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研究成果の概要（和文）：我々は、細胞形態学の制御の新たな内部と、新しい力学的に変更可能なヒドロゲルを
使用することによって細胞生存率を妨げることなく、筋芽細胞の細胞骨格における規則化を明らかにした。さら
に、心臓組織の螺旋波の回転における線欠陥の時空間的動態を可視化する新たな解析法を導入し、線欠陥が螺旋
波の安定振動を維持しながら転換、融合、崩壊および安定特異点を形成できることを示した。その上、単一細胞
の細胞膜全体の脂質動態を数値化するための新たなマッピング法を紹介した。また、PtdInsP3波動力学が３Ｄ幾
何学（すなわちサイズおよび形状）によって直接調節されることを明らかにした。

研究成果の概要（英文）：We revealed novel insides of the regulation of cell morphology and 
cytoskeletal ordering of myoblasts without interfering cell viability by using novel dynamically 
changeable hydrogels. Further, we introduced a novel analysis method to visualise spatiotemporal 
dynamics of line defects in rotating spiral waves of cardiac tissues, showing that line defects can 
translate, merge, collapse and form stable singularities while maintaining a stable oscillation of 
the spiral wave. Additionally, we introduced a novel mapping method to quantify lipid dynamics on 
the entire cell membrane of single cells. We revealed that PtdInsP3 wave dynamics are directly 
regulated by the 3D geometry (i.e., size and shape). 

研究分野： Biology, Physics

キーワード： Cardiac Tissue　Cellmechanics　Patternformation

  ２版

令和

研究成果の学術的意義や社会的意義
Main goal of this investigation is to understand tissue morphological changes and pattern formation 
that are associated with cardiac diseases, which is in JAPAN one of the leading causes of death with
 an annual death rate of approx. 100,000 people (12%). 
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１．研究開始当初の背景 

Muscle cells (myocytes) that mature in an environment that is self-similar, e.g. the rigidity of the 

extracellular matrix (ECM) and cells matches (EECM=Ecell), lead to an enhancement in the 

synchronization dynamics of spontaneous and enforced intracellular Ca2+-signals [Hörning et al. 

Biophys.J, 2012], morphological changes that support improvement in self-organization, i.e. 

sarcomere self-organization [Hörning & Entcheva, Springer Series in Mat.Sci., 2015], and even 

direct stem cell linage specification [Engler et al. Cell, 126, 677, 2006] and self-renewal [Gilbert 

et al. Science, 2010]. Furthermore, changes in the microenvironment (rigidity) have been shown 

to regulate morphology [Discher et al. Science, 310, 1139, 2005; Yoshikawa et al, Phys.Chem.B, 

2013] and motility [Engler et al, Cell, 126, 677, 2006; Winer et al, Tissue Eng., 15, 147, 2008] of 

contractile cells, as well as in pancreatic cancer cells [Kaindl et al. PlosONE, 7, e42991, 2012]. 

Electro spun nanofibrous meshes [Orlova et al. Biomat., 32, 5615, 2011] and three-dimensional 

scaffolding of elastic polymers [Chung et al. FASEB, 25, 852, 2011] has been used to increase 

self-organizing tissue assembly, similar as observed in-vivo.  

 
２．研究の目的 

Investigations on contractile confluent tissues, i.e. heart tissue, has been exclusively explored by 

using rigidity-fixed non-adjustable hydrogels that only enables the study of 

developmental processes. By use of stimulus-responsive host-guest hydrogels (here we 

propose βCDAd-gel) one can overcome this limitation, since it (1) can mimic the natural 

environment during the development to ensure in-vivo-like maturity and tissue growth, similar to 

conventional hydrogels and (2) can serve as a realistic in-vitro disease model to study changes 

in the non-linear self-organization tissue-signaling dynamics that are associated with severe 

diseases, such as fetal arrhythmia (spiral waves) and fibrillation (spatiotemporal chaos) in heart. 

The latter has been investigated ex-situ by use of external artificially applied electric 

disturbances [Isomura, et al. PRE, 2009; Hörning et al. PRE, 2010 / 2012 / 2012, Bitthin et al. 

PRL 2012].  

 
３．研究の方法 

We have used different biological systems, ranging from single muscle cells (C2C12 cell line), 

Neuronal cells and primary culture of cardiomyocyte tissues from neonatal rats to investigate the 

mechano-sensitive influence of cells/tissues on the extra-cellular matrix. We used to host-guest 

hydrogels composed of acrylamid and permanently cross-linked host and guest monomers, 

βCD and Ad, that could be dynamical control the E-Module of the hydrogel by freely diffusing 

βCD molecules. We developed also a new analysis method to visualize dangerous 

spatiotemporal alternans in cardiac tissue, as well as time-resolved actin visualization and 

quantification methods.  

 
 



４．研究成果  
The results of the work we have done can be categorized into two parts, 1. Mechano-sensitive 

dynamics on hydrogels and 2. Development of dynamic quantification methods. The results of 

the three main publications can be summarized as: 

① We show that PtdInsP3 wave dynamics are directly regulated by the 3D geometry (i.e., 

size and shape) of the plasma membrane. By introducing an analysis method that 

extracts the 3D spatiotemporal activities on the entire cell membrane, we show that 

PtdInsP3 waves self-regulate their dynamics within the confined membrane area. This 

leads to changes in speed, orientation, and pattern evolution, following the underlying 

excitability of the signal transduction system. Our findings emphasize the role of the 

plasma membrane topology in reaction-diffusion-driven biological systems and indicate 

its importance in other mammalian systems, such as cardiac tissue. 

[M. Hörning and T. Shibata, Biophysical Journal, 116, 2, 372-382, 2019] 

② Through in vitro experiments of heart tissue observation, we reveal the spatiotemporal 

dynamics of line defects in rotating spiral waves. We combined a novel signaling 

over-sampling technique with a multi-dimensional Fourier analysis, showing that line 

defects can translate, merge, collapse and form stable singularities with even and odd 

parity while maintaining a stable oscillation of the spiral wave in the tissue. 

[M. Hörning et al. Scientific Reports, 7, 7657, 2017] 

③ We demonstrated that the Young’s modulus of our “host-guest gels”, 4–11 kPa, lies in 

an optimal range not only for static (ex situ) but also for dynamic (in situ) regulation of 

cell morphology and cytoskeletal ordering of myoblasts. Compared to other 

stimulus-responsive materials that can either change the elasticity only in one direction 

or rely on less biocompatible stimuli such as UV light and temperature change, our 

supramolecular hydrogel enables to reversibly apply mechanical cues to various cell 

types in vitro without interfering cell viability.  

[M. Hörning et al. Scientific Reports, 7, 7660, 2017] 
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