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A novel third mesh-like myometrial
layer connects the longitudinal and
circular muscle fibers -A potential
stratum to coordinate uterine
contractions-

Kyosuke Kagami'-2, Masanori Ono?, Takashi lizuka?, Takeo Matsumoto?, Takashi Hosono?,
Naomi Sekizuka-Kagami3, Yohei Shinmyo?, Hiroshi Kawasaki?™ & Hiroshi Fujiwaral ™

Periodic myometrial contraction is one of the important uterine functions to achieve embryo
implantation and parturition. Although it is well-known that the mammalian myometrium is composed
of longitudinal (outer) and circular (inner) layers, the precise mechanisms that coordinate both
muscular contractions to produce peristaltic movements remain unclear. Recently, by treatment with
our modified Clear Unobstructed Brain Imaging Cocktails and Computational analysis (CUBIC) tissue-
clearing method, we obtained well-contrasted three-dimensional images of the transparent murine
ovary using enhanced green fluorescent protein (EGFP) transgenic mice and light-sheet microscopy.
Consequently, to investigate accurate anatomical connections between outer and inner myometrial
fibers, we observed whole structures of the myometrium using a transparent murine uterus. By this
method, we identified a novel muscle layer, a middle layer of the myometrium, which anatomically
connects the conventional outer longitudinal and inner circular muscles. This new layer was visualized
as a mesh-like structure and this structure was observed throughout the whole uterus from proximal
to distal sites. In this area, CD31-positive vessels were abundantly localized around the mesh-like
muscle fibers. In addition, CD34-positive uterine telocytes and tubulin (3-3-positive nerve fibers were
closely located in this middle layer. These findings indicate the presence of a novel mesh-like stratum
that connects longitudinal and circular muscle layers, and suggest its coordinating role in myometrial
contractions.

The uterus is a crucial reproductive organ for pregnancy and has several characteristics'. First, it houses the
developing fetus, a semi-allograft of the mother, protecting the fetus from maternal immune attack?. Second,
it enlarges during pregnancy to allow intrauterine fetal growth®. Third, it undergoes peristaltic contraction to
achieve fetal delivery®. In general, the mammalian myometrium is composed of longitudinal (outer) and circular
(inner) muscle layers. To flexibly adapt to fetal growth and adequately coordinate labor contraction, anatomical
and functional communications between both muscle layers are important. Currently, inadequate uterine adap-
tation to fetal growth is known to lead to premature labor®, while abnormal peristaltic myometrial contraction is
considered to cause dysmenorrhea®, endometriosis”$, and infertility’. However, the precise mechanisms coordi-
nating the functions of both muscle layers remain unknown.

To analyze the stereoscopic anatomy of reproductive organs, classical preparation of tissue sections and his-
tological staining techniques have been performed. Although partial reconstruction of three-dimensional (3D)
images based on these techniques is possible!?, it is difficult to obtain whole 3D images of the uterus by a classi-
cal technique using sequential tissue sections alone. Recently, several groups developed excellent tissue-clearing
methods such as ScaleA2, See Deep Brain (SeeDB), CLARITY, 3D Imaging of Solvent-Cleared Organs (3DISCO),
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Figure 1. Tissue clearing of the uterus using CUBIC. (a) CUBIC protocol for the non-pregnant uterus. (b,c)
Bright-field images of the uterus of wild-type adult mice before (b) and after (c) tissue clearing. (d) A highly
magnified image within the white square of (b). (e) A highly magnified image within the white square of (c).
Scale bars, 4mm (b,c) and 2 mm (d,e).

and CUBIC, and succeeded in producing various transparent tissues''"'>. Combined with light-sheet laser scan-
ning microscopy, these methods can provide clear 3D images of whole organs without preparing tissue sec-
tions'®. Using a modified CUBIC tissue-clearing method, we also succeeded in making the pregnant murine
uterus transparent and analyzing the specific distribution of the embryo-derived trophoblast that had invaded
toward maternal uterine muscle layer'”. Furthermore, we observed that EGFP transgenic mice had various ranges
of cell-lineage-specific fluorescent activities, which enables us to create well-contrasted images'®. Accordingly,
we could obtain well-contrasted and 3D images of the whole ovary under light-sheet microscopy using a
tissue-clearing technique and EGFP transgenic mice’®.

Based on this advantage, we applied our modified CUBIC tissue-clearing method to the murine uterus to
analyze the 3D structure of myometrium and elucidate the physiological mechanism of uterine contraction.
Consequently, we identified a novel mesh-like muscle structure, a middle layer of myometrium, which anatomi-
cally connects the conventional outer longitudinal and inner circular muscle layers. Since this structure is one of
the candidates to explain the mechanisms coordinating uterine peristaltic contractions, we further analyzed the
mesh-like muscle region by immunohistochemical study together with 3D imaging under light-sheet microscopy.

Results

Tissue clearing of the non-pregnant uterus using the CUBIC method. Among several protocols
for tissue clearing, we chose CUBIC, which has a marked advantage of efficient decolorization of endogenous
chromophores within the tissues'. We previously reported that the pregnant uterus was effectively cleared by our
modified CUBIC method. Non-pregnant female mice were fixed with a transcardial perfusion of 4% paraformal-
dehyde (PFA), and the uterus was isolated. In accordance with the CUBIC protocol, the isolated uterus was first
immersed in CUBIC-1 reagent for 5 days, in 20% sucrose for 1 day, and subsequently in CUBIC-2 reagent for 2
days (Fig. 1a). Then, bright-field images were taken using a stereomicroscope.

As we previously observed in pregnant uterus, we found that the non-pregnant uterus became transpar-
ent using CUBIC (compare Fig. 1b,c). Importantly, the size of the uterus was not affected by CUBIC (compare
Fig. 1d,e), although it was often reported that the size of organs became larger after tissue clearing'?. These results
suggest that CUBIC is an appropriate method for making the non-pregnant uterus transparent even though it
contains thick myometrium.

Detection of a novel mesh-like muscle layer in the myometrium using the modified CUBIC
method and EGFP transgenic mice. To visualize fine structures in the uterus, we firstly combined CUBIC
with propidium iodide (PI) nuclear staining (modified CUBIC method) and observed PI images by light-sheet
microscopy. We successfully obtained not only sequential X-Y plane images but also angle-free cross-sectional
images of the uterus with single-cell resolution without making tissue sections and detected fluorescence PI sig-
nals deep in the uterus (Supplementary Figure S1 and Supplementary Video S1).

SCIENTIFIC REPORTS |

(2020) 10:8274 | https://doi.org/10.1038/s41598-020-65299-0


https://doi.org/10.1038/s41598-020-65299-0

www.nature.com/scientificreports/

Bridging
e muscle

Figure 2. Three-dimensional and cross-sectional images of the EGFP-positive mouse uterus. Female CAG-
EGFP transgenic mice were transcardially perfused with 4% PFA containing PI. After the isolated uterus

was subjected to CUBIC, 3D and cross-sectional images were taken by light-sheet microscopy. (a) A 3D

image of EGFP and PI signals of the uterus. (b) A sectional image within the white square of (a). (c) A highly
magnified image of (b). (d-f) Reconstructed sequential coronal image of the myometrium showed an outer
layer (d), middle layer (e), and inner layer (f). Note that EGFP fluorescence of the muscle fibers was high in

the myometrium, but very low in the endometrium. A mesh-like structure of muscle fibers that connected

the longitudinal and circumferential myometrium was observed in the middle muscle layer (arrowhead). Im,
longitudinal muscle layer; cm, circumferential muscle layer; end, endometrium; str, stromal cells; epi, epithelial
cells. Scale bars, 1 mm (a, b), 200 um (c), and 500 um (d-f).

Although PI nuclear staining clearly showed cellular distribution patterns, PI staining alone was not sufficient
to recognize the shape of the cell body and/or histological structures of the uterus containing many myocytes,
which have elongated cell bodies. Accordingly, we used transgenic mice expressing EGFP under the control of
the CAG promoter, which contains the chicken beta-actin promoter and cytomegalovirus enhancer. The uterus
of CAG-EGFP transgenic mice with PI staining was subjected to CUBIC, and 3D images were reconstructed by
light-sheet microscopy (Fig. 2a). We clearly observed strong EGFP fluorescence in the myometrial layer in 2D
images of X-Y cross-sections (Fig. 2b,c). Interestingly, although EGFP protein was clearly detected in both endo-
metrial and myometrial layers (Supplementary Figure S2b and c), EGFP fluorescent signals were relatively weak
in the endometrial component cells (Fig. 2c and Supplementary Figure S2a). This difference in EGFP signals facil-
itated recognition of the borderline between the endometrium and myometrium (Fig. 2b,c). The reconstructed
images demonstrated fine structures of the EGFP-positive myometrial layers (Supplementary Video S2).

In rodents, it was reported that the myometrium consists of two muscle components, the outer longitudinal
and inner circular muscle layers, and these two layers were separated by connective tissue and vasculature’.
Immunohistochemical staining showed that EGFP fluorescence-positive cells co-expressed aSMA, showing that
these EGFP-positive myometrial layers are composed of myocytes. Consequently, by our method, we clearly
observed a novel bridging muscle layer, a middle layer of myometrium, which anatomically connected the longi-
tudinal (Fig. 2d, Im) and circular muscle fibers (Fig. 2f, cm). We also found that these bridging muscles showed
a mesh-like structure (Fig. 2e). The whole image of this novel muscle layer can be observed by 3D video, and this
layer was demonstrated throughout the uterine tract (Supplementary Video S2). Furthermore, a stereoscopic
image, which was produced from the datasets of 3D images, provided on an intricate picture of these mesh-like
structures (Fig. 3).

Immunohistochemical examination of a mesh-like muscle layer.  Although the 3D reconstructed
uterine image showed the whole structures of bridging muscles, it could not provide us a detailed view of small
vascular structures. Consequently, we additionally performed immunohistochemical analysis. CD31-positive
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Figure 3. Stereoscopic image of the mesh-like muscle structure in the uterus of EGFP transgenic mice. Female
CAG-EGFP transgenic mice were transcardially perfused with 4% PFA containing PI. After the isolated uterus
was subjected to CUBIC, 3D images were taken by light-sheet microscopy, and then stereoscopic images were
reconstructed. When producing a combined stereoscopic image from right-and-left 2D figures, we can clearly
recognize an intricate whole picture of these mesh-like structures. Scale bars, 1 mm.

blood vessels are abundantly observed in this area (Fig. 4a). Muscular fibers run across the vessel-rich region in
the mesh-like layer (Fig. 4b).

In addition, the distribution of tubulin 3-3 (TUBB3)-positive nerve axons was dominantly observed within
the mesh-like muscle layer (Fig. 4c). Importantly, CD34-positive myometrial telocytes that possess elongated
and thin telopods were predominantly observed within the outer longitudinal layer (radially distributed, arrows
in Fig. 4d) and the middle mesh-like layer (circularly distributed, arrowheads in Fig. 4d), while its distribu-
tion is low within the inner circumferential muscles (Fig. 4d). Myometrial telocytes were functionally described
as pace-making cells, which create homo- and heterocellular junctions with blood capillaries, nerve bundles,
and muscle fibers*>?!. TUBB3-positive axonal fibers were observed to run along the CD34-positive telocytes
in the mesh-like muscle area (Fig. 4e). It was also shown that these TUBB3-positive axonal terminals attached
CD34-positive telocytes (Fig. 4f).

Discussion

Our modified CUBIC method combined with light-sheet microscopy successfully provided clear 3D images of
the murine uterus. Myoglobin is one of the endogenous chromophores that interfere with the transparency of
organs, and the uterus contains large amounts of myoglobin in the myometrial layer. Since aminoalcohol, which
is one of main components of CUBIC reagent 1, is effective for the elution of myoglobin, we previously used the
CUBIC method and succeeded in obtaining transparent images of the pregnant murine uterus'’. Accordingly,
we applied the CUBIC method to the non-pregnant uterus in this study, and confirmed that this method is also
useful to make the non-pregnant uterus become transparent.

Interestingly, although a previous study reported that EGFP is expressed in almost all kinds of cells in
CAG-EGFP transgenic mice??, our results showed that GFP fluorescence in the endometrium was relatively
weaker than that of the myometrium in CAG-EGFP transgenic mice. To investigate the reason for the reduc-
tion of EGFP fluorescence activity, we examined immunohistochemical expression of EGFP in the uterus of
CAG-EGFP transgenic mice. Contrary to EGFP fluorescence, EGFP immunoreactivity was strongly observed
in the endometrial stromal cells and weakly in the endometrial epithelial cells (Supplementary Figure S2), sug-
gesting that there are some differences in the efficiency of GFP gene expression under the control of the CAG
promoter in reproductive organs.

Although the murine myometrium has been considered a two-layer structure'®*, we here identified a novel
third muscle layer using EGFP transgenic mice, which anatomically connected the outer longitudinal and the
inner circular muscles. This technique has the additional advantage of providing whole images of long continuous
structures. Accordingly, although the murine uterus is cylindrical, the combination of computer-based free-angle
and video observations using 3D image datasets enabled us to analyze the inner anatomical structures throughout
the whole uterus. Consequently, we could confirm that mesh-like structures were present in the whole uterus
from proximal to distal sites. Since the middle muscle layer connected longitudinal and circumferential myome-
trial fibers, this layer may play an important role in coordinating uterine contractions.

In human, the presence of middle vascular-rich layer, where muscle fibers are relatively scarce, was described
previously*. Although no speculation about its role was provided, this area was also reported to contain mesh-like
structure of muscle fibers. Since single human uterine body is embryologically developed by fusion of bilateral
miillerian ducts, it is reasonable that the communication of muscle fibers between right and left miillerian ducts
becomes manifested as mesh-like structures. However, considering that the rat/mouse miillerian ducts are not
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Figure 4. Immunohistochemical examination of the mesh-like muscle layer. Adult wild-type female mice
were fixed with a transcardial perfusion of 4% PFA. Sections were stained with anti-CD31 (a,b), anti-TUBB3
(c,e,f), and anti-CD34 (d-f) antibody to investigate the cell populations in the mesh-like middle muscle layer.
(a) CD31-positive endothelial cells (arrows) are abundant in the middle muscle layer. (b) A highly magnified
image of the white square in (a). Muscle fibers (arrows) run across the vessel-rich region in the mesh-like layer
(within the dotted lines). (¢) Tubulin 3-3 (TUBB3)-positive nerve axons were dominantly distributed within
the mesh-like muscle layer. (d) CD34-positive myometrial telocytes that possess elongated thin telopods were
predominant within the outer longitudinal layer (radially distributed, arrows) and the middle mesh-like layer
(circularly distributed, arrowheads). (e) TUBB3-positive axonal fibers (arrows) were observed in parallel along
the CD34-positive telocytes in the mesh-like muscle area. (f) These TUBB3-positive axonal terminals (arrow)
were attached to CD34-positive telocytes. Im, longitudinal muscle layer; cm, circumferential muscle layer;
aSMA, alpha smooth muscle actin; TUBB3, tubulin 3-3. Scale bars, 100 um (a), 50 um (b-e), and 25 um (f).

fused and remain as bilateral uterine bodies, human middle layer can correspond to the fusion area of the third
muscle layer in the miillerian ducts, which was realized by this study. Consequently, the further investigation of
the murine third muscle layer may contribute to clarifying the physiological roles of this middle layer in human
uterus.

In this area, CD31-positive vessels were localized around the mesh-like muscle fibers. Recently, using a
multi-electrode array recording system, Lutton et al. demonstrated that electrical potentials in the pregnant rat
uterus are initiated in distinct myometrial bundles that bridge the longitudinal and circular muscle layers, which
are located in the placental bed of individual implantation sites. They also reported that these muscle bundles
had not been previously identified and they bridged across blood vessels located between longitudinal and cir-
cumferential muscle layers®. In this study, we observed muscular fibers running across a vessel-rich region in
the mesh-like layer. The common anatomical characteristics suggest that the muscle fibers in the mesh-like layer
of the murine uterus correspond to the electrical potential-initiating muscle bundles of the pregnant rat uterus.
Notably, co-localization of CD34-positive uterine telocytes, which were proposed as pace-making cells*’, and
TUBB3-positive nerve fibers was dominantly identified in this middle layer, especially near the boundary of the
outer layer. Furthermore, double-staining immunohistochemistry confirmed the close contact between telocytes
and nerve fibers, suggesting that these areas are potentially regulatory centers that initially receive signals from
the automatic nervous system and send them to myometrial cells via telocytes.

Importantly, since telocytes express estrogen and progesterone receptors and can respond to steroid hormone
stimulation?, they were proposed to act as sensors of sex hormone levels?’. Based on these findings, we propose
that the novel mesh-like third muscle layer is involved in the control of autonomic uterine contraction in the
presence of sex hormones. Since telocytes were also reported to contact capillaries””?%, this region may regulate
blood flow within the myometrium. To confirm this, further analyses involving an electro-physiological study
and calcium imaging should be performed.

Methods

Preparation of reagents. CUBIC reagents were prepared as described'>. CUBIC-1 reagent was prepared
as a mixture of 25% weight/weight (w/w) urea (Nacalai Tesque, 35904-45, Japan), 25% weight/volume (w/v) N,
N, N/, N'-tetrakis (2-hydroxypropyl) ethylenediamine (Tokyo Chemical Industry, T0781, Japan), and 15% (w/v)
polyethylene glycol mono-pisooctylphenyl ether (Triton X-100) (Nacalai Tesque, 25987-85, Japan). CUBIC-2
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reagent was prepared as a mixture of 50% (w/v) sucrose (Nacalai Tesque, 30403-55, Japan), 25% (w/v) urea, 10%
(w/v) 2, 20, 20’-nitrilotriethanol (Wako, 145-05605, Japan), and 0.1% volume/volume (v/v) Triton X-100. Both
reagents were prepared just prior to use. Before adding Triton X-100, all other chemicals were dissolved with a
hot stirrer at 60 °C. Distilled water was added during a mixing step in order to compensate for water evaporation.
After all chemicals except Triton X-100 were dissolved, the solution was cooled to room temperature, and finally
Triton X-100 was added.

Animals. We used nine transgenic female mice expressing EGFP under the control of the CAG promoter
(C57BL/6-Tg)** and ten wild-type female mice (CD-1/ICR). CAG-EGFP mice were sacrificed at the age of 6-12
months and wild-type mice were the age of 3-4 months. Wild-type mice were purchased from SLC (Hamamatsu,
Japan), and all mice were reared under a normal 12-hour light/dark schedule. All experimental procedures and
housing conditions were approved by the Animal Care and Use Committee of the Kanazawa University Animal
Experiment Committee, and all of the animals were cared for and treated humanely in accordance with the
Institutional Guidelines for Experiments Using Animals.

The CUBIC protocol for the uterus. CUBIC was performed as previously described!® with modifications
that we reported'”!® (Fig. 1a). After deep anesthesia with pentobarbital, pregnant mice were fixed by transcardial
perfusion using 4% PFA/PBS and PI (Life Technologies, 10 mg/mL solution), and then the uteri were isolated.
The isolated uteri were further immersed in 4% PFA at 4°C overnight. Then, the fixed organs were immersed in
CUBIC-1 reagent at 37 °C for 3 days with gentle shaking. After CUBIC-1 reagent was changed, the organ was
immersed for 2 additional days. The organ was washed with PBS 3 times at room temperature with gentle shak-
ing, immersed in 20% sucrose in PBS for one day, and immersed in CUBIC-2 reagent for 2 days. For immersion
staining with PI, 10 mg/mL PI was added to CUBIC-1 reagent.

Immunostaining.  Adult female mice were deeply anesthetized and transcardially perfused with 4% PFA
in PBS as previously described®. To make sections, the uterus was partially dissected, post-fixed by overnight
immersion in the same fixative, cryoprotected by overnight immersion in sucrose-containing PBS, and embed-
ded in Optimal Cutting Temperature (OCT) compound (Sakura Finetek, Japan)'’. Sections of 14-pum thickness
were made using a cryostat, permeabilized with 0.5% Triton X-100 in PBS, and incubated at 4°C overnight with
first antibody'”'®. After being incubated at 37 °C for 2hours with Alexa 488- or Cy3-conjugated secondary anti-
body and 1 pg/mL Hoechst 33342, the sections were washed and mounted with Mowiol (Sigma-Aldrich)'”!8.
Antibodies used for immunostaining were as follows: rabbit anti-green fluorescent protein (GFP) antibody
(Molecular Probe A-11122, 1:500), rat anti-CD31 antibody (BD Pharmingen 550274, 1:500), rat anti-CD34
antibody (Abcam ab8158, 1:500), rabbit anti-alpha smooth muscle actin («SMA) antibody (Abcam ab5694,
1:200), rabbit anti-tubulin 3-3 (TUBB3) antibody (BioLegend PRB-435P, 1:500), and Alexa488 conjugated mouse
anti-tubulin 3-3 (TUBB3) antibody (BioLegend A488-435L, 1:500).

Microscopy and image analysis. Image analysis was performed as we described previously'”!s.
Bright-field images of the uterus were taken using a stereomicroscope (MZ16F, Leica). Tissue sections were exam-
ined with an epifluorescence microscope (BZ-X710, Keyence). Three-dimensional images of transparent organs
were acquired using a light-sheet microscope (Lightsheet Z.1, Carl Zeiss)!”!%. Images of the uterus were obtained
using a 5x/0.16 NA objective lens, and detailed single-cell resolution images were acquired using a 20x/1.0
NA objective lens for the clearing method. Three-dimensional images were analyzed using ZEN software (Carl
Zeiss)".

Received: 9 March 2020; Accepted: 30 April 2020;
Published online: 19 May 2020

References
1. Cha, J., Sun, X. & Dey, S. K. Mechanisms of implantation: strategies for successful pregnancy. Nat Med 18, 1754-1767, https://doi.
0rg/10.1038/nm.3012 (2012).
2. Agostinis, C. et al. Uterine Imnmunity and Microbiota: A Shifting Paradigm. Front Immunol 10, 2387, https://doi.org/10.3389/
fimmu.2019.02387 (2019).
3. Ono, M. & Maruyama, T. Stem Cells in Myometrial Physiology. Semin Reprod Med 33, 350-356, https://doi.
org/10.1055/5-0035-1563602 (2015).
4. Gee, S. E. & Frey, H. A. Contractions: Traditional concepts and their role in modern obstetrics. Semin Perinatol, 151218, https://doi.
org/10.1016/j.semperi.2019.151218 (2019).
5. Ravanos, K. et al. Factors implicated in the initiation of human parturition in term and preterm labor: a review. Gynecol Endocrinol
31, 679-683, https://doi.org/10.3109/09513590.2015.1076783 (2015).
6. Bulletti, C. et al. The patterns of uterine contractility in normal menstruating women: from physiology to pathology. Ann N'Y Acad
Sci 1034, 64-83, https://doi.org/10.1196/annals.1335.007 (2004).
7. Bulletti, C. et al. Characteristics of uterine contractility during menses in women with mild to moderate endometriosis. Fertil Steril
77, 1156-1161, https://doi.org/10.1016/s0015-0282(02)03087-x (2002).
8. Tamura, H. et al. Clinical outcomes of infertility treatment for women with adenomyosis in Japan. Reprod Med Biol 16, 276-282,
https://doi.org/10.1002/rmb2.12036 (2017).
9. Kuijsters, N. P. M.. et al. Uterine peristalsis and fertility: current knowledge and future perspectives: a review and meta-analysis.
Reprod Biomed Online 35, 50-71, https://doi.org/10.1016/j.rbmo.2017.03.019 (2017).
10. Mayhew, T. M. A stereological perspective on placental morphology in normal and complicated pregnancies. ] Anat 215, 77-90,
https://doi.org/10.1111/j.1469-7580.2008.00994.x (2009).
11. Hama, H. et al. Scale: a chemical approach for fluorescence imaging and reconstruction of transparent mouse brain. Nat Neurosci
14, 1481-1488, https://doi.org/10.1038/nn.2928 (2011).
12. Ke, M. T., Fujimoto, S. & Imai, T. SeeDB: a simple and morphology-preserving optical clearing agent for neuronal circuit
reconstruction. Nat Neurosci 16, 1154-1161, https://doi.org/10.1038/nn.3447 (2013).

SCIENTIFIC REPORTS |

(2020) 10:8274 | https://doi.org/10.1038/s41598-020-65299-0


https://doi.org/10.1038/s41598-020-65299-0
https://doi.org/10.1038/nm.3012
https://doi.org/10.1038/nm.3012
https://doi.org/10.3389/fimmu.2019.02387
https://doi.org/10.3389/fimmu.2019.02387
https://doi.org/10.1055/s-0035-1563602
https://doi.org/10.1055/s-0035-1563602
https://doi.org/10.1016/j.semperi.2019.151218
https://doi.org/10.1016/j.semperi.2019.151218
https://doi.org/10.3109/09513590.2015.1076783
https://doi.org/10.1196/annals.1335.007
https://doi.org/10.1016/s0015-0282(02)03087-x
https://doi.org/10.1002/rmb2.12036
https://doi.org/10.1016/j.rbmo.2017.03.019
https://doi.org/10.1111/j.1469-7580.2008.00994.x
https://doi.org/10.1038/nn.2928
https://doi.org/10.1038/nn.3447

www.nature.com/scientificreports/

13. Chung, K. et al. Structural and molecular interrogation of intact biological systems. Nature 497, 332-337, https://doi.org/10.1038/
naturel2107 (2013).

14. Erturk, A. et al. Three-dimensional imaging of solvent-cleared organs using 3DISCO. Nat Protoc 7, 1983-1995, https://doi.
org/10.1038/nprot.2012.119 (2012).

15. Susaki, E. A. et al. Whole-brain imaging with single-cell resolution using chemical cocktails and computational analysis. Cell 157,
726-739, https://doi.org/10.1016/j.cell.2014.03.042 (2014).

16. Dodt, H. U. et al. Ultramicroscopy: three-dimensional visualization of neuronal networks in the whole mouse brain. Nat Methods 4,
331-336, https://doi.org/10.1038/nmeth1036 (2007).

17. Kagami, K., Shinmyo, Y., Ono, M., Kawasaki, H. & Fujiwara, H. Three-dimensional visualization of intrauterine conceptus through
the uterine wall by tissue clearing method. Sci Rep 7, 5964, https://doi.org/10.1038/541598-017-06549-6 (2017).

18. Kagami, K., Shinmyo, Y., Ono, M., Kawasaki, H. & Fujiwara, H. Three-dimensional evaluation of murine ovarian follicles using a
modified CUBIC tissue clearing method. Reprod Biol Endocrinol 16, 72, https://doi.org/10.1186/s12958-018-0381-7 (2018).

19. Brody, J. R. & Cunha, G. R. Histologic, morphometric, and immunocytochemical analysis of myometrial development in rats and
mice: I. Normal development. Am J Anat 186, 1-20, https://doi.org/10.1002/aja.1001860102 (1989).

20. Roatesi, I, Radu, B. M., Cretoiu, D. & Cretoiu, S. M. Uterine Telocytes: A Review of Current Knowledge. Biol Reprod 93, 10, https://
doi.org/10.1095/biolreprod.114.125906 (2015).

21. Cretoiu, S. M., Cretoiu, D. & Popescu, L. M. Human myometrium - the ultrastructural 3D network of telocytes. ] Cell Mol Med 16,
2844-2849, https://doi.org/10.1111/j.1582-4934.2012.01651.x (2012).

22. Okabe, M., Ikawa, M., Kominami, K., Nakanishi, T. & Nishimune, Y. ‘Green mice’ as a source of ubiquitous green cells. FEBS Lett
407, 313-319, https://doi.org/10.1016/s0014-5793(97)00313-x (1997).

23. Qin, H. et al. Activation-induced cytidine deaminase expression in CD4+ T cells is associated with a unique IL-10-producing subset
that increases with age. PLoS One 6, €29141, https://doi.org/10.1371/journal.pone.0029141 (2011).

24. Noe, M., Kunz, G., Herbertz, M., Mall, G. & Leyendecker, G. The cyclic pattern of the immunocytochemical expression of oestrogen
and progesterone receptors in human myometrial and endometrial layers: characterization of the endometrial-subendometrial unit.
Hum Reprod 14, 190-197, https://doi.org/10.1093/humrep/14.1.190 (1999).

25. Lutton, E. J., Lammers, W., James, S., van den Berg, H. A. & Blanks, A. M. Identification of uterine pacemaker regions at the
myometrial-placental interface in the rat. J Physiol 596, 2841-2852, https://doi.org/10.1113/JP275688 (2018).

26. Banciu, A. et al. Beta-Estradiol Regulates Voltage-Gated Calcium Channels and Estrogen Receptors in Telocytes from Human
Myometrium. Int ] Mol Sci 19, https://doi.org/10.3390/ijms19051413 (2018).

27. Janas, P, Kucybala, I., Radon-Pokracka, M. & Huras, H. Telocytes in the female reproductive system: An overview of up-to-date
knowledge. Adv Clin Exp Med 27, 559-565, https://doi.org/10.17219/acem/68845 (2018).

28. Ullah, S. et al. Identification and characterization of telocytes in the uterus of the oviduct in the Chinese soft-shelled turtle,
Pelodiscus sinensis: TEM evidence. J Cell Mol Med 18, 2385-2392, https://doi.org/10.1111/jcmm.12392 (2014).

29. Hoshiba, Y. et al. Sox11 Balances Dendritic Morphogenesis with Neuronal Migration in the Developing Cerebral Cortex. ] Neurosci
36, 5775-5784, https://doi.org/10.1523/]NEUROSCI.3250-15.2016 (2016).

Acknowledgements

We thank Yasuhiko Sato, Kazuyoshi Hosoya, Hiroyasu Oshima (Carl Zeiss), Dr. Makoto Sato (Kanazawa
University), Fujiwara lab. members, and Kawasaki lab. members for their helpful support. This work was
supported by a Grant-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science and
Technology-Japan (MEXT), the Japan Agency for Medical Research and Development (AMED), Japan Science
and Technology Agency (JST), and the Uehara Memorial Foundation and Takeda Science Foundation.

Author contributions
K.K., HK. and H.F designed the experiments. K.K. conducted most experiments. Y.S., M.O., TH., T.I., TM. and
N.K. helped with some experiments. K.K., M.O., H.K. and H.E wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-65299-0.

Correspondence and requests for materials should be addressed to H.K. or H.E.
Reprints and permissions information is available at 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

" | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:8274 | https://doi.org/10.1038/s41598-020-65299-0


https://doi.org/10.1038/s41598-020-65299-0
https://doi.org/10.1038/nature12107
https://doi.org/10.1038/nature12107
https://doi.org/10.1038/nprot.2012.119
https://doi.org/10.1038/nprot.2012.119
https://doi.org/10.1016/j.cell.2014.03.042
https://doi.org/10.1038/nmeth1036
https://doi.org/10.1038/s41598-017-06549-6
https://doi.org/10.1186/s12958-018-0381-7
https://doi.org/10.1002/aja.1001860102
https://doi.org/10.1095/biolreprod.114.125906
https://doi.org/10.1095/biolreprod.114.125906
https://doi.org/10.1111/j.1582-4934.2012.01651.x
https://doi.org/10.1016/s0014-5793(97)00313-x
https://doi.org/10.1371/journal.pone.0029141
https://doi.org/10.1093/humrep/14.1.190
https://doi.org/10.1113/JP275688
https://doi.org/10.3390/ijms19051413
https://doi.org/10.17219/acem/68845
https://doi.org/10.1111/jcmm.12392
https://doi.org/10.1523/JNEUROSCI.3250-15.2016
https://doi.org/10.1038/s41598-020-65299-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A novel third mesh-like myometrial layer connects the longitudinal and circular muscle fibers -A potential stratum to coord ...
	Results

	Tissue clearing of the non-pregnant uterus using the CUBIC method. 
	Detection of a novel mesh-like muscle layer in the myometrium using the modified CUBIC method and EGFP transgenic mice. 
	Immunohistochemical examination of a mesh-like muscle layer. 

	Discussion

	Methods

	Preparation of reagents. 
	Animals. 
	The CUBIC protocol for the uterus. 
	Immunostaining. 
	Microscopy and image analysis. 

	Acknowledgements

	Figure 1 Tissue clearing of the uterus using CUBIC.
	Figure 2 Three-dimensional and cross-sectional images of the EGFP-positive mouse uterus.
	Figure 3 Stereoscopic image of the mesh-like muscle structure in the uterus of EGFP transgenic mice.
	Figure 4 Immunohistochemical examination of the mesh-like muscle layer.




