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Introduction

This document presents a smple model of a cell, demonstrating the basic concepts in defining an elec-
trophysiological model using CellML. This model is not intended as anything more than an example and
is not supposed to be realistic.

You might find it helpful to refer to afull printout of the CellML document that makes up this example
as you progress through this documentation. The various forms available online are presented in the sec-
tion “Download This Model”.

Model Structure

The model in this example consists of a one-compartment cell, with the interior of the cell separated
from the extracellular space by a membrane, as shown in Figure 1. There are two channels in the mem-
brane, which allow sodium and calcium ions to flow from the extracellular subspace into the intracellu-
lar subspace. All of the variables in the model are scalars that vary only with time. This type of modédl is
often referred to as a“lumped parameter” model.
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Figure 1. The demonstration model consists of a one-compartment cell model, where the interior of the
cell is separated from the extracellular space by a membrane.

In CellML, models are thought of as connected networks of discrete components. These components
may correspond to physiologically separated regions or may be convenient modelling abstractions. The
CelIML network rendering of the simple model introduced in Figure 1 is shown in Figure 2. The differ-
ent shapes in the diagram are explained in the notation guide [../../../introduction/notation.html]. The
model consists of three components representing physiologically separated regions (the intracellular
space, the cellular membrane and the extracellular space) and one component representing the environ-
ment, providing a convenient container to store global variables such astime. Theenvi r onnent com-
ponent is shown in Figure 2 to illustrate how these variables are handled in CelIML. However, it is typ-
ically omitted from the CelIML network rendering, asit will always exist, and it is usually connected to
every other component.
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Figure 2. The network defined in the CellML description of the simple electrophysiological model in-
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troduced in Figure 1. The model has four connections and four components, representing the intra- and
extra-cellular compartments, the membrane, and an abstract container representing the environment. The
variables in the model are shown next to the components in which their value may be modified, and
alongside the connections along which they are passed to other components (where their value may not
be modified).

Figure 2 also shows where variables are declared and how they are passed around between components
in the model. The variables are displayed next to the component in which they are declared, alongside
the line that represents the connection to another component, which imports and uses their values. Vari-
ables that represent the concentrations of calcium and sodium are declared in both the intra- and extra-
cellular subspaces and passed into the membrane for use in the calculation of the fluxes of calcium and
sodium ions. The variables that represent these currents are declared in the membrane and passed back
into the intra- and extra-cellular subspaces, in which they are used by the equations that update the ion
concentrations in the two subspaces. The rate constant variables declared in the cell membrane are not
visible outside of that component and are therefore not shown in this rendering.

Analysis of the XML

The model element

The root element of the CellML document for this simple electrophysiological model is the <nmodel >
element shown in Figure 3. (A CellML document is an XML document that contains the CellML de-
scription of a model. Those not familiar with XML may want to consult the quick introduction to XML
[../..1.Jintroduction/xml_guide.html] for help with understanding XML terms.) The <nodel > element
has a nane attribute that allows this model to be unambiguously referenced by other models. For in-
stance, this would be necessary if this model were to be combined with other models or partial models to
create alarger model.

<model
name="simple_electrophysiological _model"
xmlns=" http://lwww.cellml.org/celIml/1.0#"
xmins:cellml=" http://www.cellml.org/celIml/1.0#" >

</model>

Figure 3. The root element of the XML document containing the CellML model description is the
<nodel > element shown above.

Two namespaces are also declared on the <nodel > element. The first sets the default namespace for
the <nodel > element and al elements contained within the <nmodel > element to the CellML 1.0
namespace. The second namespace is again the CellML 1.0 namespace, but this time mapped to the
cel I m prefix. This declaration has document-wide scope, so the cel | ml prefix may be used any-
where to move an element or attribute into the CellML namespace. The declaration of the CellML
namespace as both the default namespace and as a namespace mapped to the cel | ml prefix is recom-
mended practice for any <nodel > element. This simplifies the use of CelML elements and attributes
inside MathML. For instance, acel | nl : uni t s attribute (described in the section “Math”) can be ad-
ded to <cn> elements without having to re-declare the CelIML namespace with each occurrence.

For a more in-depth explanation of XML namespaces in CelML, see Section 2.2.2
[../..1..]../public/specification/20010518/fundamentals.html  #sec fundamentals namespaces] of the
CdIML specification.
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Declaration of units

The CellML specification defines a standard dictionary of units
[../.1.]../public/specification/20010518/units.html #sec_units_cellml_units_dictionary] that can be used
in CellIML models without further definition. This dictionary consists of the base Sl units (as defined by
the NIST [http://physics.nist.gov/cuu/Units/index.html]) and some additional units commonly found in
the types of biological models likely to be defined using CelIML.

A modeller who wishes to use units not declared in the standard dictionary can define additional unitsin
the CellIML model document. The units definitions that are needed by the example model are shown in
Figure 4. An identifier is associated with each units definition, which is composed of a combination of
base units from the CelIML standard dictionary and units that have been previously defined in the cur-
rent model. The identifiers can then be referenced in the uni t s attribute on <vari abl e> and <cn>
elements (<cn> elements enclose bare numbers in MathML). CellML processing software may choose
to use these units definitions to verify the consistency of units across connections (inserting scale-
factors, if appropriate) and check the dimensions of equations, as described in Section 5.2.6
[../..1..]../public/specification/20010518/units.html  #sec_units_conversion_between_units_definitions]
and Section 5.2.7 [../..1..]../public/specification/20010518/units.html
#sec_units_equation_dimension_checking] of the CellML specification, respectively.

<units name=" concentration_units" >
<unit prefix="milli" units="mole" />

<unit units="litre" exponent="-1" />

</units>

<units name=" flux_units" >
<unit units=" concentration_units" />
<unit units=" second" exponent="-1" />

</units>

<unitsname="rate_constant" >
<unit units=" second" exponent="-1" />

</units>

Figure 4. The units definitions from the example model, demonstrating how a combination of <uni t >
elements gives a new units definition.

The units definitions are declared with a set of <uni t s> elements. Each <uni t s> element must have
anane attribute, which declares the identifier that may be used to refer to the unit in the rest of the doc-
ument.

Each <uni t s> element may contain one or more <uni t > elements. The units defined by the
<uni t s> element is the combination of the contents of these <unit > elements. Section 5.2.2
[../..1..]../public/specification/20010518/units.html #sec units user_defined units] of the CellML spe-
cification explains how the attributes for each <uni t > element contribute to a new units definition.
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Looking at the units that are defined in Figure 4, we see that the first one is a millimole/litre, which will
be represented by the identifier " concent rat i on_uni t s". The second unit definition defines a unit
for the change in concentration over time, millimoleslitre-second, which is given the name
"flux_units". The third <unit s> element defines inverse seconds and is given the name
"rate_constant" .

The environment component

The first <conmponent > element defined in the example model is called envi r onnent . The com-
plete definition is given in Figure 5. This component does not correspond to aphysical compartment in a
cell, but rather is an abstract container used to define variables that are used throughout the model.

The <conmponent > element must have a single name attribute, which must be unique across the mod-
€l. The value of the namne attribute is used to reference the component in connections and groups.
<component name=" environment" >

<variable name="time" public_interface=" out" units=" second" />
</component>
Figure 5. The envi r onnent component represents a convenient abstract container, which is used to
define the independent variablet i me separately from the rest of the model.
In our simple model, the only truly global variableis the independent variablet i ne. In CalIML models,
no variables are given any kind of precedence or implicitly assumed to exist. This makes the model
definition more robust and model components more re-usable. Therefore, it is necessary to declare vari-
ables to represent time and space if they are needed in a model, but it is not necessary to indicate that a
variable like time is an independent variable, as this can be determined from analysis of the differential
equations. Theoretically, you could call the variable that represents time Al and use the namest and
ti me to represent other concepts in your model. However, in practice, it would be unwise to use the
namesti me andt to represent anything other than time, or the names x, y, or z to represent anything
other than space. Doing so would make it more difficult for other model authors to re-use your work.

The<var i abl e> element is explained in the section “ The intra_cellular_space component”.

The intra_cellular_space component

The envi r onnent component is extremely simple. The second <conponent > element, which cor-
responds to the intra-cellular compartment, better demonstrates the functionality and structure of a
<conponent > element. The definition of this component is shown in Figure 6, with the contents of the
<mat h> element omitted (math is discussed in the section “Math™).

<component name="intra_cellular_space" >
<!-- the following variables are used in other components -->
<variable name="Na"' public_interface=" out" units=" concentration_units" />

<variable name="Ca" public_interface="out" units=" concentration_units" />

<!-- the following variables are imported from other components -->




Simple Membrane / Electrophysiological
Models

<variable name="time" public_interface="in" units=" second" />
<variablename="1_Na" public_interface="in" units="flux_units"' />

<variablename="1_Ca" public_interface="in" units=" flux_units" />

<math xmlns=" http://www.w3.0rg/1998/Math/MathML" >

</math>

</component>

Figure 6. The <conponent > element corresponding to the intra-cellular compartment in the example
model. The contents of the <nmat h> element have been left out (math is discussed in the section
13 M ah” ) .

Variables may only be declared inside a<conponent > element. A variable is not visible to other com-
ponents unless it is explicitly exposed using the publ i c_i nterface orprivate_interface at-
tributes. The pri vat e_i nt er f ace attribute is used in conjunction with encapsulation, which is dis-
cussed in a separate example [basic_ep_model_with_encapsulation_doc.html]. The alowed usage of
each variable in the current model is determined by the value of its publ i c_i nt er f ace attribute.
Variableswith apubl i c_i nt er f ace value of " out " may have their value modified in the current
component, and their value may be mapped to variables in other components with a pub-
lic_interface vaueof "in". Theintra-cellular component contains two such variables: the con-
centrations of sodium and calcium ions, declared with identifiers Na and Ca, respectively.

Variables with apubl i c_i nt erface vaue of "i n" obtain their value from mappings to variables
declared in other components with a publ i ¢c_i nt er f ace value of "out " . Their value may not be
modified in the current component. The intra-cellular component declares three such variables: the inde-
pendent variable t i ne and the fluxes of sodium and calcium ions across the membrane, denoted by
| _Na and| _Ca, respectively.

Each <vari abl e> element must have auni t s attribute. The value of this attribute must correspond
to a units definition in the standard CellML dictionary or to units defined within the current component
or model.

The cell_membrane component

The definition of the cel | _nmenbr ane component is shown in Figure 7, with the contents of the
<mat h> element again omitted. The membrane component introduces a third kind of variable: one
without apubl i c_i nt er f ace attribute. Variables with a publ i c_i nt er f ace value of "none"
or without a publ i c_i nt er f ace attribute may be modified in the current component, but are not
visible to other components. Such variables can be thought of as private to the current component, and
are generally convenient for storing the values of intermediate values, or constants that the model user
might want to modify. The rate constants for the diffusion of sodium and calcium ions across the mem-
branefit in the latter category and are denoted by v_Na and v_ Ca, respectively.

<component name="cell_membrane" >

<!-- the following variables are used in other components -->
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<variablename="1_Na' public_interface=" out" units="flux_units" />

<variable name="1_Ca"' public_interface="out" units=" flux_units" />

<!-- the following variables are imported from other components -->

<variable name="Na i" public_interface="in" units=" concentration_units" />
<variable name="Na_€" public_interface="in" units=" concentration_units" />
<variablename="Ca_ i" public_interface="in" units=" concentration_units" />

<variable name="Ca €" public_interface="in" units=" concentration_units" />

<!-- the following variables are only used internally -->
<variablename="v_Na" initial_value="1.0e-8" units="rate _constant" />

<variable name="v_Ca" initial_value="1.5e-8" units="rate_constant" />

<math xmlns=" http://www.w3.0rg/1998/Math/MathML" >

</math>

</component>

Figure 7. The <conponent > element corresponding to the membrane compartment.

Single-valued variables with apubl i c_i nt er f ace attribute value of " out " or "none" may have
their starting value set using the i ni ti al _val ue attribute on the <var i abl e> element, as shown
for the rate constants in the membrane component. The CellML specification (Section 3.2
[../..1..1../public/specification/20010518/model _structure.html #sec_structure_basic_structure]) states that
thevalue of thei ni ti al _val ue attribute corresponds to the value of the variable when all independ-
ent variables (the variables with respect to which differentiation or integration occurs) have a value of
0.0. Sincet i me isthe only independent variable in this model, the initial values of v_Na and v_Ca are
initial conditions with respect to time. Initial values are typically not specified for the majority of vari-
ables in a model as these values can be set by simulation software from external configuration files or
user input.

Section 32 [../..1..]../public/specification/20010518/model _structure.html
#sec_structure basic_structure] of the CellML specification has more on the <conponent > and
<vari abl e> elements.

Figure 8 shows the <mat h> element and its contents from the definition of the extra-cellular compon-
ent. The <mat h> element contains the governing equations for the conservation of sodium and calcium
ion concentrations in the extra-cellular compartment. The second of these equations has been omitted
from Figure 8 for brevity. The equations are defined using MathML [http://www.w3.org/Math/], a XML
vocabulary being developed by the World Wide Web Consortium [http://www.w3.org/].
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<math xmlns=" http://www.w3.0rg/1998/Math/MathML" xmlns:cellml="bob" >
<apply><eq />
<apply><diff />
<bvar><ci> time </ci></bvar >
<ci> Na</ci>
</apply>
<apply><times />
<cn cellml:units=" dimensionless" > -1.0 </cn>
<ci>|_Na</ci>
</apply>

</apply>

</math>

Figure 8. The first equation specified in the <mat h> element from the extra-cellular component. This
equation governs the behaviour of the extra-cellular sodium concentration. An identical equation gov-
erning the behaviour of the intra-celluar calcium concentration was omitted.

The equation defined in Figure 8 is:

-r.I'I: Nal)

——— = =10 f_Y
dtirne) Ii o)

@

The default namespace for the <nat h> element and al of its children elements is set to the MathML
namespace as defined in the MathML 2.0 specification [http://www.w3.org/TR/MathML2/], overriding
the default namespace declaration on the <nodel > element. The single number that occursin the equa
tion is assigned units by adding acel | mi : uni t s attribute to the <cn> element. This attribute is not
part of the MathML specification. It is placed in the CelIML namespace using the cel | i prefix de-
clared on the <nodel > element (as shown in Figure 3). Any number occurring in a MathML block
should be placed in a<cn> element and assigned units in this manner. This supports basic consistency
checking of the equation.

The connection element
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<connecti on> elements are used to define the mappings between variables with a pub-
lic_interface valueof"out" inonecomponent to variableswithapubl i c_i nt er f ace value
of "i n" in another component. Figure 9 shows the <connect i on> element that is used to specify the
mappings between variables in the intra-cellular and membrane components. Only one connection can
be created between any two components in a model, so mappings in both directions must be stored to-
gether within the same <connect i on> element.

Each <connect i on> element must contain asingle <map_conponent s> element which references
(in any order) two components contained in the current <nodel > element. The variables that are being
mapped between the two components are listed successively in separate <map_vari abl es> ele-
ments. The value of the vari abl e_1 attribute must be the nanme of a <vari abl e> element con-
tained in the <conponent > referenced by the conponent _1 attribute on the <map_conponent >
element, and the value of thevar i abl e_2 attribute must correspond to avariablein conponent _2.

The direction of each mapping is determined by the value of the publ i ¢_i nt er f ace attributes on
the two variables: the value is always passed from the variable with apubl i c_i nt er f ace of "out "
to the variable with apubl i c_i nterface of "i n". In this case, the concentration of sodium from
the intra-cellular component denoted by Na is mapped to the Na_i variable in the membrane. The sodi-
um flux | _Na is passed in the other direction.

<connection>
<map_components component_1="intra_cellular_space" component_2="cell_membrane" />
<map_variablesvariable 1="Na" variable 2="Na i" />
<map_variablesvariable 1="Ca" variable 2="Ca_ i" />
<map_variablesvariable 1="1_Na' variable 2="1_Na' />
<map_variablesvariable 1="1_Ca" variable 2="1 _Ca"' />
</connection>

Figure 9. The <connect i on> element that defines the mapping of variables between the intra-cel-
lular and membrane components.

Download This Model

The CelIML description of this model is available in a number of formats. If you have your browser set
up to view text files served with the “t ext / xm " MIME type, then you can have alook at the XML
file here [../../../modelg/basic_ep model.xml]. If not, you can save that file to disk by shift-clicking on
the preceding link. A “pretty-printed” browsable HTML version of the XML file is available here
[../.]../modelgbasic_ep_model.html] — note that you cannot download and save this version for later
viewing since it makes use of stylesheets for formatting. If you wish to save or print out the
“pretty-printed” version of the XML, a PDF version is aso avalable here
[../.1../modelgbasic_ep model.pdf]. A gzipped tarball (the Unix equivalent of a winzip file) including
this documentation, the rav XML and the pretty-printed PDF version of the XML is available here
[.././../downloads/cellml_basic_ep model .tar.gz].

Here are those links again:

* basic_ep model.xml [../.././modelg/basic_ep _model.xml] — the raw XML.
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basic_ep_model.html [../../../models/basic_ep_model.html] — an HTML version for browsing on-
line.

basic_ep _model.pdf [../../../models/basic_ep_model.pdf] — a PDF version suitable for printing.

cellml_basic_ep_model.tar.gz [../../../downloads/cellml_basic_ep model.tar.gz] — a gzipped tarball
with the XML and this documentation.

basic_ep model_maths.pdf [../../../maths_pdf/basic_ep_model_maths.pdf] — a PDF of the equations
described in the model generated directly from the CellML description using the MathML Renderer
[../..1..1../public/tools/index.html].
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