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Abstract

Corticosteroids are stress-related hormones that maintain homeostasis. The most ef-
fective corticosteroids are corticosterone (CORT) in rodents and cortisol in primates.
11B-Hydroxysteroid dehydrogenase type 1 (118-HSD1; EC 1.1.1.146), encoded by
Hsd11b1, is a key regulator of the local concentration of CORT/cortisol. Hsd11b1 ex-
pression in layer 5 of the primary somatosensory cortex has been shown in adult mice.
However, its localization in the entire neocortex, especially during development, has
not been fully addressed. Here, we established robust and dynamic expression pro-
files of Hsd11b1 in the developing mouse neocortex. Hsd11b1 was found mostly in py-
ramidal neurons. By retrograde tracing, we observed that some Hsd11b1-positive cells
were projection neurons, indicating that at least some were excitatory. At postnatal
day O (P0), Hsd11b1 was expressed in the deep layer of the somatosensory cortex.
Then, from P3 to P8, the expression area expanded broadly; it was observed in lay-
ers 4 and 5, spanning the whole neocortex, including the primary motor cortex (M1)
and the primary visual cortex (V1). The positive region gradually narrowed from P14
onwards and was ultimately limited to layer 5 of the somatosensory cortex at P26 and
later. Furthermore, we administered CORT to nursing dams to increase the systemic
CORT level of their pups. Here, we observed a reduced number of Hsd11b1-positive
cells in the neocortex of these pups. Our observation suggests that Hsd11b1 expres-
sion in the developing neocortex is affected by systemic CORT levels. It is possible

that stress on mothers influences the neocortical development of their children.
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Corticosteroids play an important role in the maintenance of homeo-
stasis. The most effective corticosteroids are corticosterone (CORT)
in rodents and cortisol in primates (Scorrano et al., 2015). Their local
concentrations are controlled by 11p-HSD1, encoded by Hsd11b1,
which converts inactive 11-dehydrocorticosterone and cortisone
into active CORT and cortisol, respectively (Sandeep & Walker,
2001; Seckl, 1997). Whereas this enzyme works inside cells, CORT
and cortisol are capable of functioning outside cells owing to their
lipid permeability (Andrew et al., 2005; Yau et al., 2007).

Hsd11b1 is expressed in various tissues, including the brain.
11B-HSD1 regulates CORT levels in the hippocampus (Holmes
et al., 2010). Two different types of receptors for CORT/cortisol,
mineralocorticoid receptor (MR) and glucocorticoid receptor (GR),
have been reported (Funder 1997). The MRs are occupied and pre-
dominantly activated by a low level of CORT, whereas the GRs, in
addition to MRs, are occupied and activated by a high level of CORT
(Chapman et al., 2013). More interestingly, a low level of CORT, ap-
parently via MRs, leads to enhanced long-term potentiation (LTP),
whereas a high level of CORT, seemingly via both MRs and GRs,
results in contrasting effects and a decrease in LTP (Diamond et al.,
1992). Furthermore, corticosteroids suppress microglial prolifera-
tion. GR-mediated microglial activation and dendritic spine plas-
ticity have also been reported (Moda-Sava et al., 2019; Pedrazzoli
et al.,, 2019).

Although the underlying mechanisms are not fully elucidated, it
is likely that CORT/cortisol plays an important role in brain develop-
ment. Strong stress due to maternal separation reduces the number
of spines of a neuron and induces hypersensitivity to somatosen-
sory stimulation, as evaluated by the von Frey hair test in the mouse
(Takatsuru et al., 2009). It has been shown that the blood level of
CORT is elevated by stress and that a high blood level of CORT
during the suckling period leads to cognitive impairment (Macri et al.,
20009). Clinically, it is suggested that there is a relationship between
the childhood blood cortisol level and the strength of amygdala-
mPFC connectivity, which is related to emotion (Burghy et al., 2012).
Therefore, the level of CORT/cortisol in situ must be precisely con-
trolled during brain development.

Although the involvement of 11p-HSD1 is assumed to be re-
lated to the local concentration of CORT/cortisol, when and where
118-HSD1 works have not been fully understood. Here, focusing on
the neocortex, we examined the temporal and spatial expression of
Hsd11b1, especially during development. Furthermore, we specifi-
cally asked how Hsd11b1 expression was regulated. Unexpectedly,
robust and dynamic developmental profiles of Hsd11b1l were ob-
served. More importantly, our results suggest specific crosstalk be-
tween systemic CORT and local Hsd11b1 expression.

2 | MATERIALS AND METHODS

This study was not pre-registered.

2.1 | Animals

In this study, wild-type male ICR mice were purchased from SLC
Japan (Cat#5652524, RRID: MGI:5652524). Mice were able to ac-
cess food and water freely. They were housed under a 12-h light/
dark cycle. Postnatal day O (PO) was defined as the date of birth. All
animal procedures were approved by the Animal Experimentation
Committee of Osaka University and were performed in accordance
with the Regulation on Animal Experimentation at Osaka University
(approval reference number: 30-061-012) and the ARRIVE guide-
lines. In this study, we used a combination anesthetic (MMB: 0.3 mg/
kg medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorpha-
nol) and hypothermia to minimize animal suffering. We chose MMB
in accordance with the anesthesia guidelines issued by the Animal
Experimentation Committee of Osaka University. The total num-
ber of mice used in this study was 63. To examine the distribution
pattern of Hsd11b1-positive cells in the developmental cortex, we
used 27 mice. For retrograde tracing, we used three mice. In the
whisker ablation experiment, we used three mice. In the CORT ad-
ministration experiment (P21-P31), we used three mice per group.
In the CORT administration experiment (P1-P11), we used 12 mice
per group to measure the blood concentration of CORT and ana-
lyzed six mice per group. After surgery, the operated animals did not
show any pain-related behaviors, such as twisting their body and/
or decreasing in appetite. Therefore, we did not apply pain medica-
tion after the surgery. In anesthesia and post-operative care, we fol-
lowed the recommendation by the Institute of Experimental Animal

Sciences Faculty of Medicine, Osaka University.

2.2 | Retrograde tracing

Mice were anesthetized with MMB by intraperitoneal injection and
fixed on the stereotaxic frame. Then, the skull was opened. Four
percent FG (Cat#52-9400, Fluorochrome, Inc) in DDW contain-
ing 1 mg/mL Fast Green (Cat#F7258-25G, Sigma-Aldrich) was in-
jected into ¢S1 (1.5 mm posterior to bregma, 3.0 mm lateral, 0.5 mm
below the surface), (1.0, 3.0, 0.5), (0.5, 3.0, 0.5), (0.0, 3.0, 0.5) or M1
(0.7 mm anterior to bregma, 1.0 mm lateral, 0.75 mm below the sur-
face), (1.2, 1.2, 0.75), (1.5, 1.5, 0.75) with a glass pipette connected
with a Hamilton syringe (Cat#4015-21011, Hamilton Company).
The scalp was sutured after injection. After 5 days, mice were an-
esthetized with MMB and transcardially perfused with cooled
phosphate-buffered saline (PBS) followed by 4% paraformaldehyde
(PFA) in PBS. No exclusion criteria were predetermined, and no ani-
mals were excluded. We performed tracer injection in the afternoon
(13:00-20:00).

2.3 | Tissue processing

Mice (PO, P3, P4, P6, P8, P14, P17, P26, P56) were anesthetized with
MMB by intraperitoneal injection and transcardially perfused with
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cooled PBS and then with 4% PFA in PBS. Brains were dissected out
and fixed in 4% PFA in PBS for 24 h at 4°C and then cryoprotected
in 30% sucrose in PBS for 48 h at 4°C. Brains were embedded in
O.C.T. Compound (Cat#45833, SFJ) and then sliced into 16-um coro-
nal sections using a cryostat (Leica, CM3050S, RRID: SCR_016844).
Sections were thaw mounted on SuperFrost glass slides (Cat#52443,

Matsunami) and kept in freezer at -80°C.

2.4 | Probe generation

cDNA fragments of Hsd11b1 were amplified with PCR using mouse
brain cDNA as a template and the following primer pair: Hsd11b1-Fw:
5" CCAGGGAAAGAAAGTGATTGTC 3' and Hsd1ibi-Rv: 5’
GTTCTAAGACCACTCACCAGGG 3'. The amplified fragment was
cloned into the pGEM-T vector (Cat#A3600, Promega) and digested
with Ncol for linearization. The sequence of the amplified fragment
was confirmed by Sanger sequencing. In vitro transcription was per-
formed with SP6 RNA polymerase (Cat#10810274001, Roche) using
linearized template and DIG RNA labeling mix (Cat#11277073910,

Roche) according to the manufacturer's instructions.

2.5 | Insitu hybridization

Sections were air-dried for 1 h and then fixed in 4% PFA for 10 min.
After the endogenous alkaline phosphatases were inactivated in 0.2 M
HCI for 10 min, the sections were permeabilized with proteinase K
(3.85 ug/mL; Cat#03115828001, Roche) at 37°C (PO, P3, 3 min; P4, Pé,
4 min; P8, P14, 5 min; and P26, 10 min). Next, sections were acetylated
with acetic anhydride in 0.1 M triethanolamine (pH 8.0) for 10 min and
equilibrated with 5x SSC for more than 10 min. Sections were rinsed
with PBS for 5 min in between steps. Finally, the sections were hybrid-
ized with the Hsd11b1 probe in hybridization buffer (50% formamide,
5% SSC, 0.1 mg/mL Baker's yeast tRNA; Cat#10109495001, Roche) for
16 h at 55°C. The next day, sections were washed in the following steps:
5% SSC, 20 min at room temperature (RT, 22-24°C); 2x SSC, 20 min at
65°C; 0.2 x SSC, 20 min at 65°C; 0.2 x SSC, 20 min at 65°C. After a
rinse in PBS, the sections were treated with blocking buffer (1% block-
ing reagent in PBS; Cat#11096176001, Roche) for 1 h at RT. Then, the
sections were reacted with anti-DIG coupled with alkaline phosphatase
(Fab fragment) (Cat#1109274910, Roche) (1:1000 dilution in blocking
buffer) for 2 h at RT. Finally, the signals were detected using nitro blue
tetrazolium chloride/5-bromo-4-chloro-3-indolyl-phosphate  (NBT/
BCIP; Cat#1138312301, Cat#11383221001, Roche). Sections were
mounted with Fluoromount™ (Cat#K 024, Diagnostic BioSystems) and
kept at 4°C until microscopic observation.

2.6 | Immunohistochemistry (IHC)

The primary antibodies used in this study were as follows: anti-
Ctip2 (1:400; rat; Cat#ab18465, RRID: AB_2064130, Abcam)

JNC e ‘=—Wl LEy- L

and anti-Cux1 (1:200; rabbit; Cat#sc-13024, RRID: AB_2261231,
Santa Cruz). The secondary antibodies used in this study were
Alexa Fluor™ 488 donkey anti-rabbit (1:200; Cat#A-21206, RRID:
AB_2535792, Invitrogen) and Alexa Fluor 568 donkey anti-rat
(1:200; Cat#ab175475, RRID: AB_2636887, Abcam). Sections were
air-dried for 30 min and treated with 10 mM citrate buffer (pH 6.0)

to retrieve antigens for 1 min at 105°C in an autoclave. After cooling
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to RT, sections were washed with PBS and then treated with block-
ing solution (5% normal donkey serum, 0.1% Triton X-100 in PBS) for
1 h at RT. Then, the sections were incubated with primary antibody
diluted in blocking solution for 24 h at 4°C. Next, the sections were
washed in PBS and incubated with secondary antibody for 2 h at RT
followed by another rinse in PBS. Sections were counterstained with
DAPI (Cat#340-07971, DOJINDO) for 10 min. Finally, the sections

were washed in PBS and mounted with Fluoromount™.

2.7 | Nisslstaining

The brain sections were air-dried for 30 min and washed with PBS
followed by incubation with 8.3 x 107*% toluidine blue solution
(Cat#40200-30, Kanto Chemical Co., Inc.) for 10 min. After a brief
rinse in PBS, the sections were washed with 95% and 100% etha-
nol. Then, the sections were cleared with 100% xylene for 5 sec-
onds three times. Finally, they were mounted with Entellan new
rapid mounting medium (Cat#107961, Merck) before microscopic
observation.

2.8 | Whisker ablation

At P3, mice were anesthetized by hypothermia, and then their
whiskers on the right were ablated using a soldering iron. At P26,
mice were anesthetized with MMB by intraperitoneal injection, and
perfused with PBS and PFA. After that their brains were dissected
out as described in the Tissue processing section. Control mice were
anesthetized by hypothermia at P3, but their whiskers were not
ablated. Treated mice and control mice were from the same litter.
We performed whisker ablation in the morning (10:00-11:00). Mice
were fixed in the afternoon (13:00-17:00). Schematic of the time
course of the whisker ablation experiment is shown in Figure 3a.

2.9 | CORT treatment

In the CORT administration experiment (P21-P31), at P21 to
P31, mice were administered 0.1 mg/mL corticosterone (CORT;
Cat#C0388, Tokyo Chemical Industry) in drinking water. Control
mice were treated with water without CORT. At P31, these mice
were perfused with PBS and PFA, and their brains were dissected
out as described in the Tissue processing section. Blood samples
were collected just before fixation (see the next section). In the
CORT administration experiment (P1-P11), four dams nursing P1


info:x-wiley/rrid/RRID
info:x-wiley/rrid/: S
info:x-wiley/rrid/CR_016844
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2064130
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2261231
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2535792
info:x-wiley/rrid/RRID
info:x-wiley/rrid/: A
info:x-wiley/rrid/B_2636887

DOl eT AL.

ﬂ_wl LEY- Journal of

JNCa==tA

pups were treated with CORT in their drinking water until the pups

Neurochemistry

reached P11. At that time, all male pups among these dams’ offspring
were perfused with PBS and PFA, and their brains were dissected
out as described in the Tissue processing section. The six pups with
the highest blood concentrations of CORT were selected for analy-
sis. In the control group, four dams nursing P1 pups were adminis-
tered drinking water without CORT, and then all male pups among
their offspring were collected at P11. In this case, each pup was as-
signed a random number, and the six pups with the highest numbers
were selected for analysis. Mice were treated with CORT from the
morning (10:00) of the first day until they were fixed in the after-
noon (12:00-14:00) of the last day. Schematic of the time course of
CORT administration experiment (P21-P31) is shown in Figure 4a.
Schematic of the time course of CORT administration experiment
(P1-P11) is shown in Figure 5a. In this study, group allocation and
data collection were performed by a single person. Therefore, no
blinding was performed. This study was exploratory.

2.10 | Quantification of blood
concentration of CORT

Blood samples were obtained from the hearts of the CORT-treated
(or control) mice just before these mice were perfused. The blood
samples were transferred into 1.5-mL tubes with 10 pL of 100 mg/
mL EDTA-2Na solution and mixed well by tapping. After 10 min of
centrifugation (1000 g, 4°C), the supernatants were transferred into
new tubes and stored at -80°C until shipping. CORT concentrations
were quantified by Yanaihara Institute Inc. using a corticosterone
EIA kit (Cat#YK240, Yanaihara Institute Inc.).

2.11 | Imaging analysis
Stained sections were imaged with an all-in-one fluorescence micro-
scope (BZ-X710, Keyence).

2.12 | Quantification analysis

To examine the effect of CORT administration (P21-P31) and whisker
ablation on Hsd11b1 expression in the neocortex, we analyzed the
distribution of Hsd11b1-positive cells in the neocortex. To create the
unrolled cortical map, we set the four segments (Segments A-D: see
below and Figure S3), and we measured the mediolateral spanning
lengths of these four segments along with the cortical surface with
ImageJ software (National Institutes of Health) in one hemisphere
of each coronal section. Segment A, ranging from the ventral edge
of the archicortex (dorsal peduncular, cingulate cortex, retrosplenial
cortex) to the medial edge of the neocortex (M2, medial parietal
association cortex, V2); Segment B, ranging from the ventral edge
of the archicortex to the medial edge of the Hsd11b1-positive cell
distribution area; Segment C, ranging from the ventral edge of the

archicortex to the lateral edge of the Hsd11b1-positive cell distribu-
tion area; Segment D, the entire surface of the dorsal cortex ranging
from the ventral edge of the archicortex to the dorsal edge of the
paleocortex (piriform cortex, entorhinal cortex). Edges were deter-
mined by comparison between the stained sections and the Allen
Brain Reference Atlas (Lein et al., 2007). Then, the lengths of the
archicortex and neocortex with or without Hsd11b1 expression were
calculated as follows: length of the archicortex (length of Segment
A), length of the neocortex with Hsd11b1-positive cells (length of
Segment C - length of Segment B), and length of the neocortex with-
out Hsd11b1-positive cells (length of Segment D - length of Segment
C, and length of Segment B - length of Segment A). The results are
shown using the horizontal cumulative bar chart (unrolled map).

Cell counting was performed by counting Hsd11b1-positive cells
in ROIs (0.4 x 1.15 mm) set in the barrel cortex (whisker ablation)
or in M1, S1, and V1 (CORT administration P1-P11). All the ROls
spanned the entire thickness of the cortex.

2.13 | Analysis of public RNAseq data

Expression of the Hsd11b1 gene across 1691 cells isolated from adult
mouse S1 was analyzed using public single-cell RNA-seq data (Zeisel
et al., 2015) as previously described (Tiong et al., 2019). The anno-
tated expression data (equivalent to the raw data in Gene Expression
Omnibus (GEO, https://www.ncbi.nIm.nih.gov/geo/) with the acces-
sion GSE60361 except for the cell type annotations) were obtained
from the Linnarsson laboratory website (http://linnarssonlab.org/
cortex). Hsd11b1-expressing cells (expression score >0) in each of
the six Level-1 classes (astrocytes, endothelial cells, interneurons,
microglia, oligodendrocytes, and pyramidal neurons) were plotted

according to their expression score.

2.14 | Statistical analyses

In the whisker ablation experiment (Figure 3b) and CORT adminis-
tration experiment (P21-P31) (Figure 4b), data are expressed as the
mean + SEM. In the whisker ablation experiment (Figure 3c), CORT
administration experiment (P1-P11) (Figure 5b), retrograde tracing
experiment (Figure S1c), and blood CORT concentration measure-
ments (Figures S4 and S5), data are presented as box-and-whisker
plots with individual data points. An outlier was defined as the da-
tapoint beyond 1.5x the interquartile range. In Figure S5, the filled
data points in red are used for cell counting, while an outlier is shown
as an open red point. The centerline represents the median; the
edges of the box are the first and third quartiles; the whiskers are
1.5x the interquartile range; cross marks, average. The normality of
our data was evaluated by the Shapiro-Wilk test. We could not ver-
ify the normality of our data; thus, all data were analyzed using the
non-parametric Wilcoxon rank sum test. In the CORT administration
experiment (P1-P11), an outlier was excluded (Figure 5b), but the full
data set (including the outlier) was also visualized (Figure Sé). In the
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preliminary CORT administration experiment (P1-P11) using three
animals in each group, the power and effect size calculated based
on the results were 0.63 and 2.6 respectively. Therefore, we set the
expected effect size for this CORT administration experiment as
2. We determined sample size as 6, since 6 satisfied the statistical
convention (power: 0.8, a error probability: 0.05). For calculation of
effect size and sample size, we used G*power 3.1 (Faul et al., 2009;
https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psych
ologie-und-arbeitspsychologie/gpower). Significance was defined as
p < 0.05. JMP® 14 (SAS Institute Inc.) was used for statistical analy-
sis. Full statistical reports are shown in Tables S1-54.

Custom-made materials will be shared upon reasonable request.

3 | RESULTS

3.1 | Hsd11b1-positive cells were distributed
primarily in S1 of the adult mouse neocortex

Since the tangential distribution pattern of Hsd11b1-positive cells
remains elusive, we examined Hsd11bl expression in the cortex
with ISH on coronal sections of the adult mouse brain (Figure 1).
Hsd11b1-positive cells were detected as a thin band primarily in S1
(Figure 1c-I). The areas directly neighboring S1 contained infrequent
positive cells, and no positive cells were found in other areas of the
neocortex. Within the archicortex, Hsd11b1-positive cells were de-
tected in the retrosplenial cortex (Figure 1h-m). In the adult mouse,
most Hsd11b1-positive cells were morphologically pyramidal neu-
rons according to the Nissl staining data (Figure 2B, k-k'’). Here,
we used three mice. Our retrograde tracer injection experiments
showed that the ratio of Hsd11b1-positive cells in the S1 neurons
projecting to ipsilateral M1 was 26.9 + 1.6%, whereas that to the
contralateral S1 was 15.8 + 1.5% (Figure S1a-c). In this experiment,
we used three mice. These results indicated that Hsd11b1-positive
cells contained excitatory neurons. Our analysis of a public single-
cell RNA-seq data set also indicated that Hsd11b1 is expressed in

some pyramidal neurons.

3.2 | Distribution pattern of Hsd11b1-positive
cortical cells dynamically changed during postnatal
development

We next asked whether the expression pattern described above
was maintained from the early developmental stage or gradually
shaped during development. We profiled the distribution pattern
of Hsd11bl-positive cells in the three primary cortices at multi-
ple postnatal stages (PO, P3, P4, P6, P8, P14, P17, P26, and P56)
by ISH (three mice for each stage). We found a dynamic change in
the gross distribution pattern of Hsd11b1-positive cells: cells at PO
were rather specifically localized in S1, then a gradual expansion
covering the entire neocortex was observed and peaking at P8, fol-
lowed by re-restriction down to S1 and the retrosplenial cortex at

24 ‘=—Wl LEYJ—5
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P56 (Figure 2A). We also investigated the distribution pattern in
M1, S1, and V1 (Figures 2B, S2). To identify the layer that contained
Hsd11b1-positive cells, we performed Nissl staining and IHC on ad-
jacent sections with antibodies against Cux1 and Ctip2 as markers
for layers 2-4 and layer 5, respectively. At PO, Hsd11b1-positive cells
were detected only in S1 among the three areas (Figure 2B, b). These
cells in S1 were distributed from the deeper region of layer 4 to
layer 5 (Figure 2B, b-b"’). Faint expression of Hsd11b1 was observed
broadly in a radial manner around these cells (Figure 2B, b). At P3,
the laminar distribution of Hsd11b1-positive cells in S1 (Figure 2B,
e) became broader than that at PO (Figure 2B, b). A number of dis-
crete cells with high expression was seen within the broad Hsd11b1
expression area (Figure 2B, e). In addition, we also observed broad
expression and discrete cells with high expression in the same lay-
ers in V1 (Figure 2B, f-f'). At P8, in S1, the discrete cells with high
expression were largely confined within layer 5 (Figure 2B, h-h""),
while there was no notable change in the broadness of the expres-
sion layers compared to P3 (Figure 2B, e-e"’). The expression pattern
in V1 (Figure 2B, i-i"") did not show obvious differences from that at
P3 (Figure 2B, f-f'’). At this stage, in M1, both radially broad expres-
sion and discrete cells were observed (Figure 2B, g). At P26 and P56,
Hsd11b1-positive cells were not observed in M1 and V1 (Figure 2B, j,
Figure 2B, |, Figure S2h, i, z, aa), while still observed in S1 (Figure 2B,
k, Figure S2q, r). Interestingly, only discrete cells with high expres-
sion were mostly confined within layer 5 (Figure 2B, k-k"/, Figure
S2g-q", r-r""). Overall, the Hsd11b1 expression pattern dynamically
changed during postnatal development and stabilized to a restricted

pattern of expression in layer 5 of S1 after P26.

3.3 | Hsdi1b1-positive cell distribution did not
depend on sensory inputs

We asked what shape the expression pattern of Hsd11b1 in the cor-
tex. We examined whether stable Hsd11b1 expressionin S1 after P26
depends on sensory input. The somatosensory information from one
side of the animal is conveyed to S1 on the contralateral hemisphere
of the cortex (Fenlon et al., 2017). Therefore, if sensory input affects
the expression of Hsd11b1 in S1, blocking sensory input unilaterally
would cause distribution changes in the contralateral hemisphere
but not in the ipsilateral hemisphere. Within S1, we focused on the
barrel cortex that receives sensory information detected by whisk-
ers (Petersen, 2007). We ablated the whiskers on the right side of
three mice by cauterization at P3 and then examined whether the
distribution of Hsd11b1-positive cells in the neocortex was altered at
P26 by ISH (Figure 3a).

First, we measured the mediolateral spanning lengths of the
Hsd11b1-expressing region along the cortical surface of the cortexin
coronal sections, including the barrel cortex. To define and describe
the Hsd11b1 expression region precisely, we set the four segments
(Figure S3a). We presented this result as an unrolled map (Figure 3b,
Figure S3B). There was no significant difference in the mediolat-
eral spanning lengths of the Hsd11bl-expressing regions between
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FIGURE 1 Hsd11b1 was expressed in limited cortical areas in adult mice. Hsd11b1 mRNA expression was examined by ISH using coronal
sections of the adult (P56) mouse cerebral cortices (a-m). Sections that cover the full rostrocaudal range of Hsd11b1 expression in S1

are shown. (a) is the most rostral and (m) is the most caudal. (c-1) Hsd11b1 expression was detected as a band in S1 and S2. The Hsd11b1-
expressing regions in the neocortex are indicated with arrowheads. (h-m) Hsd11b1 expression was also detected in the hippocampus (hippo)
and the retrosplenial cortex (RS). Scale bar, 500 um. N = 3 mice. The representative images are shown. (d) and (i) are flipped horizontally from
the original images

the two hemispheres. We next counted the numbers of Hsd11b1- cortices (Figure 3c). These results suggest that the distribution pat-
positive cells in the ROIs set in the barrel cortex. We found no dif- tern and density of Hsd11b1-positive cells in S1 do not depend on
ference in the numbers between the ipsi- and contralateral barrel sensory inputs.

FIGURE 2 The distribution pattern of Hsd11b1-positive cells dynamically changed during postnatal development. (A) Coronal sections

at the S1 level of mice at four postnatal stages (PO, P3, P8, and P56). Hsd11b1 expression was examined by ISH. The Hsd11b1-expressing
regions in the neocortex are indicated with arrowheads. The distribution of Hsd11b1-positive cells dynamically changed with development,
especially in the neocortex. Scale bar, 500 um. The original image of panel A “P56” is identical to that of Figure 1j. (B) (a-I) Higher
magnification views of the three primary cortical areas (M1, S1, and V1) in the neocortex of the same animals in (A). The cortical layers are
shown (L1, layer 1; L2/3, layer 2/3; L4, layer 4; L5, layer 5; and L6, layer 6). The inset in (b) shows the higher magnification image of the boxed
area. Scale bar in the inset, 50 um. (a'-I') IHC with antibodies against Cux1 (layer 2-4 marker) and Ctip2 (layer 5 marker) on the adjacent
sections of (a-1). (a"-1") Nissl staining on the adjacent sections of (a-1). Dotted lines, the borders between the neocortex and the white matter.
Scale bar, 100 um. N = 3 mice. Medial is to the left, lateral is to the right. Panels of all analyzed developmental stages are shown in Figure S2
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FIGURE 3 Sensory input did not affect the tangential
distribution pattern or density of Hsd11b1-positive cells in the
barrel cortex. We ablated whiskers on the right side of the snout
at P3 and examined the expression pattern of Hsd11b1 by ISH

at P26 in the cortex. (a) Schematic of the time course of the
whisker ablation experiment. (b) Unrolled maps of the cortices
ipsilateral and contralateral to the whisker-ablated side show the
Hsd11b1 expression areas in the coronal sections containing the
barrel cortex. In each bar, green and light brown parts show the
distribution areas of Hsd11b1-positive cells. The gray parts show
the archicortex and neocortex without Hsd11b1-positive cells.
These data are mean + SEM; N = 3 mice. The data were analyzed
using the Wilcoxon rank sum test. Full statistical reports are shown
in Table S1. (c) Quantification of the number of Hsd11b1-positive
cells in the ROIs set in the barrel cortices ipsilateral (green) and
contralateral (light brown) to the whisker-ablated side. Data are
presented as box-and-whisker plots with individual data points.
Centerline, median; box edges, upper and lower quartiles including
median; whiskers, 1.5x interquartile range; cross marks, average.
N = 3 mice. The data were analyzed using the Wilcoxon rank sum
test. Full statistical reports are shown in Table S1

3.4 | CORT administration for 10 days from
P21 had no effect on the distribution pattern of
Hsd11b1-positive cells

Hsd11b1 encodes 11p-HSD1, which controls the local activation of
CORT (Seckl & Walker, 2001; Yau & Seckl, 2012). Thus, we exam-
ined the relationship between CORT and Hsd11b1-positive cells in
the cortex. We tested whether an increase in blood CORT levels af-
fected the expression of Hsd11b1 in cortical cells since Hsd11b1 is
under the control of CORT via glucocorticoid-responsive elements
(GREs) in humans (Inder et al., 2012). We administered CORT in
drinking water to the mice for 10 days from P21 onwards and ob-
served the distribution pattern of Hsd11b1-positive cells by ISH at
P31 (Figure 4a). An increase in the blood concentration of CORT
was confirmed in the CORT-treated group (Figure S4). Here, we
concluded that there was no difference between these two groups
(three mice per group) in the distribution pattern of the Hsd11b1-
expressing region (Figure 4b).

3.5 | CORT administration at the early postnatal
stage affected the number of Hsd11b1-positive cells
in the cortex

Next, we asked whether high blood levels of CORT affect the dy-
namic expression profile during early development. We examined the
effects of CORT administration for 10 days from P1 on the distri-
bution of Hsd11b1-positive cells at P11 (Figure 5a). We administered
CORT to nursing dams to increase the systemic CORT level of their
pups (CORT-treated group). Statistically, an increase in the blood
concentration of CORT was confirmed in the CORT-treated group
(12 pups per group) (Figure S5). In detail, increases in the blood con-
centration of CORT were observed only in six pups of CORT-treated
group. In the other six pups in the CORT-treated group, the blood
concentrations of CORT were comparable with those of the control
group. There was an outlier that is over 1.5x the interquartile range,
of which systemic CORT level was too high, in the former six pups of
the CORT-treated group. To study the correlation between systemic
CORT level and expression of Hsd11b1, we selected five pups (exclud-
ing the outlier) with the highest blood concentrations of CORT for
further cell counting. Since Hsd11b1-positive cells were distributed
widely throughout the cortex, we evaluated the effects by count-
ing the number of Hsd11b1-positive cells in the regions of interest
(ROIs) set in three areas (M1, S1, and V1) (Figure 5b). In all regions, the
number of Hsd11b1-positive cells was significantly decreased in the
CORT-treated group compared with the control group (Figure 5b).
We also showed the data including the outlier as Figure S6. These
results suggest that high blood levels of CORT in the early postnatal
stage decrease the number of Hsd11b1-positive cells at P11.
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FIGURE 4 Tangential distribution pattern of Hsd11b1-positive cells with CORT administration from P21 to P31. (a) Schematic of the time
course of CORT administration. (b) Unrolled maps of the cortex show the Hsd11b1 expression area at 10 rostrocaudal levels represented

as cumulative bar graphs of length along the cortical surface of coronal sections. The bregma level is shown with the dotted line. In each
bar, the pink and blue bars show the distribution areas of Hsd11b1-positive cells in CORT-treated and control mice. The gray parts show the
archicortex and the neocortex without Hsd11b1-positive cells. The data are mean + SEM; N = 3 mice for each group. In the bars without
error bars, the sections with Hsd11b1-positive cells were not enough to calculate SEM. The average distance from bregma at each level and
the ranges are as follows: level 1, 2.18 mm (2.34-2.10 mm); level 2, 1.70 mm (1.94-1.54 mm); level 3, 1.10 mm (1.18-0.98 mm); level 4, 0.36
mm (0.62-0.14 mm); level 5, -0.52 mm (-0.46 to -0.70); level 6, -1.00 mm (-0.94 to -1.06 mm); level 7, -1.44 mm (-1.34 to -1.58 mm); level

8, -1.86 mm (-1.70 to -1.94 mm); level 9, -2.28 mm (-2.18 to -2.46 mm); and level 10, -2.83 mm (-2.70 to -3.08 mm). The data were analyzed
using the Wilcoxon rank sum test. Full statistical reports are shown in Table S2

4 | DISCUSSION

In this study, we demonstrated that the Hsd11b1 expression pattern
changed dynamically in the developing neocortex. At PO, Hsd11b1
expression was observed only in S1. The area where expression was
observed gradually expanded from P3 and then reached a peak around
P8 to P14. After that, the areas of ISH-positive cells gradually nar-
rowed and finally settled in layer 5 of S1 after P26. The period when
the Hsd11bl-expressing region expanded (P3-P14) overlapped with

the critical period of synaptic or structural plasticity in the neocortex.
Additionally, the peak term of Hsd11bl expression almost coincides
with the period when synapse formation induced by microglia occurs
(P8-P10) (Miyamoto et al., 2016). It is also known that microglial prolif-
eration is induced by CORT (Nair & Bonneau, 2006) and dendritic spine
pruning is induced by chronic high CORT (Moda-Sava et al., 2019).
Based on these observations, it is likely that the local CORT regulated
by the effect of 113-HSD1 is involved in normal circuit formation in the
developing neocortex, possibly by controlling the number of microglia.
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FIGURE 5 The number of Hsd11b1-positive cells was decreased
by CORT administration to the nursing dams from P1 to P11. (a)
Schematic of the time course of CORT administration to the nursing
dams. (b) Quantification of the numbers of Hsd11b1-positive cells

in the ROIs set in three primary cortical areas (M1, S1, and V1). The
pink and blue bars show data from the CORT-treated and control
mouse groups. An outlier is excluded (In Figure Sé, the full data set
was also visualized). Data are presented as box-and-whisker plots
with individual data points. Centerline, median; box edges, upper and
lower quartiles including median; whiskers, 1.5x interquartile range;
cross marks, average. N = 6 mice for each group. Asterisks show
significant differences with p < 0.05. The data were analyzed using
the Wilcoxon rank sum test. Full statistical reports are shown in
Table S3. We performed post hoc power analysis and confirmed that
the power of each test was over 0.8 (M1: 0.98, S1: 0.99, V1: 1.00)

Our observation of a transient increase in Hsd11b1 expression
suggests that the developing neocortex, especially at approximately
P8 to P14, may need the higher local concentration of CORT than the
systemic level. In the CORT administration experiment during early
postnatal development, we observed reduced numbers of Hsd11b1-
positive cells compared with the control at P11 when expanded ex-
pression regions were observed in the neocortex. Therefore, there is
possibly a mechanism that adjusts the local CORT concentration to
the situation and prevents it from overshooting. In addition, our ob-
servations indicate that stress in nursing dams potentially influences
the development of the pups’ brains through 118-HSD1.

The expression of Hsd11b1 is known to be regulated by two spe-
cific promoters, known as the P1 and P2 promoters. Furthermore,

Hsd11b1 transcription regulators, including CCAAT/enhancer-binding
protein beta (C/EBPB), peroxisome proliferator-activated receptors
(PPARs), and tumor necrosis factor o (TNF-a), have been reported in
mice (Chapman et al., 2013). The mechanism of 11p-HSD1 activity
regulation varies from organ to organ (Bruley et al., 2006). Thus, it
will be important for future studies to reveal the exact mechanisms
of 118-HSD1 activity regulation in the developing mouse neocortex.
Recently, it has been increasingly recognized that early-life stress
affects neural circuits and brain function. For example, in mice, stress
caused by maternal separation before weaning induces hypersensitiv-
ity in adults (Takatsuru et al., 2009). In humans, higher stress-related
hormone levels at 4 years old are correlated with lower connectivity
between the prefrontal cortex and amygdala at 18 years old (Burghy
etal.,2012). Here, we identified the Hsd11b1 gene as one of the molec-
ular entitles that changes its expression in the developing neocortex,
depending on the level of the stress hormone during early postnatal
development. It is also known that 11p-HSD1 affects brain function.
A preceding study shows that 11[3-HSD1'/' mice resisted the memory
impairment induced by stress and aging, and the authors concluded
that hippocampal CORT generated by 11p-HSD1, which increases
with aging, impairs spatial memory in aged mice (Yau et al., 2015). Our
results should be a key to revealing the relationship between neonatal
stress, particularly reflecting those on mothers, and its effects on neo-
cortical development/functions via local hormonal regulation.
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