Tissue Motifs and Multi-scale Transport Physiology
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ABSTRACT

Motivation: This work describes the underlying notion and
formal representation of tissue motifs in terms of simple
combinations of cell types that are co-located in the same
tissue. The composition of tissue motifs is characterised on
the basis that particular forms of biological interaction can
take place between the cells in the motif. One such biological
interaction involves the diffusion of gene products that are
secreted into the surrounding tissue fluid to reach binding
receptors attached to nearby plasma membranes.

The development of a public knowledgebase of motifs con-
strained for diffusive interactions would provide a key re-
source for the interpretation of gene expression data in the
context of inter-cellular communication. To that end, in this
work we also present a software tool prototype that supports
the supervised capture and annotation of histology image
data. The aim of this tool is to support the crowdsourcing of
tissue motif knowledge acquisition by the biomedical com-
munity.

1 INTRODUCTION

This work is concerned with the discussion of a particular
element in an overall system of ontology for transport phys-
iology in multicellular organisms. The particular focus of
this paper is to support the functional representation of Tis-
sue Motifs. In this paper, a motif is a recurring structural
pattern in biology that may span across multiple scales of
size.

An important feature of motifs of biological structure is that
many of them have a well-established functional signifi-
cance. For instance, the association between (i) recurring
linear motifs in primary amino acid or DNA sequence and
(i) functional properties associated with those biological
structures has been extensively documented (e.g. [1, 2]). At
a higher (i.e. tertiary) protein architecture level, linear motifs
of domain superfamily combinations that correlate with dis-
tinct functional categories are also known to be evolutionari-
ly conserved [3]. Given that, despite the extensive combina-
torial space available for all possible linear combinations of
molecular structure, only a very small fraction of motifs are
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consistently preserved over evolution indicates that such
conserved patterns convey some functional advantage to the
bearer of the motif (e.g. by conferring stable, low energy,
conformation of tertiary folding and quaternary binding).

At a higher size scale of biological structure, basic tissue
organization consists of different proportions of cell types,
as well as the extracellular matrix they secrete. Based on the
number of classes found in the CellType ontology [4], the
size of the cell type repertoire is roughly 1,500 (this number
is comparable to the number of superfamilies that constitute
domain motifs at the polypeptide scale [5]). The cellular
architecture of tissues is understood to be under a number of
distinct functional constraints. One of the most fundamental
of these constraints is the key biophysical requirement that
cells have to be within diffusion distance of at least one ca-
pillary to ensure appropriate rates of (i) delivery of supplies
(e.g. oxygen, glucose) and (ii) elimination of waste (e.g.
carbon dioxide, urea).

The density of capillary arborization is, in practice, com-
mensurate to the level of metabolic activity typical of that
tissue. Given that the distance over which diffusion occurs is
approximately 100pm, it is not surprising that most mam-
malian cells are found within 50ym of a capillary [6]. The
same distance constraint applies to paracrine communication
between cells in which molecules secreted by one cell have
to diffuse to reach the plasma membrane surface of another
cell. The combination of these two distance constraints pro-
vides the biophysical basis for the structural definition of a
functional tissue unit consisting of cells that (i) are metabol-
ically dependent on the same capillary and (ii) are in para-
crine communication with one another. This tissue unit per
se has a cylindrical shape that shares its long axis with the
feeding capillary, has a radius of 50ym and a height of
100pm. The unordered set of cell types that are found in this
tissue unit provides the elements that constitute a Tissue
Motif, which motif is based on the process of diffusive
communication between cells. This approach to developing
Tissue Motifs also has to account for two key properties of
capillary networks, namely that:

1) any particular cell may be within diffusive range of more
than one capillary, and

2) given that a capillary is about S00pm in length, it is pos-
sible that the constitution of the Tissue Motif may alter
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along the course of the capillary from the arteriolar to the
venular end.

In order to further develop and apply Tissue Motif
knowledge in support of our study of multi-scale transport
physiology, this paper presents the requirements and pro-
gress achieved in:

1) formalizing knowledge representation about Tissue Mo-
tifs (Section 2), and

2) acquiring Tissue Motif knowledge through the analysis of
histology images (Section 3).

The final part of the paper (Section 4) outlines the key moti-
vation for building a crowdsourced knowledge repository of
tissue motifs in support of data analysis in molecular biolo-
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2 REPRESENTING KNOWLEDGE ABOUT
TISSUE MOTIFS

We adopt a formal ontological framework, BFO [7], to pro-
vide a formal treatment of Tissue Motifs. BFO has been
chosen for its simplicity and clear-cut distinctions. Further-
more, as that framework has already been applied in related
areas of the biomedical domain, this choice facilitates some
degree of integration of the present treatment with related of
forthcoming formalisations ab initio.

In BFO parlance, the world is made of two main kinds of
things: objects, such as material objects and processes that
involve these objects. We find this high-level dichotomy
adequate for dealing with Tissue Motifs and their role in
physiology processes. According to this view, Tissue Motifs
are on the side of objects insofar as these motifs are patterns
of structural organisation of possibly complex objects (i.e.
tissues). But Tissue Motifs are of course not these objects:
they are not tissues; they are repeating patterns of tissue
structure. In BFO, entities such as patterns fall under a cate-
gory of so-called Generically Dependent Continuant (which
means that Tissue Motifs need some other entity in order to
exist). We will adopt this view and thus separate (i) motifs
as entities in their own right from (ii) the entities (i.e. tis-
sues) in which they recur as patterns.

While these considerations solve the question of the onto-
logical status of Tissue Motifs, they do little to provide the
formal means for describing and registering the characteris-
tics of Tissue Motifs in general and, in particular, for regis-
tering the differential characteristics between distinct motifs.
Certainly, as generically dependent entities, Tissue Motifs
can be characterised as the motifs of some tissue. This how-
ever does little more than secure a form of bookkeeping and,
while it is fundamental for some purpose to identify and
collect the association between tissues and their motifs,
more detail is needed. One reason why such associations are
important is that Tissue Motifs give a key to the classifica-

tion of tissues. Furthermore, once the description of Tissue
Motifs includes enough of the physical characteristics from
which to derive characterisations of the physiological pro-
cesses they allow richer characterisations of tissues be
achieved, including characterisations of physiological pro-
cesses now occurring at the tissue level of granularity.

In this abstract, we sort the elements of a forthcoming tissue
knowledge framework according to the representation they
support, namely:

1) the characterisation of Tissue Motifs through (i) the type
of relationships in which they enter with other entities such
as tissues and material parts of these tissues (e.g. cells and
fluid compartments), as well as (ii) the way they are config-
ured in virtue of presenting a given motif;

2) the elicitation of selected aspects of Tissue Motifs allow-
ing for deriving the characteristics of the physiological pro-
cesses they enable (spatial relationships and distances, in
particular), as well as the various types of processes in ques-
tion (e.g. processes of flow, stress transfer, electrical trans-
mission, efc.);

3) the description of emerging biological properties and
functions that tissues have in virtue of presenting given mo-
tifs or their combinations.

An interesting and also challenging aspect of such
knowledge representation is that it brings together, through
the central treatment of Tissue Motifs, treatments that are
traditionally circumscribed to areas of the biomedical do-
main but that lack the required articulation to support a mul-
ti-scale ontology of transport physiology. Given Tissue Mo-
tifs and their formal account, it is possible to articulate the
description of transport phenomena from scales that range
from the molecular to the organ level. Tissue Motifs, there-
fore, provide a key bridge for the representation of transport
physiology, which can now be traversed as a network of
connected and interdependent knowledge representations.

3 ACQUIRING KNOWLEDGE ABOUT TISSUE
MOTIFS

The extraction of Tissue Motifs from both 2D and 3D his-
tology images ensures that generated knowledge is linked to
independent and verifiable pictorial evidence about the tis-
sue architecture in which a motif is found. In this section,
we briefly describe the methodology, implemented as a
software tool, that supports the collaborative generation of
Tissue Motif knowledge through a communal annotation
effort.

The annotation of histology image data requires segmenta-
tion that is applied to these images. Segmentation circum-
scribes regional elements that can be discerned in the image
and subsequently semantically annotated. To that end, we
developed a software tool that supports the application of
semantic annotation to histology image segments. Initially,




only the use of manually circumscribed segmentation is
permitted, with the aim of also supporting the application of
automated segmentation methodologies in the future.

Currently, the tool allows the annotation of image segments
with terms from either of two ontologies, namely: the Foun-
dational Model of Anatomy (FMA) [8] and the Cell Type
ontology [4]. The Graphical User Interface (GUI) function-
ality in the software permits users to drag segments from the
image onto tiles in ApiNATOMY [9] treemap graphical
depictions of the two ontologies (Figure 1). Future plans for
the tool is to also integrate RICORDO [10] webservices in
support of storage and querying of the generated metadata.

The software tool per se consists of a webstart JAVA appli-
cation, based on a well-established atlasing tool [11]. The
GUI displays two panels: (a) One panel in shows image sec-
tions and their corresponding segment information, along
with a slider that scrolls through images of a particular ob-
ject at various levels of resolution (left side of Figure 1). (b)
The other panel is used to display the treemap layout of each
relevant ontology via a series of tabbed views (right side of
Figure 1). Importantly, the application provides a user inter-
face interaction that allows image segment identifier sym-
bols in the image panel to be ‘dragged-and-dropped’ onto
the relevant tile in the treemap panel, by way of creating an
annotation binding. So far, the tool allows users to visually
identify capillaries and their surrounding tissue units as a
means to manually segment and annotate those cells that
make up the Tissue Motif.

The level of inferencing that the annotation tools currently
allows is limited to assigning celltype ontology terms (asso-
ciated with relevant image segments) to be contained_in the
FMA anatomical entity term with which the image as a
whole is annotated. Future work will also support mereotop-
ological inferencing on the basis of geometrical containment
relations between segments in the same image.

4 CONCLUSION

Having access to tissue-level networks of cell types that are
able to communicate interchangeably via diffusive processes
is a key first step to integrate cell-specific gene expression
data coupled with experimentally-determined protein-
protein interaction networks. In particular, such integration
would assist with providing a more cellular context to the
interpretation of Genome-wide Association study findings,
through the identification of altered cellular communication
routes as a result of genetic mutation.

While both the representation of Tissue Motifs as well as
tools to acquire such knowledge are at a relatively early
stage of development, the potential for the acquisition ap-
proach discussed above is very promising. Our aim is to
build the requisite infrastructure for an open public

knowledgebase of Tissue Motifs that bridge anatomy and
cell-type ontologies in a systematic and comprehensive
manner. Such a goal can only be reached if crowdsourcing
of both images as well as curation effort can be harnessed to
achieve the required coverage of a wide range of mammali-
an tissue.
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Figure 1. GUI screenshot for the histology image annotation tool.
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