
communications biology Article
A Nature Portfolio journal

https://doi.org/10.1038/s42003-025-08378-0

Mineralocorticoid receptor knockout
alters hippocampal CA2 neurons to
become like those in CA1

Check for updates
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Hippocampal area CA2 has emerged as a functionally and molecularly distinct part of the
hippocampus and is necessary for several typesof social behavior including social aggression. Aspart
of the unique molecular profile of both mouse and human CA2, the mineralocorticoid receptor (MR;
Nr3c2) appears to play a critical role in controlling CA2 neuron cellular and synaptic properties. To
better understand the fate (or state) of the neurons resulting from MR conditional knockout, we use a
spatial transcriptomics approach. We find that without MRs, ‘CA2’ neurons acquire a CA1-like
molecular phenotype. Additionally, we find that neurons in this area appear to have a cell size and
density more like that in CA1. These findings support the idea that MRs control CA2’s ‘state’, at least
during development, resulting in a CA1-like ‘fate’.

The receptors for corticosteroids, glucocorticoid and mineralocorticoid
receptors (GRs and MRs, respectively), are important for the regulation of
stress responses both in neuronal and non-neuronal tissue1. Typically, both
receptors can be activated by the circulating stress hormones cortisol or
corticosterone and MRs by aldosterone; upon ligand binding, they trans-
locate to the nucleus to operate as transcription factors2.Within rodent and
human brain, MR (Nr3c2; NR3C2) expression is highest in hippocampal
area CA2 pyramidal neurons3–5. We previously demonstrated that condi-
tional knockout of Nr3c2 in mice causes a pronounced loss of CA2 marker
expression and disrupts CA2’s distinct synaptic properties5. For example,
excitatory synapses in theCA2 stratumradiatum arenotable for their lackof
LTP6, likely due to the presence of a suite of regulatory molecules that
include RGS14, perineuronal nets, and robust calcium handling7–10. In
addition, CA2-targeted knockout of MR was sufficient to drive some of the
behavioral changes reported with MR knockout in excitatory neurons5,11.
Perhaps related to the finding that mice with a conditional deletion of MR
showdeficits in social recognitionmemory12 is thatCA2has repeatedly been
shown to be important for social memory and for a number of social
behaviors including aggression and response to social defeat13–15. Thus,
determining how MRs regulate gene expression specifically in CA2 could
reveal insights into the causes of social cognition deficits in a syndromic
autism associated with variants in the NR3C2 gene16,17.

These neurons in the CA2 region of theMR knockoutmice do not die,
but what they become remains unknown. Prior studies using whole hip-
pocampal isolates have uncovered much of the role of MRs in regulating
gene expression, but as yet, they have been unable to resolve CA2-specific
functions due largely to CA2 being a relatively small portion of the total
neurons2,18–20. Successful approaches such as single-cell RNA sequencing21

are unlikely to be feasible for CA2-targeted analyses in MR knockout ani-
mals becauseof the loss ofmanyknownCA2cell-type specific genemarkers.
To begin to bridge this gap, we therefore leveraged the advantages of spatial
transcriptomic technology to conduct differential gene expression analysis
across hippocampal subfields CA1, CA2, CA3, and the dentate gyrus (DG)
of mice withMR conditionally deleted from forebrain neurons (Emx1-Cre;
MR fl/fl; 'MR KO'; Supplementary Data Fig. 1a). In addition, we analyzed
nuclear density in the CA subregions. Together, our findings indicate that
neurons in the area that would have developed into CA2 takes on a more
CA1like molecular and cellular phenotype.

Results and Discussion
As evident by expression of several ‘CA2 genes’ like Amigo2, Necab2, and
Pcp4, the characteristic molecular profile of CA2 neurons is lost in the MR
KO mice (Fig. 1a). In addition, genes like Prkcb that are low in CA2 of the
wild-type (cre-negative; WT) mice, are expressed at levels similar to that in
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Fig. 1 | Changes in individual genes with conditional MR KO are evident in
spatial transcriptomics and single neurons. a Examples of brains from a Cre- WT
and aCre+MRKOmice showing expression of individual genes displayed using the
Loupe Browser (10x Genomics). Shown are ‘CA2 genes’ Amigo2,Necab2, and Pcp4,
as well as a ‘low in CA2’ gene Prkcb. Also shown are the ‘CA1 gene’ and ‘CA3 gene’
Wfs1 and Iyd respectively. Data are not normalized to spot read counts in these
displays. Orange/red = higher expression. b Images showing gene expression using

single molecule fluorescence in situ hybridization (smFiSH) to validate changes in
gene expression with MR KO. Shown are Necab2, Pcp4, and Prkcb. Note the loss of
Necab2 and Pcp4, and the filling in with Prkcb in the area presumed to be CA2 of the
MRKO. c smFISH showing that single neurons express neitherWfs1 nor Iyd in CA2
of WT mice. However, neurons in the presumed CA2 region in the MR KO express
the CA1 gene Wfs1, but not the CA3 gene Iyd, with rare examples of neurons
expressing both.
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CA1 and CA3 in theMRKOmice (Fig. 1a, b). That a ‘CA1 gene’, Wolfram
syndrome-1 (Wfs1), but not a ‘CA3 gene’, iodotyrosine deiodinase (Iyd),
appeared to be expressed in the area that should have been CA2 is strongly
suggestive of the CA2 neurons acquiring a CA1-like profile. However, the
resolution of the Visium spatial transcriptomics platform is not sufficient to
resolve single neurons, so we assessed some of these genes’ expression
patterns using single molecule RNA fluorescence in situ hybridization
(smFISH; Fig. 1b, c). InMRKO tissue, we found evidence ofWfs1mRNA in
neurons adjacent to Iyd-expressing neurons, whereas inWT tissue, a gap of
approximately two-hundred microns is present between Wfs1- and Iyd-
expressing cells,with the gap reflectingCA2neurons. In a fewcells,wenoted
expression of bothmRNAs closest to the presumedCA3 border, but largely,
the expression ofWfs1 and Iyd was mutually exclusive.

These findings again hint at the idea that neurons that would have
become CA2 neurons come to resemble CA1 neurons, rather than CA3
neurons, in the MR KO mice. However, the ability to make such a con-
clusion requires the advantages of whole genome transcriptomics, so we
sought to assess the entiremolecular profile of the area CA2 inWT andMR
KO tissue. In this case, we manually selected by location the hippocampal
subregions for analysis, as automated clustering based on gene expression
profiles would necessarily be altered with MR KO (Fig. 2a, Supplementary
Data Fig. 2). Here we used data obtained from 3WTmale mice (2 EMX1-
Cre-; MR fl/fl and 1 C57BL/6J) compared with 3 conditional MR KOmale
mice (Supplementary Data Tables 1–3). Similar results were observed with
WT and MR KO female mice (1 each was added in Supplementary Data
Fig. 5a). Using a principal component analysis (PCA), we found that,
consistent with previous data using laser capture microscopy and RNA-
seq10, the spots in CA2 cluster closer to CA3 than to CA1 in the WT tissue
(Fig. 2b). However, in the MR KO tissue, the expression profile in spots
located in area CA2 no longer cluster with CA3, but instead cluster close to
those from CA1 (Fig. 2b). The correlation between CA1 and CA2 (corre-
lation coefficient of 0.810 in Cre-WT) increased significantly inMRKO (to
0.963; Cre+MRKO; p < 0.001) but was unaffected between CA3 and CA2
with MR KO (0.885 in Cre- vs. 0.890 in Cre+).

We observed similar findings using hierarchical clustering (Fig. 2c,
Supplementary Data Fig. 3a). Spots representing CA2 and CA3, but not
CA1, could be clustered by genotype (Fig. 2d). This analysis also revealed
that the changes seen in MR KO were most likely driven by the combined
loss of ‘CA2 genes’ and gain of ‘CA1 genes’ with minimal changes to the
‘CA3 genes’ (Fig. 2d). These data strongly suggest that not only are MRs
required for the acquisition and/ormaintenance of CA2’smolecular profile,
but also that neurons in this region default to a CA1-like profile in the
absence of MRs. Although glucocorticoid receptors (GRs) are upregulated
in theMRKOs5, previouswork using a doubleMR/GRKOs still show a loss
of CA2 markers22, indicating that GRs are not suppressing CA2 gene
expression in the MR KOs.

Insights can be gained by looking at the genes up- and down- regulated
with MR knockout in the different hippocampal regions. Interestingly,
among the CA regions, CA2 had approximately double the number of up-
and down-regulated genes than the CA1 and CA3 regions in MR KOs
(Supplementary Data Figs. 4, 5b). Among the genes significantly reduced in
CA2 were the expected ‘CA2 genes’ like Amigo2, Pcp4, and Necab2. Simi-
larly, up-regulated genes inCA2were someof the ‘CA1genes’ likeWfs1 and
Gap43. The DG, however, had by far the most genes up- and down-
regulated inMRKO tissue. In some cases, genes that were highly expressed
in both CA2 and DG like Adcy1 were downregulated in both regions,
suggesting a role for MRs as critical regulators of their expression, whereas
some, like Pcp4, were unchanged in DG. That said, we found no evidence
that the DG was fundamentally altered in its molecular identity distinct
from the CA regions.

A pathway analysis of genes changed in CA2 of MR knockout tissue
revealed networks such as those in NFAT, CREB, GPCR, and synapto-
genesis signaling pathways, in addition to circadian rhythm signaling
pathways, which might have been expected given the circadian changes in
corticosterone23 (Supplementary Data Figs. 6a, 7a). Some of the upstream

regulators ofMR-regulated genes inCA2 showeddisease-related genes such
asPrkaa1, whichhas been implicated inmajor depression24 (Supplementary
Data Figs. 6b, 7b, Supplementary Table 4). Of the significant pathways
shared with CA1 and CA3, more in CA1 were shared with those in CA2
(Supplementary Data Fig. 7a). In area CA1, most of the pathways impacted
by MR KO showed predicted inactivation (down-regulation), notably cell
signaling pathways involving opioid, orexin,NFAT, and cAMPsignaling, as
well as long-term synaptic potentiation (LTP)(Supplementary Data Fig. 8a,
Supplementary Table 5). In contrast, the DG showed more pathways with
predicted activation (up-regulation), notably endothelin, 14-3-3mediation,
and LTP (Supplementary Data Fig. 8a, e, Supplementary Table 5). In area
CA3, however, fewer pathways were predicted to have directional effect
(Supplementary Data Fig. 8c, Supplementary Table 5).

Because neuron function relies heavily on synaptic connections, we
also investigated the roles of differentially expressed genes in CA2 using
ontology terms reported to play a role in synaptic transmission (as provided
by the SynGO consortium25; Supplementary Data Fig. 6c). Among the
identified genes, 135 ( ~ 28%) were mapped to SynGO-annotated genes.
Overall, the analysis of overrepresented synaptic geneontologies revealed 17
cellular component terms and 18 biological process terms that were sig-
nificantly enriched at a 1% FDR. In CA2, enrichment was observed in both
pre- and post-synaptic components. On the postsynaptic side, the enriched
processes include regulation of postsynaptic membrane potential by genes
such as Kctd12 and Gria3. In addition, genes encoding proteins that are
important for synapse assembly or modification of the postsynaptic actin
cytoskeleton were also identified as enriched synaptic processes (Supple-
mentary Data Figs. 6c, 8b, d, f, Supplementary Table 6). On the presynaptic
side, genes regulating synaptic vesicle exocytosis such as Prkcb and Dtnbp1
were different in CA2 of the MR KO (Supplementary Data Fig. 6c, Sup-
plementary Table 6). Interestingly, CA2 differed fromCA1 andCA3 in that
it showed a significant enrichment of GO terms representing presynaptic
biological processes. For example, synaptic vesicle docking and fusion,
which are required for synaptic vesicle exocytosis, were only impacted by
MR KO in CA2. Together, these cellular components and functional
pathways further emphasize the involvement of MRs in regulating CA2
proteins, implicating them in both pre- and post-synaptic functions.

To investigate further whether MRs are required for the acquisition of
structural features of CA2 neurons, we examined cell body density in the
different hippocampal areas ofWTandMRKOmice. InWTmice, neurons
in CA2 and CA3 are larger than neurons in CA1 and so the cell density, as
assessed by DAPI stain, is greatest in CA1. Here we measured distance to
nearest neighbor and nuclei per µm3 (Fig. 3). In both measures, nuclei in
CA2 were significantly different from those in CA1, but not different from
CA3, in tissue from WT (Cre-negative) animals. This relationship was
altered in the MR KO (Cre-positive) tissue in that both distance to nearest
neighbor and nuclear density in CA2 were intermediate between CA3 and
CA1 (reduced distance between nuclei and increased nuclear density). Both
measures were significantly different between WT and MR KO tissue in
CA2, but not in CA1 or CA3 (Fig. 3c, d). We interpret these findings to
indicate that CA2 neurons, withoutMRs, come to partially, but not entirely,
resemble CA1 neurons.

Taken together, these findings are indicative of MR-dependent influ-
ences on neuron development, present in CA2, that are not present in CA1
and CA3. These findings have important implications regarding the
underpinnings of a syndromic autism caused by variations in the NR3C2
gene16,17. Further, as MRs and CA2 proteins can be down-regulated by
corticosterone in rodents5, these findings present an avenue by which a part
of the hippocampus that regulates social behavior, CA2, could be funda-
mentally changed during chronic stress.

Methods
Animals
All animal procedures were approved by the NIEHS Animal Care and Use
Committee (ASP # 2014-0005 and #01-21) and in accordance with the U.S.
National Institutes ofHealth guidelines for the care anduse of animals.Mice

https://doi.org/10.1038/s42003-025-08378-0 Article

Communications Biology |          (2025) 8:1037 3

www.nature.com/commsbio


Fig. 2 | Manual selection of areas allows for analyses of anatomical areas not
relying on clustering. a Location of selected spots in CA1 (blue), CA2 (yellow), CA3
(green), and DG (pink). b Principal component analysis (PCA) showing changes
occurring with MR KO. Comparison between WT and KO reveals a shift of the
transcriptional profile of CA2 in Cre+ MR KO mice towards CA1 as compared with
Cre- mice. Correlation between CA1 and CA2 (0.810 in Cre-) increases in MR KO
(0.963; Cre+MRKO) but is unaffected between CA3 and CA2 with MR KO (0.885 in

Cre- vs. 0.890 in Cre+). c Dendrograms indicating the hierarchical clustering of spots
with similar expression profiles based on 368 hippocampal genes (Supplementary
Table 1). Lines representing spots are color-coded according to the spot location.
d Heatmap of centered, scaled gene expression values for CA2, CA3, or CA1 spots
(rows) from WT (top) and MR KO (bottom) males for the top 30 each of CA1 genes,
CA2 genes, and CA3 genes (columns) as identified by differential expression analysis
(Supplementary Tables 2, 3). Blue = lower expression, Red = higher expression.
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were group-housed under a 12:12 light/dark cycle with access to food and
water ad libitum (standardNIH-31 chow fromZiegler Bros, Inc., Gardners,
PA). Adult mice, aged 3–4 months, were EMX Cre-positive (heterozygous
+/−) or negative (−/−); Nr3c2 fl/fl (EMX Cre; MR fl/fl5,26; EMX Cre:
Jackson Laboratory; strain #005628). Mice were backcrossed >10

generations toC57BL/6.Onemalemouse used in the spatial transcriptomics
experiments had no genetic modifications (WT; C57BL/6J). Males were
definedashaving aYchromosome.Animalswere euthanizedwithFatal Plus
(sodium pentobarbital, 50mg/mL; >100mg/kg) and assessed for lack of
response using a toe pinch.Mice were arbitrarily, not randomly, selected for
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use. Twenty-five mice were used in this study: spatial transcriptomics, 8
mice; smFISH, 2 mice; and histology, 15 mice.

Spatial Transcriptomics
Brains from3 controlmice (2 EMXCre-negative and 1C57BL/6J;WT) and
3 Cre-positive (MR KO) male mice were removed following rapid decap-
itation and frozen in isopentane on dry ice. A fourth pair of animals were
used for follow-up validation using 1 each Cre-negative and Cre-positive
female mice from part of a separate study in order to assess consistency,
variability, and applicability across sexes. This replicate was processed using
same analysis approach. Tissuewas stored at−70 °Cuntil use, atwhich time
they were cryosectioned at 10 μm and mounted on Visium slides (10x
Genomics, Cat. #1000184). Slides were processed per the 10x Genomics
protocol, as used byVanrobaeys, et al.27: tissue was fixed withmethanol and
stained with H&E followed by imaging. Optimal permeabilization time
determined by a tissue optimization kit (10x Genomics, 1000193) was
18min. The on-slide cDNA synthesis and release, cDNAamplification, and
library preparation for RNAseq were performed according to the manu-
facturer’s protocol. Library sampleswere sequencedonan IlluminaNexGen
Sequencer (NovaSeq 6000 with read 1 for 28 nt and read 2 for 90 nt length)
with an average read depth of 233 million read pairs per brain section, and
86,260 reads and 3,822 genes per spot. Distributions of hippocampal read
counts per spot, number of genes per spot, and percentmitochondrialDNA
per spot are shown in Supplementary Data Fig. 1b.

For processing of raw spatial transcriptomics data, raw FASTQ files
along with slide image for each sample were processed using Space
Ranger software (version 1.1, 10× Genomics) to align reads against
mouse reference genome mm10. A feature-spot matrix was generated
using the Visium spatial barcodes. Seurat (version 4.0) was used to
perform clustering analysis of combined dataset28. SCTransform was
applied to normalize the gene expression values across each spot29.
Projection maps were created using gene expression across six brain
samples following Seurat with Harmony layer integration30. Differentially
expressed genes (DEGs) were identified by pair-wise comparisons
between the 3 WT and 3 MR KO samples within the manually selected
spots in CA1, CA2, CA3 pyramidal cell, and DG granule cell layers. Note
that although the location of CA2 could be identified in 10xGenomic’s
Loupe browser based on gene expression (expression of representative
‘CA2 genes’) and anatomical landmarks, this was not possible for iden-
tification of CA2 in the knockout due to loss of such marker gene
expression. Thus, the experimenter was not blinded to genotype. In this
case, anatomical location alone was used to select spots representing
CA2. A gene was considered expressed if its normalized expression value
was greater than 0.2 in at least two out of the three samples within at least
one group (genotype). Principal component analysis (PCA) and hier-
archical clustering of these spots were generated by the Genomics Suite of
Partek software package version 6.6. Correlations were tested for sig-
nificant differences using Fisher z-transformed correlation values,

followed by a standard test in a normal distribution using pnorm() in R.
Volcano plots were constructed using VolcaNoseR31. Venn diagrams
were generated by Venny 2.132. Differentially expressed genes between
Cre- WT and Cre+MR KO in CA2 with log2 fold-change values greater
than 0.585 or less than −0.585 and FDR < 0.05 were included for Inge-
nuity Pathway Analysis (IPA; Qiagen).

Single-molecule fluorescent in situ hybridization and imaging
We performed single-molecule fluorescent in situ hybridization (smFISH;
RNAscope) to validate gene expression changes detected by spatial tran-
scriptomic sequencing and to assess single-cell distribution of gene tran-
scripts. Two animals, one per genotype (Emx1 Cre+ /-: MR fl/fl); were
sacrificed via rapid decapitation. Brains were extracted and flash-frozen in
Tissue Plus® O.C.T Compound (Fisher Scientific, Hampton, NH) in iso-
pentane chilled over dry ice. Brains were stored at −70 °C until cryosec-
tioned at 20 μmandmounted on SuperFrost® Plus slides (Fisher Scientific).
Tissue sections were probed for target mRNAs according to the manu-
facturer protocol for the RNAscope Fluorescent Multiplex kit (Advanced
Cell Diagnostics, Hayward, CA). Target probes for in situ hybridization
were Mm-Nr3c2-E5E6-C3 (Cat#456321-C3), Mm-Pcp4-C2 (Cat#402311-
C2),Mm-Necab2-C3 (Cat#467381C3), Mm-Prkcb-C1 (Cat#874311), Mm-
Wfs1-C3 (Cat#500871-C3), and Mm-Iyd-C2 (Cat#465011-C2) from
Advanced Cell Diagnostics (Hayward, CA). Signal was developed using
Opal Dyes 520 (Cat#OP001001), 570 (Cat#OP-001003), 690 (Cat#OP-
001006) from Akoya Biosciences (Marlborough, MA). Sections from both
genotypes were processed in parallel and imaged on a Zeiss LSM 880
inverted confocal microscope. Whole hippocampal images were acquired
with a Plan-Apochromat 20×/0.8 M27 objective using z-stacks which were
collapsed with a maximum intensity projection. 63× images were acquired
with a Plan-Apochromat 63×/1.40 Oil DIC M27 objective with a pinhole
setting to yield a Z-thickness of 1.7 μm and capture the coexpression of
transcripts within the same cells. Acquisition settings were set separately for
each staining scheme and held constant across genotypes. Brightness/con-
trast adjustments were made in FIJI/ImageJ and Powerpoint and applied
equally across genotypes for comparison purposes.

Histology
Animals from 4 litters (Emx1 Cre+ /-: MR fl/fl; 6 WT/Cre- (2 male, 4
female) and 9 MR KO/Cre+ littermates (2 male, 7 female) were transcar-
dially perfusedwith a phosphate buffered saline (PBS) flush, followedby 4%
paraformaldehyde in PBS and brains post-fixed overnight in the same
fixative. Brainswere sectioned at 40 µmwith a vibratome (Leica vt1000) and
stored in PBSwith sodium azide. For immunohistochemistry, sections were
washed in PBS followed by PBS with 0.1% triton X-100 (PBST). Sections
were blocked in PBST with 5% normal goat serum for 1 h followed by
overnight incubation in blocking solution plus primary antibodies: rabbit
anti-WFS1 (1/500, Proteintech, 11558-1-AP) and guinea pig anti-ZnT3 (1/
500, Synaptic Systems, 197 004). Sections were washed in PBST then

Fig. 3 | Pyramidal neuron density in areaCA2becomesmoreCA1-like inMRKO.
a, b Immunostaining for ZnT3 to label the mossy fibers and WFS1 to label the CA1
pyramidal cells in WT (a) and MR KO (b) animals were used to localize CA1, CA2
and CA3. DAPI was used to label nuclei. In WT animals, CA2 is positioned at the
distal end of the mossy fibers, and WFS1 does not overlap with ZnT3. CA2 was
defined as the pyramidal cell nuclei in the pyramidal cell area overlapping with the
distal-most 150 µm of the ZnT3 stain, and measurements were made from there. In
MR KO animals, ZnT3 expression overlaps with the cells expressing WFS1, so CA2
was defined as the area of overlap between these two markers, and measurements
corresponding to CA2weremade from that area. Inset squares represent the areas in
each subregion that are shown enlarged on the right side. c Nuclear spacing, mea-
sured by nearest neighbor analysis, show that in WT animals, both CA2 and CA3
neurons have significantly greater nuclear spacing than CA1, and CA2 spacing does
not differ from CA3 (F(2,10) = 81.24, p < 0.0001, one-way ANOVA; results of
Tukey’s post-hoc test shown). In MR KOs animals, both CA2 and CA3 have sig-
nificantly greater nuclear spacing than CA1, but CA2 has significantly less nuclear

spacing than CA3. (F(2,16) = 122.3, p < 0.0001, one-way ANOVA; results of Tukey’s
post-hoc test shown) Nuclear spacing in CA2 was significantly greater in MR KOs
than inWTs (main effect of subfield: F(2,26) = 164.7, p < 0.0001; subfield x genotype
interaction: F(2,26) = 44.71, p < 0.0001; two way-ANOVA, result of Sidak post-hoc
test shown). d Nuclear density was measured across the depth of DAPI-stained
section. InWT animals, CA2 had a significantly lower nuclear density than CA1 but
not CA3 (F(2,10) = 97.75, p < 0.0001, one-way ANOVA; results of Tukey’s post-hoc
test shown, but in MR KO animals CA2 nuclear density was significantly greater
than in CA3 (F(2,16) = 146.7, p < 0.0001, one-way ANOVA; results of Tukey’s post-
hoc test shown). Nuclear density was significantly greater in CA2 ofMRKO animals
than in WT (main effect of subfield: F(2,26) = 210.0, p < 0.0001; main effect of
genotype: F(1,13) = 9.863, p < 0.001; subfield x genotype interaction:
F(2,26) = 35.31, p < 0.0001; two way-ANOVA, result of Sidak post-hoc test shown),
suggesting that CA2 moves toward an anatomical profile more closely resembling
CA1 than CA3.
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incubated for 2 h in blocking solution plus secondary antibodies: goat anti-
rabbit 568 (1/500, Invitrogen, A11011) and goat-anti guinea pig 633 (1/500,
Invitrogen, A21105). Sections were washed with PBST then PBS, mounted
and coverslipped with Vectashield hardset mounting medium with DAPI
(Vector Laboratories, H-1500). Sections were imaged on a Zeiss LSM 880
confocalmicroscope at 40Xusing tiledZ-scans. Imaris (Oxford Intruments)
software was used to perform nearest neighbor analysis and measure total
volume of analyzed regions to arise at measures of nuclear spacing and
nuclear density. Statistical analyses were performed using GraphPad Prism
software. The experimenter was blinded to genotype through imaging, but
they could not be blinded once the experimenter examined the staining
because of the distinct staining patterns in the WT and KO.

Statistics and Reproducibility
Measurements were taken from distinct brain samples, except for the his-
tology, where measurements were made from both sides of the brain (2
hippocampi within an animal) and were averaged. See individual sections
above for statistics, animal numbers, and extent of experimenter blinding.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The datasets generated and/or analyzed in the current study are available in
the Gene Expression Omnibus (GEO), accession number: GSE272919.
Original images are available from the corresponding author upon rea-
sonable request.

Code availability
SynGO is available at https://www.syngoportal.org/. Venny is available at
https://bioinfogp.cnb.csic.es/tools/venny/index.html. VolcaNoseR is avail-
able at https://huygens.science.uva.nl/VolcaNoseR/.

Received: 5 August 2024; Accepted: 11 June 2025;

References
1. Gray, J. D., Kogan, J. F., Marrocco, J. & McEwen, B. S. Genomic and

epigenomic mechanisms of glucocorticoids in the brain. Nat. Rev.
Endocrinol. 13, 661–673 (2017).

2. Mifsud, K. R. & Reul, J. M. Acute stress enhances heterodimerization
andbinding of corticosteroid receptors at glucocorticoid target genes
in the hippocampus. Proc. Natl. Acad. Sci. USA 113, 11336–11341
(2016).

3. Herman, J. P., Patel, P. D., Akil, H. & Watson, S. J. Localization and
regulation of glucocorticoid and mineralocorticoid receptor
messenger RNAs in the hippocampal formation of the rat. Mol.
Endocrinol. 3, 1886–1894 (1989).

4. Vazquez, D. M. et al. Alpha, beta, and gamma mineralocorticoid
receptor messenger ribonucleic acid splice variants: differential
expression and rapid regulation in the developing hippocampus.
Endocrinology 139, 3165–3177 (1998).

5. McCann, K. E. et al. Novel role for mineralocorticoid receptors in
control of a neuronal phenotype.Mol. Psychiatry 26, 350–364 (2021).

6. Zhao, M., Choi, Y. S., Obrietan, K. & Dudek, S. M. Synaptic plasticity
(and the lack thereof) in hippocampal CA2 neurons. J. Neurosci. 27,
12025–12032 (2007).

7. Lee, S. E. et al. RGS14 is a natural suppressor of both synaptic
plasticity in CA2 neurons and hippocampal-based learning and
memory. Proc. Natl. Acad. Sci. USA 107, 16994–16998 (2010).

8. Carstens, K. E., Phillips, M. L., Pozzo-Miller, L., Weinberg, R. J. &
Dudek, S. M. Perineuronal nets suppress plasticity of excitatory
synapses on CA2 pyramidal neurons. J. Neurosci. 36, 6312–6320
(2016).

9. Simons, S. B., Escobedo, Y., Yasuda, R. & Dudek, S. M. Regional
differences in hippocampal calcium handling provide a cellular
mechanism for limiting plasticity. Proc. Natl. Acad. Sci. USA 106,
14080–14084 (2009).

10. Farris, S. et al. Hippocampal subregions express distinct dendritic
transcriptomes that reveal differences in mitochondrial function in
CA2. Cell Rep. 29, 522–539 e526 (2019).

11. Berger, S. et al. Loss of the limbic mineralocorticoid receptor impairs
behavioral plasticity. Proc. Natl. Acad. Sci. USA 103, 195–200
(2006).

12. Ter Horst, J. P. et al. Deletion of the forebrain mineralocorticoid
receptor impairs social discrimination and decision-making in male,
but not in female mice. Front Behav. Neurosci. 8, 26 (2014).

13. Hitti, F. L. & Siegelbaum, S. A. The hippocampal CA2 region is
essential for social memory. Nature 508, 88–92 (2014).

14. Leroy, F. et al. A circuit from hippocampal CA2 to lateral septum
disinhibits social aggression. Nature 564, 213–218 (2018).

15. Radzicki, D., McCann, K. E., Alexander, G. M. & Dudek, S. M.
Hippocampal area CA2 activity supports social investigation
following an acute social stress.Mol. Psychiatry, (2024).

16. Ruzzo,E.K. et al. Inheritedanddenovogenetic risk for autism impacts
shared networks. Cell 178, 850–866 e826 (2019).

17. Cukier, H. N. et al. Three brothers with autism carry a stop-gain
mutation in the HPA-axis gene NR3C2. Autism Res 13, 523–531
(2020).

18. Polman, J. A., de Kloet, E. R. & Datson, N. A. Two populations of
glucocorticoid receptor-binding sites in the male rat hippocampal
genome. Endocrinology 154, 1832–1844 (2013).

19. Mifsud, K. R. et al. Distinct regulation of hippocampal neuroplasticity
and ciliary genes by corticosteroid receptors.Nat. Commun. 12, 4737
(2021).

20. van Weert, L. et al. Identification of mineralocorticoid receptor target
genes in the mouse hippocampus. J. Neuroendocrinol. 31, e12735
(2019).

21. Viho, E. M. G., Buurstede, J. C., Berkhout, J. B., Mahfouz, A. &Meijer,
O. C. Cell type specificity of glucocorticoid signaling in the adult
mouse hippocampus. J. Neuroendocrinol. 34, e13072 (2022).

22. Oakley, R. H. et al. Combinatorial actions of glucocorticoid and
mineralocorticoid stress hormone receptors are required for
preventing neurodegeneration of the mouse hippocampus.
Neurobiol. Stress 15, 100369 (2021).

23. De Boer, S. F. & Van der Gugten, J. Daily variations in plasma
noradrenaline, adrenaline and corticosterone concentrations in rats.
Physiol. Behav. 40, 323–328 (1987).

24. Li, Y. et al. An association study of clock genes with major depressive
disorder. J. Affect Disord. 341, 147–153 (2023).

25. Koopmans, F. et al. SynGO: an evidence-based, expert-curated
knowledge base for the synapse. Neuron 103, 217–234 e214 (2019).

26. McCurley, A. et al. Direct regulation of blood pressure by smooth
muscle cell mineralocorticoid receptors. Nat. Med. 18, 1429–1433
(2012).

27. Vanrobaeys, Y. et al. Mapping the spatial transcriptomic signature of
the hippocampus during memory consolidation. Nat. Commun. 14,
6100 (2023).

28. Satija, R., Farrell, J. A., Gennert, D., Schier, A. F. & Regev, A. Spatial
reconstruction of single-cell gene expression data. Nat. Biotechnol.
33, 495–502 (2015).

29. Hafemeister, C. &Satija, R.Normalization andvariance stabilization of
single-cell RNA-seq data using regularized negative binomial
regression. Genome Biol. 20, 296 (2019).

30. Korsunsky, I. et al. Fast, sensitive and accurate integration of single-
cell data with Harmony. Nat. Methods 16, 1289–1296 (2019).

31. Goedhart, J. & Luijsterburg, M. S. VolcaNoseR is a web app for
creating, exploring, labeling and sharing volcano plots. Sci. Rep. 10,
20560 (2020).

https://doi.org/10.1038/s42003-025-08378-0 Article

Communications Biology |          (2025) 8:1037 7

https://www.syngoportal.org/
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://huygens.science.uva.nl/VolcaNoseR/
www.nature.com/commsbio


32. Oliveros, J. C. Venny. An interactive tool for comparing lists with
Venn’s diagrams. (2007-2015) https://bioinfogp.cnb.csic.es/tools/
venny/index.html.

Acknowledgements
We would like to thank Eli Ney of the NIEHS Comparative & Molecular
Pathogenesis Branch for scanning the Visium slides and Victor Catalan
Gallegos and Priyanka Singh for cutting the brain tissue. We also thank
members of the NIEHS FluorescenceMicroscopy and Imaging Center. This
researchwas fundedby the IntramuralResearchProgramof theNIEHS,NIH,
ES100221.

Author contributions
S.D.,G.A., andS.P. conceivedof the study. Experimentswere performedby
E.H., S.J., G.A., S.P., and X.X. Data were analyzed by E.H., G.A., T.Y.W.,
J.W., andB.K.S.D., E.H., B.K., S.J., andG.A.wrote thepaperwith input from
the other authors.

Funding
Open access funding provided by the National Institutes of Health.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-025-08378-0.

Correspondence and requests for materials should be addressed to
Serena M. Dudek.

Peer review informationCommunicationsBiology thanksOnnoMeijer, and
the other, anonymous, reviewer(s) for their contribution to the peer review of
this work. Primary Handling Editor: Benjamin Bessieres. A peer review file is
available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

This is aU.S.Governmentwork andnot under copyright protection in theUS;
foreign copyright protection may apply 2025

https://doi.org/10.1038/s42003-025-08378-0 Article

Communications Biology |          (2025) 8:1037 8

https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://doi.org/10.1038/s42003-025-08378-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Mineralocorticoid receptor knockout alters hippocampal CA2 neurons to become like those in CA1
	Results and Discussion
	Methods
	Animals
	Spatial Transcriptomics
	Single-molecule fluorescent in situ hybridization and imaging
	Histology
	Statistics and Reproducibility
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




