice,

2.8. Conditioned fear test

Mice ~12 weeks old were evaluated for learning and memory in a
conditioned fear test (Near-Infrared image tracking system, MED Asso-
ciates, Burlington, VT). The procedure had the following phases:
training on Day 1, a test for context-dependent learning on Day 2, and a
test for cue-dependent learning on Day 3. Two weeks following the first
tests, mice were given second tests for retention of contextual and cue
learning. For training on Day 1, each mouse was placed in the test
chamber, allowed to explore for 2 min, and then exposed to a 30-sec tone
(80 dB) that co-terminated with a 2-sec scrambled foot shock (0.4 mA).
Mice received 2 additional shock-tone pairings, with 80 s between each
pairing. On Day 2 and 16, mice were placed back into the original
conditioning chamber for a test of contextual learning. Levels of freezing
were determined across a 5-min session. On Day 3 and 17, mice were
placed in a modified conditioning chamber for a test of cue learning. The
conditioning chambers were modified using a Plexiglas insert to change
the wall and floor surface, and a novel odor (dilute vanilla flavoring) was
added to the sound-attenuating box. Mice were placed in the modified
chamber and allowed to explore. After 2 min, the acoustic stimulus (an
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80 dB tone) was presented for a 3-min period. Levels of freezing before
and during the stimulus were determined across a 5-min session.

2.9. Accelerating rotarod test

Mice ~10 weeks old were tested for motor coordination and learning
on an accelerating rotarod (Ugo Basile, Stoelting Co., Wood Dale, IL).
For the first test session, mice were given three trials, with 45 s between
each trial. Two additional trials were given 48 h later. Rpm (revolutions
per minute) was set at an initial value of 3, with a progressive increase to
a maximum of 30 rpm across 5 min (the maximum trial length). Mea-
sures were taken for latency to fall from the top of the rotating barrel.

2.10. Acoustic startle test

Mice ~11 weeks old and ~16 weeks old were tested for auditory
function, reactivity to environmental stimuli, and sensorimotor gating
using the acoustic startle test. Mice were placed into individual small
Plexiglas cylinders within larger, sound-attenuating chambers. Each
cylinder was seated upon a piezoelectric transducer, which allowed vi-
brations to be quantified and displayed on a computer (San Diego In-
struments SR-Lab system). The chambers included a ceiling light, fan,
and a loudspeaker for the acoustic stimuli. Background sound levels (70
dB) and calibration of the acoustic stimuli were confirmed with a digital
sound level meter (San Diego Instruments). Each session consisted of 42
trials, that began with a 5-min habituation period. There were 7
different types of trials: the no-stimulus trials, trials with the acoustic
startle stimulus (40 msec; 120 dB) alone, and trials in which a prepulse
stimulus (20 msec; either 74, 78, 82, 86, or 90 dB) occurred 100 ms
before the onset of the startle stimulus. Measures were taken of the
startle amplitude for each trial across a 65-msec sampling window, and
an overall analysis was performed for each subject’s data for levels of
prepulse inhibition at each prepulse sound level [calculated as 100 -
(response amplitude for prepulse stimulus and startle stimulus together/
response amplitude for startle stimulus alone x 100].

2.11. Proximity ligation assay (PLA)

PLA was performed using the Duolink™ In Situ Red Kit Mouse/
Rabbit (Millipore Sigma). Brains were embedded in paraffin and 8-pm
coronal sections were collected using a vibratome and mounted on
slides. After deparaffinization, rehydration, and antigen retrieval steps,
sections were permeabilized with PBS containing 2 % BSA and 0.1 %
Tween-20 for 30 min at room temperature, and incubated with the
Duolink blocking solution for 1 h at 37 °C. The sections were then
incubated with the rabbit anti-GR antibody (Cell Signaling, #3660) and
mouse anti-MR antibody (clone 6G1) (Gomez-Sanchez et al., 2006),
followed by incubation with the secondary PLA probes, anti-rabbit
PLA-minus and anti-mouse PLA-plus. After washing, ligase and ampli-
fication steps were performed according to the manufacturer’s protocol,
with the exception that the amplification step was prolonged to 2 h.
Samples were then washed, air-dried, and mounted with Vectashield
antifade mounting medium with DAPI. For each hippocampus, a nega-
tive control was performed omitting the anti-MR antibody. To quantify
the PLA signals (puncta), z-stack images were acquired using a Zeiss
laser-scanning confocal microscope (LSM 880, Carl Zeiss) and analyzed
using Imaris 9.5 software (Oxford Instruments). The same fluorescence
threshold and size threshold of PLA puncta was applied equally to all
images. For each hippocampal region investigated, the number of
puncta measured was divided by the area investigated (puncta per pm?)
and the value of the negative control was subtracted.

2.12. Statistics

An unpaired two-tailed t-test, one-way ANOVA with Tukey’s multi-
ple comparisons test, or two-way repeated measures ANOVA with
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Tukey’s multiple comparisons test were used to evaluate statistical sig-
nificance (defined as p-value < 0.05). The Mantel-Cox log-rank test was
used for survival curves. The statistical analyses were performed using
GraphPad Prism software (version 7.02). Data distribution was assumed
to be normal, but this was not formally tested.

3. Results
3.1. Development of GRE™1=cr¢, pREM™XI=¢T¢ qnd GRMRE™1 ¢ miice

To delineate the individual and combinatorial actions of GR and MR
in mediating the direct effects of glucocorticoids in the hippocampus, we
developed mice on a C57BL/6 background with conditional knockout of
GR (GRE™I=¢¢) MR (MRE™1=¢)_ or both GR and MR (GRMRF™1~¢T¢)
in the hippocampus using empty spiracles homeobox 1 (EmxI)
promoter-driven Cre recombinase mice (Gorski et al., 2002). We eval-
uated the expression of GR and MR in flox control and knockout mice
using RNA and protein lysates prepared from the whole hippocampus
(Fig. 1A-B). The GRE™X1-cre nice showed decreased levels of GR mRNA
and protein in the hippocampus and no change in MR. The MRE™1-cre
mice showed reduced levels of MR in the hippocampus and, interest-
ingly, an upregulation in GR. GR mRNA was increased 1.69-fold and a
similar 1.45-fold increase in GR protein was measured. Both GR and MR
were reduced in the hippocampus from GRMRE™1~" mjce. The upre-
gulation of GR in the MRF™I~ hippocampus suggests that MR nor-
mally functions to suppress GR expression in this brain region and
reveals a new mode of crosstalk between these two receptors. The in-
crease in GR further suggests that aberrant GR signaling, rather than the
loss of MR signaling, may contribute to any phenotypes that develop in
the MRE™I=*® mice and highlights the importance of having mice
lacking both receptors in the hippocampus for distinguishing between
these two scenarios.

In addition to the hippocampus, EmxI-cre mediated recombination
has been reported to occur in other regions of the forebrain (Gorski et al.,
2002; Xie et al., 2019). To assess the pattern of Cre recombination in the
forebrain of our knockout mice, we evaluated GR levels by immuno-
fluorescence staining in the GRflox and GRE™!~" mice. GR was chosen
as a sensitive readout for this analysis because it is ubiquitously
expressed in the brain whereas MR exhibits a more restricted distribu-
tion (Reul and de Kloet, 1985). Consistent with the hippocampal RTPCR
and immunoblot data (Fig. 1A-B), GR expression was markedly reduced
in the hippocampus of the GRE™!~"® mice (Supplemental Figure 1). In
these same brain sections, we also detected a loss of GR expression in the
cortex, basomedial amygdala, and basolateral amygdala. GR levels were
not altered in the central amygdala, thalamus, and hypothalamus. This
recombination pattern is in agreement with previous reports assessing
Cre activity in the forebrain of the EmxI-cre mice (Gorski et al., 2002;
Xie et al., 2019). We further characterized the Cre recombination
occurring in the cortex by quantifying GR and MR protein levels in each
of our knockout mouse models. Immunoblot analysis of cortex lysates
showed reduced expression of GR and no change in MR levels in the
GRE™1-¢r mijce, reduced expression of MR and no change in GR levels
in the MRE™1=¢"® mjce, and decreased expression of both GR and MR in
the GRMRE™I=¢" mjce (Supplemental Figure 2). Interestingly, in
contrast to our findings in the hippocampus, the loss of MR in the cortex
did not lead to an upregulation of GR suggesting the ability of MR to
limit GR expression occurs in a brain region-specific manner. These data
demonstrate that EmxI-cre mediated deletion of GR and/or MR is not
restricted to the hippocampus but also occurs in several other forebrain
regions of the knockout mice.

The GRF™I—cre \REmxI-cre and GRMRF™ I mice were born at
the expected Mendelian ratio and survived normally through 12 months
of age (Fig. 1C). The GRE™I~¢" mijce showed normal growth with no
alteration in body weight throughout the 12-month study (Fig. 1D). In
contrast, significant reductions in body weight were observed at 3 and 6
months for the MRE™1~° mice (14.4 % and 12.2 % decrease compared
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to MRflox control mice, respectively) and at 6 and 12 months for the
GRMRP™1¢" mice (13.0 % and 15.5 % decrease compared to dflox
control mice, respectively). Morning (circadian nadir) and evening
(circadian peak) corticosterone levels did not differ among the single
and double knockout mice (Fig. 1E). In addition, no genotype differ-
ences were observed for peak corticosterone levels following 30 min of
restraint stress (Fig. 1E). These findings suggest that both circadian and
stress induced activation of the HPA axis remain intact in the GRE™I—¢re,
MREF™I-cre and GRMRP™!1-" mice. To evaluate whether the loss of
GR, MR, or both receptors affected the morphology of the hippocampus,
we performed Nissl staining on brain slices from 3-month old flox con-
trol and knockout mice (Fig. 1F). The GRE™I—cre pMREmxI-cre  anq
GRMRE™1-¢" hippocampi showed no gross abnormalities in the density
of pyramidal neurons in the CA1, CA2, and CA3 subfields and granule
neurons of the dentate gyrus suggesting GR and MR signaling are not
required for hippocampal formation in mice.

3.2. Hippocampal MR signaling is required to maintain the molecular
phenotype of CA2 neurons

We evaluated the distribution of GR and MR in the hippocampus of
the knockout mice in order to determine if depletion of one receptor
altered the distribution pattern of the remaining receptor. In flox control
mice, GR protein was detected in the CA1, CA2, CA3, and dentate gyrus;
however, the level of expression differed across these regions (Fig. 2A).
GR was abundant in the CAl and dentate gyrus but exhibited lower
expression in the CA2 and CA3. Higher magnification images depict the
marked difference in GR expression between the CA1 and CA2/CA3
subfields (Fig. 2B). Using the CA2-specific marker regulator of G protein
signaling 14 (RGS14) (Evans et al., 2015), we confirmed that the change
in GR expression occurred at the CA1/CA2 boundary (Fig. 3A). MR
expression was also detected in the CA1, CA2, CA3, and dentate gyrus
(Fig. 2A). In contrast to GR, MR was more abundant in the CA2 and CA3
than in the CAl and the dentate gyrus. Higher magnification images
show the increased expression of MR in the CA2/CA3 regions compared
to CAl (Fig. 2B). Using the CA2-specific marker Purkinje cell protein 4
(PCP4) (Evans et al., 2015), we confirmed that the change in MR
expression occurred at the CA1/CA2 boundary (Fig. 3A). In all regions of
the hippocampus, both GR and MR were found to colocalize in the same
neurons (Fig. 2B and Supplemental Figures 3-5). These distinct patterns
of hippocampal GR and MR expression indicate that the relative level of
these 2 nuclear receptors differs dramatically between the CAl and
dentate gyrus neurons and the CA2 and CA3 neurons.

In the GRE™1~°" mice, GR expression was abolished in all regions of
the hippocampus and MR expression was unaffected (Fig. 2 and Sup-
plemental Figures 3-5). MR expression was abolished throughout the
hippocampus of the MRE™I~% mjce (Fig. 2 and Supplemental
Figures 3-5). However, in these same mice, GR expression was elevated
in the hippocampus, particularly in the CA2 and CA3 subfields that
normally express low levels of GR (Fig. 2 and Supplemental Figure 4).
The upregulated expression of GR in the CA2 and CA3 has been observed
in other mouse models with knockout of hippocampal MR and accounts
for the increase in GR expression that we observed in the hippocampal
lysates prepared from the MRE™I~%" mice (Fig. 1A-B) (Berger et al.,
1998;ter Horst et al., 2012). Consistent with our immunoblot data on the
cortex (Supplemental Figure 2), the increase in GR expression following
MR depletion appears to be specific to the CA2/CA3 regions of the
hippocampus as no alteration in GR staining was observed in the cortex,
basomedial amygdala, or basolateral amygdala of the MRE™1~¢" mice
(Supplemental Figure 6). For the GRMRE™I =" mice, both GR and MR
expression were abolished in all regions of the hippocampus (Fig. 2 and
Supplemental Figures 3-5).

CA2 pyramidal neurons can be distinguished from CA1 neurons in
flox control mice by their reduced expression of GR (Figs. 2B and 3A).
This demarcation is lost, however, with the upregulation of GR in the
MRE™*I—¢r¢ mice (Fig. 2B). Thus, to identify the CA2 neurons in the
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Fig. 1. Mice with conditional knockout of GR, MR, or both GR and MR in the hippocampus. (A) RTPCR of GR and MR mRNA from the hippocampus of ~3-
month old male GRE™I—¢" (GRKO), MRE™I—<"® (MRKO), and GRMRE™1~¢"® (dKO) mice. Data are mean + SEM (n = 3-7 mice per group). A one-way ANOVA
followed by Tukey post-hoc analysis was performed to determine significance. (B) Representative immunoblots and quantitation of GR and MR protein levels from
the hippocampus of 2- to 5-month old male mice. Data are mean + SEM (n = 4-6 mice per group). Student’s t-test was performed to determine significance. (C)
Survival curves for male GRflox (n = 46), GRE™! - (n = 26), MRflox (n = 30), MRE™1 - (5 = 31), dflox (n = 27), and GRMR*™! =" (5 = 22) mice. Mantel-Cox
log-rank test revealed no significant differences among genotypes. (D) Body weights were measured for male flox control and knockout mice at 1, 3, 6, and 12 months
of age. Data are mean + SEM (n = 11-39 mice per group). A one-way ANOVA followed by Tukey post-hoc analysis was performed to determine significance. (E)
Corticosterone levels in the morning, evening, and immediately following 30 min of restraint stress in adult male mice. Data are mean + SEM (n = 8-10 mice per
group). A one-way ANOVA revealed no significance differences among genotypes. (F) Representative Nissl stains of brain sections from ~3-month old male mice (n
= 3-4 mice per genotype). Scale bars, 200 pm. *P < 0.05 and **P < 0.01 for MRKO compared to MRflox. ***P < 0.001 for GRKO compared to GRflox, for MRKO

compared to MRflox, and for dKO compared to dflox. **#P < 0.001 for dKO compared to dflox.

MRE™I—cre mice, we performed immunofluorescence with antibodies

for the CA2-specific markers, PCP4 and RGS14 (Fig. 3B). Both markers
showed pronounced staining of CA2 neurons in flox control mice.
However, for the MRF™I~"® mice, there was a dramatic loss of PCP4
and RGS14 staining in the area where CA2 neurons are found. The
density and size of the neurons in this anatomical region are consistent
with CA2 morphology; however, the absence of PCP4 and RGS14
staining suggests the molecular profile of these neurons has been
altered. In contrast to the MRE™1~¢"® mice, the GRE™! =" hippocampus
showed normal PCP4 and RGS14 staining of CA2 neurons (Fig. 3B). The
molecular culprit responsible for the change in PCP4 and RGS14
expression in the MRE™! =" CA2 neurons could be either the loss of MR
signaling or aberrant GR signaling. The latter may be particularly rele-
vant in these mice given the pronounced upregulation of GR that occurs
in CA2 neurons (Fig. 2). Mice lacking both GR and MR in the hippo-
campus distinguish between these two possibilities since GR expression
is eliminated. As shown in Fig. 3B, the GRMRE™!~"® mice phenocopy
the MRE™1-"® mice and exhibit a dramatic loss of PCP4 and RGS14
staining of the CA2 neurons, indicating that it is the deficiency of MR
signaling rather than aberrant GR signaling that is responsible for this
change. These data reveal a novel role for MR signaling in maintaining
the molecular phenotype of CA2 neurons.

3.3. Global transcriptional profiles in the hippocampus of the GRE™1=¢re,

MRE™I=cre qnd GRMRP™1= mice

To identify the genes that are altered in the hippocampus of the
single and double knockout mice, we performed a genome-wide
microarray on hippocampal RNA from ~2.5-month old mice. A heat
map of the samples and hierarchical clustering analysis revealed major
transcriptional reprogramming of the knockout hippocampi (Fig. 4A).
Knockout of hippocampal GR, MR, or both GR and MR resulted in the
dysregulation of 413, 1478, and 3637 genes, respectively (Fig. 4B). The
synergistic increase in the number of genes dysregulated in the
GRMRF™!=¢r¢ hinpocampus was unanticipated and suggests not only
that many genes rely on both GR and MR for their appropriate expres-
sion but that combinatorial actions of these two receptors comprise a
chief component of the hippocampal stress response. Comparison of the
3 gene sets shows that 2438 genes were uniquely altered only when both
GR and MR are depleted in the hippocampus (Fig. 4C). The microarray
also revealed that a greater number of genes were altered in the
MRE™1=¢ hinnocampus compared to the GRE™I~ hippocampus
(Fig. 4B). This result likely reflects our experiment being performed in
mice under basal conditions when MR occupancy by glucocorticoids is
favored. The gene set comparison shows that the majority of genes
dysregulated in the MRE™I~" hippocampus (1034 of 1478, or 70.0 %)
were also commonly dysregulated in the GRMRE™I " hippocampus,
indicating these gene changes were due to the loss of MR signaling
rather than aberrant GR signaling. This pronounced overlap may ac-
count for the similar alterations in body weight and CA2 molecular
profile observed for these two mouse models. Representative members
of the genes uniquely altered only in the GRMRE™! " hippocampus or
commonly altered in both the MRE™I~¢ and GRMRE™I~¢" hippo-
campi were validated using RNA isolated from an independent set of

mice (Fig. 4D-E).

Ingenuity pathway analysis (IPA) was utilized to investigate the
diseases and biological functions most significantly associated with the
dysregulated genes in each mouse model (Fig. 5A). Organismal Injury
and Abnormalities was the highest ranked annotation associated with
the genes altered in the GRE™1~® hippocampus. Behavior was the top-
ranked annotation associated with the dysregulated genes in the hip-
pocampus of the MRE™! =" mice and the 4th ranked annotation for the
GRMRE™1-¢" mice consistent with the known role of glucocorticoids to
influence behavioral adaptation to stress (de Kloet et al., 2005). Within
the Behavior category, Cognition was the highest ranked specific
behavior associated with the dysregulated genes in both the MRE™! ¢t
and GRMRF™! =" hippocampi (Fig. 5B). Nervous System Development
and Function was the top-ranked annotation for the dysregulated genes
in the GRMRE™I =" hippocampus and the 5th ranked annotation for the
MRE™1-¢® mice (Fig. 5A). The strong association with nervous system
development in these two mouse models is consistent not only with the
known role of glucocorticoids to influence neuronal differentiation but
also with their shared molecular reprogramming of CA2 neurons
(Fig. 3B). The similar gene enrichment results for the mice lacking MR
alone or both GR and MR in the hippocampus reflects the large number
of genes commonly dysregulated in these two mouse models.

We also used IPA to examine the cellular signaling pathways that
were most significantly associated with the dysregulated genes in each
knockout hippocampus (Fig. 5C). Interestingly, most of the top signaling
pathways involve GPCRs. GPCRs are critical for apelin signaling and
Wnt/GSK3beta signaling that are both strongly associated with the
dysregulated genes in GRE™I~"® hippocampus. In addition, GPCRs
mediate CCR5 signaling and GNRH signaling that are among the top
pathways associated with the dysregulated genes in the MRE™1~¢" and
GRMRE™1-¢" hinnocampi, respectively. Gene changes occurring in
both the MRE™1~ and GRMRE™! " hippocampi were also strongly
associated with opioid signaling that is mediated by GPCRs and with G
beta gamma signaling which serves as a primary intracellular transducer
for activated GPCRs. In fact, G beta gamma signaling was predicted to
have significantly increased activity (z-score > 2) in the mice lacking
both GR and MR. These gene enrichment results suggest that GR and MR
may preferentially target components of GPCR signaling pathways for
mediating many of the direct effects of stress on the hippocampus.

3.4. Hippocampal GR and MR have distinct roles in learning and memory

The genes dysregulated in both the MRF™1~ and GRMRE™*!-cre
hippocampi were strongly associated with cognition (Fig. 5B). There-
fore, we evaluated the single and double knockout mice for alterations in
learning and memory using a conditioned fear test. For training on Day
1, mice were placed in the conditioning chamber, allowed to explore for
2 min, and then exposed to 3 shock-tone pairings. To investigate
contextual learning, mice were placed back in the original conditioning
chamber on Day 2 and Day 16 and levels of freezing were determined
across a 5-min session (Fig. 6A). The GRE™1~ mjce exhibited reduced
levels of freezing in the first test that was dependent on the time in the
session. During the second test for memory retention on Day 16, sig-
nificant effects of genotype were also observed; however, post-hoc
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Fig. 2. Distribution of GR and MR in the hippocampus of control and knockout mice. Immunofluorescence analysis of GR and MR expression was performed on
hippocampal sections from ~3.5-month old male flox control and knockout mice. (A) Representative images of the distribution of GR and MR in the whole hip-
pocampus (n = 3 mice per genotype). Scale bars, 200 pm. (B) Representative images of the distribution of GR and MR at the CA1/CA2 boundary (n = 3 mice per
genotype). Scale bars, 50 pm.
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Fig. 3. Expression of CA2-specific neuronal markers is abolished in the hippocampus of MR®™-*"® and GRMR*™!-*"® mice. Immunofluorescence was
performed on hippocampal sections from ~3.5-month old male flox control and knockout mice. (A) Representative images of the distribution of RGS14 and GR
(upper panels) and PCP4 and MR (lower panels) at the CA1/CA2 boundary in flox control mice (n = 3 mice per genotype). (B) Representative images of the dis-
tribution of the CA2-specific neuronal markers PCP4 and RGS14 in the CA1 and CA2 regions of the hippocampus from flox control and knockout mice (n = 3 mice per

genotype). Scale bars, 50 pm.

analyses did not reveal significant group differences at any one time
point. To evaluate cue-dependent learning, mice were placed in a
modified conditioning chamber on Day 3 and Day 17 (Fig. 6B). Levels of
freezing were determined before and during the acoustic stimulus for
the 5-min session. The MRE™I=® mjce exhibited higher levels of
freezing during the first test, as well as two weeks later during the

second test for memory retention. During the second test, the
GRMRE™1-¢"¢ mice also exhibited increased freezing at the 5-min time
point and a trend (p-value = 0.08) towards an increase at the 4-min time
point. Importantly, the observed alterations in the conditioned fear test
could not be attributed to motor or hearing deficits (Supplemental
Figures 7-8). The similar phenotype of the MRE™I~% and
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Fig. 4. Global gene expression profiles in the hippocampus of GRE™1-cr¢ MREM*1-cre 3 q GRMRE™I-*® mice. A genome-wide microarray was performed on
RNA isolated from the hippocampus of ~2.5-month old male flox control and knockout mice. (A) Heat map with hierarchical clustering of genes that were
differentially expressed between flox control and knockout mice. (B) Total number of genes differentially expressed in the hippocampus of knockout mice compared
to flox control mice. (C) Differentially expressed genes in the hippocampus of the knockout mice were compared using a Venn diagram. (D) RTPCR of endothelin
receptor type A (Ednra), pleiotrophin (PTN), and gamma-aminobutyric acid type A receptor subunit gammal (Gabrgl) mRNA from the set of 2438 genes uniquely
dysregulated in the GRMREF™1~® hippocampus. (E) RTPCR of Wolframin ER transmembrane glycoprotein (Wfs1), gamma-aminobutyric acid type A receptor subunit
alpha5 (Gabra5), and prostaglandin-endoperoxide synthase 2 (Ptgs2) mRNA from the set of 1034 genes commonly dysregulated in the MRE™1~¢"¢ and GRMRE™*!—cre
hippocampi. RTPCR data are mean + SEM (n = 3-7 mice per group). A one-way ANOVA followed by Tukey post-hoc analysis was performed to determine sig-
nificance. **P < 0.01 for MRKO compared to MRflox and for dKO compared to dflox. ***P < 0.001 for MRKO compared to MRflox and for dKO compared to dflox.
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Fig. 5. Gene ontology analysis of dysregulated
genes in the hippocampus of GRE™*1-cre NREmx1-

K - D'.s alsES a0 Functhlf)ns e GENES e and GRMRE™1°"® mice. IPA analysis was per-
1  Organismal Injury and Abnormalities 5.14E-06-2.21E-02 361
2 cardiovascular Disease 7.99E-06-2.21E-02 40 formed on the 413, 1478, and 3637 genes dysregu-
GRKO (413) 3 Hematological Disease 7.99E06-2.13E02 59 lated in the hippocampus of the GRF™7~°,
4 Cancer 1.03E-05-221E-02 358 MRF™I-cre - and GRMRP™I~°" mice, respectively.
5  Tissue Morphology 1.03E-05-2.21E-02 80 (A) Top diseases and biological functions most
PR PTesseard runctione DTENE rove— significantly associated with the dysregulated genes
6 e 963E.10-7.17E-03 139 for each knockout mouse. (B) Top Behavior functions
MRKO (1478 2 Neurological Disease 1.16E-08-8.27E-03 401 most significantly associated with the dysregulated
( ) 3 Organismal Injury and Abnormalities 5.32E-08-8.67E-03 1261 genes for the MRE™! =< and GRMRE™I <" mice. (C)
4 Psychological Disorders 5.32E-08-7.95E-03 232 Top signaling pathways most significantly associated
5 Nervous System Development and Function 6.72E-08-8.2E-03 322 with the dysregulated genes for each knockout
Rank Diseases and Functions p-value Genes mouse.
1 Nervous System Development and Function 3.95E-10-1.31E-03 770
2 Tissue Development 3.95E-10-1.31E-03 848
dKO (3637) gl Organismal Development 3.84E-09-1.31E-03 073
4 Behavior 4.46E-09-1.06E-03 297
5 Cancer 5.72E-09-1.31E-03 2976
B Rank Behavior Annotation p-Value Actz-score Genes
1 Cognition 9.63E-10 -1.125 94
2 Learning 1.98E-09 -1.22 87
MRKO (1478) 3 spatiallearning 5.99E-06 1.941 36
4 Motor learning 9.77E-05 0.943 12,
5  Contextual conditioning 2.34E-04 0 20
Rank Behavior Annotation p-Value Actz-score Genes
al Cognition 4.46E-09 -0.416 180
2 Learning 7.54E-09 -0.437 166
dko (3637) 2 Memory 1.01E-04 -0.344 96
4 Locomotion 2.74E-04 1.183 120
5  Conditioning 5.72E-04 4l 2 77
Rank Signaling Pathways -log(p-value) z-score Genes
1  Apelin Liver Signaling Pathway 3.63 -0.447 5
2 Intrinsic Prothrombin Activation Pathway 2.84 -0.447 5
GRKO (413) 3 Role of Wnt/GSK-3 Signal.in Pathogenesis of Influenza 2.54 n/a 6
4 Glioma Signaling 2.28 -1 8
5 Hepatic Fibrosis / Hepatic Stellate Cell Activation 2.19 n/a 10
Rank Signaling Pathways -log(p-value) z-score Genes
il CCRS5 Signaling in Macrophages 4.48 0.333 19
2 nNOS Signalingin Skeletal Muscle Cells 4.46 n/a 12
MRKO (1478) 3 Breast Cancer Regulation by Stathmin1 27/ n/a 31
4 G Beta Gamma Signaling 3.59 0.447 21
5  Opioid Signaling Pathway 353 0 34
Rank Signaling Pathways -log(p-value) z-score Genes
il Role of NFAT in Cardiac Hypertrophy 5.91 0.762 7l
2 Opioid Signaling Pathway 5.67 0.943 74
dKO (3637) 3 GNRHSignaling Sl 0 55
4 Fcy Receptor-med. Phago. in Macrophages and Monocytes 4.6 1.029 34
5 G Beta Gamma Signaling 4.5 2.214 41

GRMRE™1-¢" mjce in the second test for memory retention indicate
that loss of MR signaling, rather than aberrant GR signaling, is respon-
sible for the enhanced freezing behavior. These results suggest that MR
signaling plays a critical role in normal mice regulating the expression of
genes involved in fear-motivated cue learning.

3.5. Hippocampal GR and MR signaling cooperate to prevent
neurodegeneration in the dentate gyrus

The large number of genes uniquely dysregulated in the
GRMRE™1-¢" hippocampus suggests these mice may develop pheno-
types distinct from their single knockout counterparts. For insight into

these phenotypes, we performed a separate gene ontology analysis on
these 2438 genes (Fig. 7A). Cell Death and Survival was the highest
ranked cellular function associated with this gene set. Moreover, within
this category, the more specific function Cell Death of Brain Cells was
found to be significantly associated with the 2438 unique genes (p =
0.0066). A total of 60 genes belonging to the Cell Death of Brain Cells
function was altered only in the double knockout hippocampus (Fig. 7B
and Supplemental Table 1). This gene enrichment result suggests that
the loss of both GR and MR may lead to neuronal death in the hippo-
campus. Since Nissl stains performed in 3-month old GRMRF™!~" mice
did not reveal any major hippocampal abnormalities (Fig. 1F), we
investigated the morphology of the hippocampus in 12-month old mice.
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Fig. 6. MREF™-" and GRMRE™I-™® mijce exhibit enhanced cue-dependent learning in a conditioned fear test. (A) Context-dependent learning was evaluated
in male mice using the conditioned fear test. Levels of freezing were determined across a 5-min session on Day 2 (left) and Day 16 (right). (B) Cue-dependent learning
was evaluated using the conditioned fear test. Levels of freezing were determined before and during the acoustic stimulus for the 5-min session on Day 3 (left) and
Day 17 (right). Data are mean + SEM (n = 25-27 flox mice and n = 11-12 mice per knockout group). A two-way repeated measures ANOVA followed by Tukey post-
hoc analysis was performed to determine significance. *P < 0.05 for GRKO compared to flox and for MRKO compared to flox. **P < 0.01 for MRKO compared to flox.

##p < 0.01 for dKO compared to flox.

Consistent with the gene ontology predictions, neurodegeneration was
observed in the dentate gyrus of the GRMRF™!~® mjce but not in their
single knockout counterparts (Fig. 7C). The loss of granule neurons was
most severe along the dorsal blade of the dentate gyrus (see arrows in
Fig. 7C), resulting in a 54.4 % reduction in dorsal blade thickness
(Supplemental Figure 9). Examination of the hippocampus from 4-
month old double knockout mice by hematoxylin and eosin staining
showed that neuronal loss was already occurring in focal regions of the
dentate gyrus at this earlier time point (Fig. 7D). No neuronal loss was
observed outside the hippocampus in the forebrains of the
GRMRE™1-¢" mice. The reduction in granule neurons could reflect
increased cell death and/or reduced generation of new neurons since the
dentate gyrus is a critical site of adult neurogenesis (Deng et al., 2010).
To assess cell death, we performed a TUNEL assay on hippocampi from
younger mice at 4 months of age (Fig. 7E). A 5.4-fold increase in
TUNEL-positive cells was measured in the granule cell layer of the
dentate gyrus from the GRMRE™I~“ mjce. Neurogenesis was also
evaluated in these hippocampal sections using Ki67 staining, a marker of
proliferating cells, and doublecortin (DCX), a marker of neuronal pre-
cursor cells and immature neurons. We measured a 41.0 % reduction in
the number of proliferating cells in the subgranular zone (SGZ) of the
dentate gyrus in mice lacking both GR and MR (Fig. 7F). A 56.5 %
decrease in the density of neuronal precursor cells and immature neu-
rons was also observed in the GRMRE™I~® dentate gyrus indicating
that the loss of both GR and MR results in an inhibition of neurogenesis
(Fig. 7G). Consistent with this alteration in neurogenesis, Cellular
Growth and Proliferation was among the top 5 cellular functions asso-
ciated with the 2438 genes uniquely altered in the GRMRE™1 ¢ hjp-
pocampus (Fig. 7A). Interestingly, the top signaling pathway associated

11

with these genes was p53 signaling (Fig. 7A). p53 is a tumor suppressor
that has been reported to regulate both proliferation during adult hip-
pocampal neurogenesis and neuronal cell death in response to insult or
injury (Miller et al., 2000; Meletis et al., 2006; Fatt et al., 2014). These
data suggest that hippocampal GR and MR work together to modulate
neuronal cell birth and death and preserve granule neurons of the
dentate gyrus.

3.6. GR and MR associate in a complex in CA1 and dentate gyrus neurons
of the hippocampus

Knockout of both GR and MR in the hippocampus resulted in the
dysregulation of 2438 genes that were not altered in either of the single
knockout mice. This discovery suggests that many genes rely on both GR
and MR signaling pathways for their appropriate expression in the
hippocampus. One point of convergence for these 2 pathways is that GR/
GR and MR/MR homodimers have been reported to bind the same
glucocorticoid response element (GRE) regulating target gene expres-
sion due to their highly homologous DNA binding domains (Polman
et al., 2013; Mifsud and Reul, 2016). Formation of GR/MR heterodimers
would provide an additional interaction point between these pathways
and permit not only fine tuning of the stress response but also greater
diversity in glucocorticoid signaling. To investigate whether GR and MR
associate in a complex in specific neurons of the hippocampus, we
performed a proximity ligation assay (PLA) on hippocampal sections
from dflox control and GRMRE™I~"® mice. GR/MR interaction signals
were detected in CAl pyramidal neurons and dentate gyrus granule
neurons of the dflox mice but not the GRMRE™1 ¢ mice (Fig. 8A).
Quantitation of the PLA signals revealed the greatest number of GR/MR
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Fig. 7. GRMRE™*I-c"® mijce exhibit neurodegeneration in the dentate gyrus. (A) IPA analysis was performed on the 2438 genes uniquely dysregulated in the
hippocampus of the GRMRE™~" mice, Shown are the top cellular functions and signaling pathways most significantly associated with these genes. (B) Genes in the
Cell Death of Brain Cells function that were significantly dysregulated only in the GRMRE™1~°" hippocampus. Red and green colors correspond to up-regulation and
down-regulation, respectively. (C) Representative Nissl stains of ~12-month old male mice hippocampi (n = 3-5 mice per genotype). Arrows show marked granule
neuron loss along dorsal blade of dentate gyrus. Scale bars, 200 pm. (D) Representative hematoxylin and eosin stains of ~4-month old male mice hippocampi (n = 3
mice per genotype). Arrow shows granule neuron loss along dorsal blade of dentate gyrus. Scale bars, 200 pm. TUNEL (E), Ki67 (F), and DCX (G) staining of
hippocampal sections from ~4-month old male mice. Shown are representative images and quantitation of TUNEL positive nuclei (arrows), Ki67-positive cells
(arrows), and DCX-positive cells in the dentate gyrus. NeuN, a marker for neurons, was used in conjunction with DCX. Scale bars, 50 pm. Data are mean + SEM (n = 6
(ientate gyri per genotype). Student’s t-test was performed to determine significance. *P < 0.05 for dKO compared to dflox. ***P < 0.001 for dKO compared to dflox.
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Fig. 8. GR/MR complexes in the CA1 and dentate gyrus neurons of the hippocampus. PLA was performed on hippocampal sections from male dflox control and
GRMRP™1-¢ mijce. (A) Representative images of the PLA GR/MR signal (red) and DAPI (blue) from the CA1l, CA2/CA3, and dentate gyrus regions of the hippo-
campus (n = 3 mice per genotype). Each red dot represents the detection of a GR/MR complex. Scale bars, 50 pm. (B) Quantitation of the PLA GR/MR signal (puncta/
micron?) in the CA1, CA2/CA3, and dentate gyrus regions of the hippocampus. Data are mean + SEM (n = 3 mice per group). Student’s t-test was performed to
determine significance. *P < 0.05 for dKO compared to dflox.

complexes in the CAl pyramidal neurons and a smaller amount in counterparts in order to define individual and combinatorial actions of
dentate gyrus neurons of the dflox hippocampus (Fig. 8B). We detected hippocampal GR and MR. We report that MR signaling is required for
no significant increase in PLA signals in the CA2/CA3 neurons which maintaining the molecular phenotype of CA2 neurons and plays an
likely reflects their low expression of GR (Figs. 2-3). These findings important role in cue-dependent learning. In contrast, we discovered
demonstrate that GR and MR associate in a complex in specific hippo- that GR and MR work together to protect the dentate gyrus from
campal neurons and suggest that GR/MR heterodimers contribute to the extensive neurodegeneration by maintaining adult neurogenesis and
combinatorial actions of stress hormone signaling in the hippocampus. promoting the survival of granule neurons. Ablation of both GR and MR
in the hippocampus resulted in a striking expansion in the number of

4. Discussion dysregulated genes compared to the hippocampus lacking one or the
other receptor. The large cohort of genes reliant on both hippocampal

We developed mice with conditional knockout of both GR and MR in GR and MR for appropriate expression was strongly associated with cell

the hippocampus and compared them to their single knockout death and cell proliferation pathways. We further show that GR and MR
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associate in a complex in CAl and dentate gyrus neurons suggesting that
GR/MR heterodimers contribute to the crosstalk between these two
glucocorticoid signaling pathways. These data demonstrate that
combinatorial actions of GR and MR are essential for maintaining the
normal structure and function of the hippocampus.

CA2 neurons exhibit unique morphological, physiological, and mo-
lecular properties that distinguish them from neighboring CA1 and CA3
cells. They lack most forms of synaptic plasticity, are highly resistant to
cell death, and have been implicated in a variety of diseases including
autism spectrum disorder and schizophrenia (Evans et al., 2015; Dudek
et al.,, 2016; Robert et al., 2018). The distinctive properties of CA2
neurons are conferred by selective expression of a repertoire of genes
that include Pcp4 and Rgs14 (Evans et al., 2015; Dudek et al., 2016;
McCann et al., 2021). We show that PCP4 and RGS14 expression is
abolished in both the MRE™I-%¢ and GRMRE™I~“® CA2 neurons.
Moreover, our genome-wide microarray data revealed altered expres-
sion of many other known CA2-specific markers in both the MRE™1-cre
and GRMRF™1~"® mjce including a reduction in adenosine A1 receptor
(Adoral), adhesion molecule with Ig like domain 2 (Amigo2), N-terminal
EF-hand calcium binding protein 2 (Necab2), calbindin 1 (Calb1), SPARC
related modular calcium binding 2 (Smoc2), and striatin interacting
protein 2 (Strip2) mRNA and an increase in formin homology 2 domain
containing 3 (Fhod3) mRNA. Our finding that multiple CA2-specific
markers are altered in a similar manner in both the MRE™1~¢ and
GRMRE™1-¢" hinpocampi indicates that a deficiency in MR signaling,
rather than aberrant GR signaling, underlies these gene changes. This is
an important distinction given the marked increase in GR expression
that occurs in CA2 neurons depleted of MR. Thus, our data demonstrate
that MR signaling plays a critical role regulating the molecular profile of
CA2 neurons. Mice with conditional knockout of MR in the hippocampus
have been reported previously to show alterations in the expression of
CA2 neuronal markers (McCann et al., 2021); however whether the loss
of MR signaling or aberrant GR signaling accounted for these gene
changes was not considered.

Our global transcriptional analysis demonstrated that many genes
were commonly dysregulated in the MRE™I~®"® and GRMRE™*I-cre
hippocampi. The gene changes were strongly associated with behavior
and, more specifically, cognition. Consistent with this gene enrichment
result, both of these mouse models displayed enhanced cue-dependent
learning in a conditioned fear test which suggests the loss of MR
signaling, rather than aberrant GR signaling, underlies this behavioral
change. These findings are in accord with previous studies reporting
alterations in fear motivated cue memory in mice with conditional
knockout of MR in the forebrain (Ter Horst et al., 2012). How MR
signaling regulates fear memory remains poorly understood. Our gene
ontology analysis suggests changes in GPCR signaling pathways may be
prominently involved. GPCRs are abundant in the hippocampus, play
important roles in its cognitive and affective functions, and have been
implicated in the etiology of many psychiatric disorders (Catapano and
Manji, 2007). These receptors alter synaptic transmission through pre-
synaptic and post-synaptic regulation of neurotransmitter release and
are involved in both long-term potentiation and long-term depression.
Findings from the MRE™I~® and GRMRE™I~® mice suggest that
opioid and G beta gamma signaling pathways might be especially sen-
sitive to regulation by MR signaling. Interestingly, CA2 neurons have
been reported to constrain learning and memory by limiting synaptic
plasticity, and this effect appears to be dependent on their expression of
RGS14 and the adenosine Al receptor (Lee et al., 2010; Simons et al.,
2011). RGS14 regulates GPCR intracellular signaling cascades and the
adenosine Al receptor is a GPCR, and both these genes are reduced in
MRE™I—cre and GRMRE™I~C" hippocampi. The reduced expression of
these two genes in CA2 neurons and the consequent acquisition of
long-term potentiation may contribute to the stronger fear memory
observed in these knockout mice.

For further insight into the mechanisms responsible for the altered
fear memories in the MRE™1~¢"® and GRMRP™1~"® mice, it will be
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important to complement our transcriptomic analysis of the hippo-
campus with a proteomics approach to capture the global protein
changes following the loss of GR, MR, or both GR and MR in the hip-
pocampus. In addition, given the known roles of glucocorticoids to
regulate neuronal cytoarchitecture and hippocampus network connec-
tivity (McEwen et al., 2016; Cameron and Schoenfeld, 2018), it will be
critical to evaluate synaptic plasticity in the single and double knockout
mice. In this regard, we have recently demonstrated that the GRE™I~¢re
mice exhibit reductions in CAl neuronal arborization and dendritic
spine density, suggesting these mice may have deficits in learning and
memory (Tejos-Bravo et al., 2021). Furthermore, it will be important to
examine HPA axis regulation in our single and double knockout mice
when exposed to different stress paradigms since abnormalities in HPA
activity can impact behavior. While we did not detect alterations in the
circadian levels of corticosterone nor in the peak levels of corticosterone
induced by acute restraint stress, it is possible that the knockout mice
differ in their kinetics of HPA axis activation and/or in the negative
feedback profile of HPA axis inhibition. It should be noted that several
studies have shown that conditional knockout of GR in the forebrain can
lead to dysregulation of the HPA axis (Boyle et al., 2005, 2006; Furay
et al., 2008; Solomon et al., 2012). Other studies, however, have re-
ported that HPA axis activity is unaltered following GR depletion in the
forebrain which is consistent with our own current findings (Vincent
et al., 2013). The reason for these conflicting results is unclear but likely
involves differences in testing regimens, the pattern of GR deletion in the
forebrain, and/or the genetic background of the mice. Finally, a limi-
tation to defining the mechanisms underlying the altered fear memory in
our single and double knockout mice is that receptor loss is not restricted
to the hippocampus but occurs in several other regions of the forebrain
such as the cortex and parts of the amygdala. Depletion of GR and MR in
these extra hippocampal regions may also contribute to observed
behavioral phenotypes.

An unexpected finding from our transcriptomic analysis of the
knockout mice was the large increase in dysregulated genes that
occurred only in the hippocampus depleted of both GR and MR. This
result suggests that many genes depend on both GR and MR signaling for
their appropriate expression in the hippocampus. This set of unique
genes was strongly associated with cell death and cell proliferation
pathways. In agreement with the gene enrichment analysis, the
GRMRE™I-¢" mice, but not their single knockout counterparts,
exhibited extensive neurodegeneration in the dentate gyrus. The loss of
granule neurons was evident by 4 months of age and even more pro-
nounced in older GRMREF™1~® mijce. Both an increase in neuronal
death and a reduction in neurogenesis appear to contribute to the
neuronal loss in the hippocampus depleted of both GR and MR. Gluco-
corticoids have been shown to promote the survival of granule neurons
as the removal of endogenous glucocorticoids by adrenalectomy results
in their death (Schoenfeld and Gould, 2013). This protective effect has
been attributed to MR based on replacement experiments with
receptor-selective agonists and by the occurrence of granule neuron
death in whole body MR null mice (Gass et al., 2000; Schoenfeld and
Gould, 2013). On the other hand, activation of GR by the synthetic
agonist dexamethasone has been reported to stimulate apoptosis of
neurons in the dentate gyrus suggesting GR and MR may have opposing
actions on neuronal death (Hassan et al., 1996). These studies, however,
do not discriminate between hippocampal and systemic glucocorticoid
signaling. Our single knockout mice lacking MR alone or GR alone in the
hippocampus did not exhibit neurodegeneration which is in accord with
other mouse models with genetic deletion of one or the other receptor in
the forebrain (Tronche et al., 1999; Gass et al., 2000; Berger et al.,
2006). Only when both hippocampal GR and MR were depleted was
neuronal loss observed indicating that both receptors work together in
normal mice to promote the survival of granule neurons. While findings
from our TUNEL assay suggest that granule neurons exhibit increased
cell death in the dentate gyrus of the double knockout mice, it is also
possible that the survival of neural progenitors in the neurogenic niche
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has been compromised and contributes to the phenotype. Glucocorti-
coids have been shown to regulate the life span of these cells. Interest-
ingly, the systemic loss of glucocorticoid signaling by adrenalectomy
promotes the survival of newly-formed progenitors in the dentate gyrus
(Wong and Herbert, 2004).

In addition to regulating neuronal death, glucocorticoids also have a
major impact on adult hippocampal neurogenesis (Schoenfeld and
Gould, 2013; Egeland et al., 2015). This process contributes to the
structural and functional plasticity of the hippocampus and plays a
critical role in memory formation and mood regulation. Multiple studies
using pharmacological agents to manipulate receptor activity have re-
ported that glucocorticoids inhibit adult neurogenesis via GR signaling
(Egeland et al., 2015). The role played by MR signaling is less clear as
both stimulatory and inhibitory effects on cell proliferation and neuro-
genesis have been described (Wong and Herbert, 2005). The reduction
in immature neurons observed in our double knockout mice indicate
that both hippocampal GR and MR signaling are important for main-
taining appropriate levels of adult neurogenesis in the dentate gyrus.
Since adult neural stem cells can also give rise to astrocytes, an impor-
tant consideration for future studies will be to investigate whether
gliogenesis is also altered in the dentate gyrus of GRMRE™I = mice,
Gene enrichment analysis identified p53 signaling as the top pathway
associated with the large set of 2438 genes uniquely altered in the
GRMRE™!-¢"¢ hipnocampus. p53 is a tumor suppressor that plays an
important role in both neuronal cell death and adult hippocampal
neurogenesis (Meletis et al., 2006; Fatt et al., 2014). Glucocorticoids
operating through GR have been reported to inhibit p53-dependent
transcriptional activity, cell cycle arrest, and apoptosis in human neu-
roblastoma cells via sequestration of p53 in the cytoplasm (Sengupta
et al., 2000). In addition, MR signaling has been suggested to
down-regulate p53 expression in the hippocampus of rats (McCullers
and Herman, 1998; Almeida et al., 2000). Therefore, an increase in p53
activity due to the deficiency of both GR and MR might account for both
the increased granule neuron death and the reduced neurogenesis in
GRMRF™!=¢r® dentate gyrus. The functional interplay between hippo-
campal GR and MR in both cell death and cell proliferation processes
highlights the critical nature of granule neurons for behavioral adapta-
tions to stress.

The synergistic increase in the number of dysregulated genes
following the loss of both GR and MR in the hippocampus suggests that
combinatorial actions of these two receptors comprise a critical
component of the stress response. GR and MR have been postulated to
heterodimerize based on in vitro studies using over-expressed proteins
(Trapp et al., 1994; Liu et al., 1995; Savory et al., 2001; Nishi et al.,
2004). Formation of GR/MR heterodimers has also been suggested by
recent work reporting that GR and MR are recruited to the same
GRE-containing DNA fragment in rat hippocampal lysates (Mifsud and
Reul, 2016). GR/MR interactions would allow crosstalk to occur be-
tween GR and MR glucocorticoid signaling pathways. Using the PLA
assay, we now demonstrate in situ that GR and MR associate in a com-
plex in CA1 pyramidal neurons and dentate gyrus granule neurons. Since
GR/MR interactions can confer unique transcriptional responses to
glucocorticoids on target genes (Rivers et al., 2019), the presence of
GR/GR homodimers, MR/MR homodimers, and GR/MR heterodimers in
the hippocampus would allow for more intricate regulation of
glucocorticoid-responsive genes and provide a mechanism for greater
diversity in stress hormone action.

5. Conclusion

In conclusion, we developed mice for the first time with conditional
knockout of both GR and MR in the hippocampus and compared them to
their single knockout counterparts. We discovered that MR signaling is
required for maintaining the molecular phenotype of CA2 neurons. In
contrast, GR and MR work together to protect the dentate gyrus from
neurodegeneration by maintaining adult neurogenesis and promoting
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the survival of granule neurons. These findings will inform new strate-
gies for treating stress-related learning and memory deficits and psy-
chiatric illnesses.
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