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a b s t r a c t 

The mechanisms by which organs acquire their functional structure and realize its maintenance (or 

homeostasis) over time are still largely unknown. In this paper, we investigate this question on adipose 

tissue. Adipose tissue can represent 20 to 50% of the body weight. Its investigation is key to overcome 

a large array of metabolic disorders that heavily strike populations worldwide. Adipose tissue consists 

of lobular clusters of adipocytes surrounded by an organized collagen fiber network. By supplying sub- 

strates needed for adipogenesis, vasculature was believed to induce the regroupment of adipocytes near 

capillary extremities. This paper shows that the emergence of these structures could be explained by 

simple mechanical interactions between the adipocytes and the collagen fibers. Our assumption is that 

the fiber network resists the pressure induced by the growing adipocytes and forces them to regroup into 

clusters. Reciprocally, cell clusters force the fibers to merge into a well-organized network. We validate 

this hypothesis by means of a two-dimensional Individual Based Model (IBM) of interacting adipocytes 

and extra-cellular-matrix fiber elements. The model produces structures that compare quantitatively well 

to the experimental observations. Our model seems to indicate that cell clusters could spontaneously 

emerge as a result of simple mechanical interactions between cells and fibers and surprisingly, vascula- 

ture is not directly needed for these structures to emerge. 

© 2017 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 

Author Summary 

Because of the key role of adipose tissue in energy homeosta- 

sis and associated diseases, there is a great deal of interest in un- 

derstanding the biology of this tissue. Very little is known about 

the key to understanding its structuration as lobules. We postulate 

that lobule emergence is the result of a self-organization process 

driven by bidirectional mechanical interactions between adipocytes 

and fibers. We test this hypothesis by means of a 2D individual 

based model of interacting adipocytes and fiber elements. Indeed, 

our model produces structures that compare quantitatively well to 

the experimental observations. This clearly shows that cell clusters 

∗ Corresponding author. 

E-mail addresses: pdegond@imperial.ac.uk , pierre.degond@gmail.com (P. De- 

gond). 

of adipose tissue could spontaneously emerge as a result of simple 

mechanical interactions, with no direct involvement of vasculature. 

1. Introduction 

White adipose tissue (WAT) is the main energy store of the or- 

ganism. It is interconnected with all physiological functions via its 

endocrine functions. It plays a key role in the energy homeosta- 

sis and weight of the organism. It is a highly plastic tissue com- 

posed of differentiated adipocytes that are able to store and release 

fatty acids as well as to secrete numerous cytokines and hormones 

( Ouchi et al., 2011 ). Mature adipocytes represent only 40 to 60% of 

the whole cell population. The other cells form a heterogeneous 

population named the stroma-vascular fraction (SVF). Adipocyte 

progenitors are present in the SVF throughout adult life ( Sepe 

et al., 2011 ). They can proliferate and/or be recruited according to 

physiological or pathological situations, participate in the turnover 
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of adipocytes and are also believed to be supporting cells. Because 

of their important role and due to the explosive worldwide devel- 

opment of obesity, the molecular pathways driving adipocyte dif- 

ferentiation are now well investigated and described ( Cristancho 

and Lazar, 2011, Ailhaud, 1999, Hemmingsen et al., 2013 ). In con- 

trast, the global organization at the tissue scale is poorly under- 

stood. Since Wassermann’s work in 1960 ( Wasserman, 2011 ), very 

few investigations have been performed at this scale. These sem- 

inal investigations revealed that adipose tissue is constituted of 

distinct lobules containing clusters of adipocytes. Moreover, ob- 

serving its development, Wassermann described the emergence of 

mature WAT from primitive structures constituted of an unstruc- 

tured fiber network containing endothelial cells and fibroblast-like 

cells. The latter are believed to be preadipocytes. In adult adipose 

tissue, lobules housing adipocytes are separated from each other 

by well-structured separations (or septa) composed of extracellular 

matrix (ECM) Napolitano (1963) . Thereafter the number of lobular 

units seems to remain approximately constant. In excessive devel- 

opment of adipose tissue occurring during obesity, increased fibro- 

sis (formation of excess fibrous tissue) is observed and many re- 

ports associate these changes with adipocyte dysfunctions ( Divoux 

and Clement, 2011; Sun et al., 2013 ). This suggests that a proper 

maintenance of adipose tissue architecture is critical for its normal 

functionality. 

Because the global architecture of adipose tissue and its orga- 

nization into lobules are robust throughout adult life and seem 

to be fundamental elements of adipose tissue homeostasis, mod- 

eling the process of lobule emergence will greatly improve our un- 

derstanding of adipose tissue biology and plasticity in physiolog- 

ical or pathological conditions. Numerous models of tissue mor- 

phogenesis can be found in the literature, describing the emer- 

gence of self-organization of cells and fibers. Due to their sim- 

plicity and flexibility, the most widely used models are Individual 

Based Models (IBM) (see Drasdo (2003) , Hwang et al. (2009) and 

references therein). They describe the behavior of each agent (e.g. 

a cell or a fiber element) and its interactions with the surround- 

ing agents over time. Due to the high computational cost of IBM, 

mean-field kinetic or continuous models, which are more efficient 

to describe the large scales, are often preferred. All these models 

include one or several of the following interactions: (i) cell/cell, 

(ii) cell-fiber and (iii) fiber-fiber interactions. Models of interact- 

ing cells moving in ECM-free media such as Drasdo and Höhme 

(2005) focus on interactions of type (i). Based on the mechanisms 

reviewed in Friedl and Bröcker (20 0 0) , a wide variety of models 

incorporating interactions of type (ii) have been proposed such 

as: (a) mechanical models Murray et al. (1983) , (b) chemotaxis- 

type models ( Ambrosi et al. (2005) ; Lushnikov et al. (2008) and 

references therein), where cell motion is driven by chemical gra- 

dients or (c) models of contact guidance ( Guido and Tranquillo, 

1993 ) (see Dickinson (20 0 0) ; Hillen (20 06) ; Hillen et al. (2010) ) 

where the ECM gives directional information for cell motion. How- 

ever, how the processes are coordinated to produce directed mo- 

tion is not well understood. Fiber-fiber interactions have been ex- 

plored in Alonso et al. (2014) , where a model of a fibrous net- 

work composed of cross-linked fiber elements is proposed. Other 

authors treat the fibrous network as a continuum, such as a porous 

medium ( Taber et al., 2011 ) or an active gel ( Joanny et al., 2007 ) for 

instance. However, the literature so far provides little clues on the 

mechanisms underlying contact guidance or fiber self-organization. 

In the present paper, we demonstrate that directionally organized 

cell and fiber structures can emerge without appealing to con- 

tact guidance or fiber directional interactions, as a result of sim- 

ple mechanical interactions between the cells and the fiber net- 

work. To test this hypothesis qualitatively, it is sufficient in a first 

instance to consider a two-dimensional model, which we do for 

reasons of simplicity and computational efficiency. Our model is 

Fig. 1. Adipose tissue imaging (A) 2D Image of a part of mouse sub-cutaneous adi- 

pose tissue. Lipid droplets were immunostained for perilipin (green). ECM between 

adipocyte clusters appears in black. (B) Magnification of the part enclosed by the 

red line on image (A), showing the result of cell detection. Cells appear as red cir- 

cles. (C) Image (A) after lobule detection. Detected lobules have been distinguished 

by different colors. (For interpretation of the references to colour in this figure leg- 

end, the reader is referred to the web version of this article.) 

of more microscopic nature than previously proposed mechanical 

models ( Murray et al., 1983; Shraiman, 2005 ) and aims at describ- 

ing the emergence of the lobular structures observed in adipose 

tissue. Our goal is to test the scenario that, due to the fibers resist- 

ing the pressure induced by the growing adipocytes, the latter are 

forced to regroup into clusters. Adipocyte clusters in turn force the 

fibers to merge into a well-organized network. To validate this sce- 

nario, we developed a two-dimensional IBM modelling adipocytes 

interacting with ECM fiber elements. The model and experiment 

data showed strikingly similar lobule-like structures and revealed 

that vasculature was not needed for lobular self-organization to 

emerge, although vasculature is a proven key factor of adipogen- 

esis ( Corvera and Gealekman, 2014 ). 

2. Material and methods 

2.1. Experiments and image processing 

Fig. 1 shows part of a sub-cutaneous adipose tissue from an 

adult mouse. The adipocytes were visualized by immuno-staining 

of perilipin, a protein that surrounds the unilocular lipid droplets. 

In Fig. 1 A, the ECM fiber network appears in black as a background. 

This picture clearly reveals the organization of the adipose tissue 

in lobules. A 3D image of one isolated lobule is shown in sup- 

plementary information. We implemented classical image process- 

ing methods to extract the centers and radii of the cells ( Fig. 1 B) 

and the different lobules ( Fig. 1 C) (see Appendix D for details). The 

quality of the cell and lobule segmentation methods was carefully 

checked. 

2.2. Description of the model 

We postulated that, in WAT, the agents contributing the most 

to mechanical balance were the ECM fibers and the adipocytes. 

The ECM was discretized into unit fiber elements consisting of line 

segments of fixed and uniform lengths represented by their cen- 

ters and their directional unit vectors. We supposed that two fiber 

elements that crossed each-other could form a link, thereby creat- 

ing a longer fiber. The cells were described as 2D spheres repre- 

sented by their centers and radii. At any given time, the two sets 
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