Neuroinformatics

Copyright ©Humana Press Inc.

All rights of any nature whatsoever are reserved.
ISSN 1539-2791/03/309-326/$25.00

Original Article

EMAP and EMAGE

A Framework for Understanding Spatially Organized Data

Richard A. Baldock,” Jonathan B. L. Bard,' Albert Burger, Nicolas Burton,

Jeff Christiansen, Guanjie Feng, Bill Hill, Derek Houghton, Matthew Kaufman,'
Jianguo Rao, James Sharpe, Allyson Ross, Peter Stevenson, Shanmugasundaram
Venkataraman, Andrew Waterhouse,Yiya Yang, and Duncan R. Davidson

MRC Human Genetics Unit,Western General Hospital, Crewe Road, Edinburgh, UK; 'Division of
Biomedical Sciences, University of Edinburgh, Hugh Robson Building, George Square, Edinburgh, UK

Abstract

The Edinburgh Mouse Atlas Project (EMAP)
is a time-series of mouse-embryo volumetric
models. The models provide a context-free spa-
tial framework onto which structural interpre-
tations and experimental data can be mapped.
This enables collation, comparison, and query
of complex spatial patterns with respect to each
other and with respect to known or hypothe-
sized structure. The atlas also includes a time-
dependent anatomical ontology and mapping
between the ontology and the spatial models in
the form of delineated anatomical regions or tis-
sues. The models provide a natural, graphical
context for browsing and visualizing complex
data.

The Edinburgh Mouse Atlas Gene-
Expression Database (EMAGE) is one of the first
applications of the EMAP framework and pro-
vides a spatially mapped gene-expression data-
base with associated tools for data mapping,
submission, and query. In this article, we
describe the underlying principles of the Atlas
and the gene-expression database, and provide
a practical introduction to the use of the EMAP
and EMAGE tools, including use of new tech-
niques for wholebody gene-expression data cap-
ture and mapping.

Index Entries: Mouse development; develop-
mental atlas; gene-expression database; ontol-
ogy; 3D image viewer; Java interfaces.
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Introduction

The Edinburgh Mouse Atlas Project (EMAP)
has implemented a spatio-temporal frame-
work for capturing spatially organized and
mapped data (Baldock et al., 1992; Davidson
etal., 1997; Bard et al., 1998; Brune et al., 1999),
The framework consists of a time-series of 3D
models for most postimplantation develop-
mental stages of the mouse. The staging is
based on Theiler (1989) with supplementation
from Downs and Davies (1993), which overall
provides stages at roughly half-day intervals.
In addition to the models, the framework
includes a standard nomenclature or ontology
of the anatomical tissues present at each stage.
The nomenclature is linked to the models by
delineation of the principal named anatomical
components within the same coordinate frame.

This basic design of a volumetric, voxel-
based space coupled to an ontology of con-
ceptual terms via spatial mappings is the de
facto standard for this type of database in bio-
medical research. The voxel coordinates rep-
resent the resolution of the given models but
can be considered as grid-lines for higher-res-
olution models if required. A key property of
such systems is a mechanism for spatial trans-
formation or mapping. This can be a simple lin-
ear affine transform (scale, rotate, translate) or
arbitrarily complex non-linear warps to bring
the experimental data into alignment with the
standard model. The ontology provides inter-
operability with other resources and allows
inference in terms of the conceptual meaning
of data; the spatial mapping provides spatial
query and inference in geometric terms.

This work complements other tools and
applications in this special issue. Specifically
theembryoatlas discussed hereis directly relat-
ed in form to both the Mouse Brain Atlas of
Rosen et al. (2003) and the Mouse Atlas Project
reported by MacKenzie-Graham et al. (2003).
These atlases are primarily of the adult mouse
brain, but the data is volumetric and present-

Neuroinformatics

ed asstandard section views or directly as voxel
images. Martone et al. (2003) describe access
to very high-resolution data down to subcel-
lular structure and organization localized with-
in a standard atlas.

The general message is clear: Atlases are a
necessary mechanism for managing data and
tools for manipulation, browsing, and query-
ing by spatial localization. The challenge is to
provide efficient interoperability across dif-
ferent atlases at the spatial level as well as at
the conceptual level (ontologies).

The model, ontology, and domains provide
abasic framework for mapping, analyzing, col-
lating, and querying spatial data. In other
words, itis the underlying basis for a database,
analogous to a geographicinformation system
(GIS) with the possibility of mapping arbi-
trarily complex spatial data. In contrast tomany
GIS systems, the underlying space is three-
dimensional and changes with time.
Furthermore, the data captured isalways from
a new embryo, which introduces significant
difficulties for the mapping process. This
framework, the tools and resources available
to access and to map onto the framework, and
an example of its use for a spatial gene-expres-
sion database (EMAGE), are described in the
following pages.

The EMAP Spatio-Temporal
Framework

The EMAP framework is comprised of three
key components: 3D grey-level (voxel) mod-
els of the embryos at each stage, an anatomi-
cal ontology and amapping between the spatial
context of the digital models, and the textual
context of the anatomy.

The first component is the set of EMAP
model embryos, which are 3D reconstructions
made from images of stained histological sec-
tions (Brune et al., 1999). These split into two
groups: those digitized from the wax-embed-
ded sections Professor Kaufman used for his
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Fig. 1. Example images from OPT-captured 3D data.The left picture shows a volume rendering of a grey-level
voxel image. The right picture shows a rendering of the expression pattern of two genes against the back-
ground of the autofluorescence of the embryonic tissue. The authors thank Dr. Ulf Ahlgren for the data for
these figures.

paper atlas (Kaufman, 1994), and those digi-
tized from plastic embedded sections.

The wax sections provide a model embryo
with resolution 4 x 4 X 7 microns and the plas-
tic embedded 2 x 2 X 2 microns. The next gen-
eration of models will be first captured using
optical projection tomography (OPT): a tech-
nique which can capture full 3D data without
physical sectioning over the scale and resolu-
tionrangerequired forembryostudies (Sharpe
etal.,2002);anexample of OPTimagesis shown
in Fig. 1. The OPT-scanned embryos are then
sectioned and digitized at high resolution.

This will therefore combine the geometric
fidelity of true 3D imaging with the high spa-
tial and tissue contrast of the histology. Each
model is from a single animal with the inten-
tion of providing a representative framework
for analysis, and to provide multiple models
at each stage to allow more accurate mapping
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fromexperimental data. Itisintended that there
will be a spatial mapping between stages so
that a full spatio-temporal framework is avail-
able. The models provide a context-free, digi-
tal, 3D mouse that can be visualized and
virtually sectioned in any plane to show inter-
nal tissue histology onto which structural and
experimental information can be mapped.
The second component is the anatomical
ontology, which is a set of anatomical and tis-
sue terms for each developmental stage organ-
ized as a part-of hierarchy (Bard et al., 1998).
Each named tissue is a node in the hierarchy.
Except for the end or “leaf” nodes, which rep-
resent the smallest tissue components in the
ontology, each node has component “child”
tissues. Each node can in principle be a child
of multiple “parent” nodes; which allows for
different grouping of terms, so that, technical-
ly speaking, the hierarchy is a directed acyclic
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Fig.2.LHS a three-dimensional rendering of the Theiler stage (TS) - 14 voxel model with a number of anatom-
ical domains displayed as 3D colored regions.The RHS picture is a screenshot of the anatomy browser appli-
cation showing some of the anatomical hierarchy for TS14.The colored lines illustrate how the ontology terms
are linked to the spatial domains within the embryo model. (Color figure available online.)

graph (DAG). In addition to the part-of links
withina given Theiler stage, there are also “lin-
eage” links between stages. These provide the
temporal linking through the ontology. This
ontology is available directly from a database
or can be downloaded in a number of forms.
The third key component in the EMAP
framework is the set of 3D spatial regions,
defined within the embryo model coordinates
and linked to specific terms in the ontology.
We use the term domain fora 3D spatial region,
and these anatomical domains provide the
translation from text to space and vice versa.
The anatomical nomenclature can be consid-
ered a representation of embryo space that is
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explicitbutnon-geometric, the models provide
an iconic representation with implicit spatial
relationships. This basic organization is illus-
trated in Fig. 2.

The anatomical domains within the 3D
embryo models have been defined by a com-
bination of image processing and manual edit-
ing. Some of the boundaries and tissue
divisions are most easily defined by selecting
section views that cut the boundary perpen-
dicularly orby defining the plane dividing two
components. For these operations, we devel-
oped a computer program, MAPaint, that can
also be used to map data.
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Fig. 3.Worldwide web interface to the EMAP and EMAGE internet resources.The site also includes links for
other resources, embryo developmental information, software, and image data.

The atlas is implemented as an object-ori-
ented database, written in C++ and uses
ObjectStore (www.objectstore.net) as the data-
base management system (DBMS).

The anatomical nomenclature and many of
the graphical features of the Atlas can be
accessed online using Java applications from
the EMAP website (http://genex.hgu.mrc.
ac.uk/) (Fig. 3).

The complete voxel models, anatomical hier-
archies, and domains are accessed from CD-
ROMs produced by the Medical Research
Council (MRC) and can be ordered from the
same website.
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EMAGE Spatially Mapped Gene
Expression Database

The EMAP atlas was developed for the pur-
pose of housing a gene-expression database
for mouse development. The anatomy ontol-
ogy has already been used within a number of
other databases, including the Jackson
Laboratory Mouse Genome Informatics gene-
expression database (MGI/GXD), which
indexes expression patterns using text descrip-
tions. The aim of EMAGE however is to con-
tain spatially mapped gene-expression data.
The basic idea is simple. Each voxel can be
thought of asaregion of space ata certain loca-
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tion in time. Data associated with that loca-
tion can be added to that voxel and later
queried in terms of location as well as other
properties of the data. Each voxel can there-
fore be considered a “pigeon hole” into which
information is posted. This type of informa-
tion could be represented in a relational data-
base but the mapping and spatial processing
would be very inefficient. More appropriate
is to gather a voxel or group of voxels (a
domain) into a single image structure associ-
ated with the body of other data. A query is
thenacombination of standard database-style
processing with image processing operations
to access the spatial data. This combination
and data organization makes the use of an
object-oriented design most appropriate. In
situ gene-expression data is imaged in a vari-
ety of ways. Initial studies typically involve
whole-mount processing and image capture
using alow-power dissection microscope. This
data is a 2D projection of the 3D embryo and
can therefore only act as a guide to the true
expressiondistribution. If more detailed analy-
sis and accurate spatial location is required,
then the next step is to physically section the
embryoand stainindividual sections for high-
power microscopy. This data is intrinsically
three-dimensional but with the problem that
themapping of the section into 3D space needs
toberecovered. Other techniques can provide
more direct 3D information for example con-
focal microscopy (CLSM), magneticresonance
microscopy (MRM) and the recently invented
OPT.

Bringing the in situ data into registration
with the embryo models requires that thenon-
linear warp transformation from experimen-
tal image to the model be established. Tools
for this process are discussed in the following.
In addition to the image data for each sub-
mission, there is a set of additional central
information to fully define the experiment.

Neuroinformatics

Resources and Tools

EMAP and EMAGE are readily accessible
over the Internet (Fig. 3). In this section we
present some of the resources and tools that
are available with an overview of the capabil-
ities for each tool. In most cases, the software
for the tool is written in Java and is run as an
application on the user’s machine. So that the
softwareisupdated automatically, all Java soft-
ware is delivered and managed using Java
Webstart, an application program freely avail-
able from Sun Microsystems for all common
operating systems including Sun Unix, Linux,
Mac OS X, and Microsoft Windows. The ben-
efit of Webstart is that Web Browser depend-
encies are eliminated and in fact the
application, although originally started by
“clicking” on a URL link on a webpage, can be
started from Webstart itself or from a desktop
icon. Webstart maintains a local cache of the
software, which it compares with the remote
copy (if online), and, if necessary, updates the
local copy. If the software is stable, then this
significantly reduces the start-up time because
very little data needs to be transferred. To use
the interfaces, it is necessary to have Webstart
installed once (instructions for this are pro-
vided on the EMAP website).

WWW and CD-ROM Atlas

Internet access provides a graphical view
and browsing interface to the atlas models and
databases. It is possible to browse the atlas
models and ontologies by using tools provid-
ed on the website pages. For more sophisti-
cated access to the models, for example
interactive resectioning of the histology mod-
els at arbitrary planes or 3D visualization of
the anatomical domains, there are a number of
CD-ROMs available. These provide the full 3D
data and allow mapping of gene-expression
data for submission to the database.
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The EMAP website has two primary access
pages, thefirstis tothe EMAP atlasitself, where
the user is presented with a graphical index of
the reconstructions, anatomy, and anatomical
domains. The other is to the gene-expression
database. The EMAGE interface has been
developed in Java and is downloadable from
the EMAGE webpage. This download provides
the query and submission interface, which
allows the user to build a submission for the
database, manage local data, and review and
compare data from the database. For mapping
and submission of data there is a specific
“Mapping and Analysis” CD. Specific inter-
faces available from these pages are discussed
in the following.

Databases

The anatomy ontology databases, both
mouse and human, and the gene-expression
database EMAGE can be accessed online. In
each case, the user interfaces have been devel-
oped using Java and are downloaded auto-
matically when the link on the webpage is
selected. Subsequently, the applications canbe
started directly from a desktop icon, local file,
or by reselecting the link. In the case of the
EMAGE query and submission interface, the
first-time user is requested to register their
name and email address. This is to determine
the number and range of users of the database.

The mouse anatomy database is also pro-
vided with a series of webpages of supple-
mentary information on mouse development,
including a table of the primary staging crite-
ria with links to stage-specific pages with more
detail, diagrams, and images of representative
embryos.

Atlas Browsing Tools

The EMAP atlas is available in a number of
ways. The simplestis directly over the Internet

Volume 1, 2003

using easily accessible viewers. The most com-
prehensive view of the datais provided by tools
that use the EMAP CD-ROMs to provide inter-
active viewing of the grey-level models with
theanatomy overlaid. These tools also provide
opportunity for mapping and defining new
spatial information.

Anatomy Database Browser

This interface provides query and browsing
of the Mouse Atlas anatomy ontology
(www.ana.ed.ac.uk/anatomy/database/humat).

The interface is implemented in Java and is
downloaded and run using Java Webstart.
Figure 4 shows a view of the interface.

The primary tool is a simple tree-browser.
For this, the user selects the developmental
(Theiler) stage required, which is then dis-
played in collapsed form. The user can then
expand the tree as required or select expansion
of the whole tree to a certain depth. The tree
components are active and right-button select
(<Control>selecton Mac) will resultina menu.
The capability at present is to select “Details”
which will result in a dialog with more detail
of the selected component: full name of the
component (as a path in the tree), range of
Theiler stages for this component, lineage links.
Synonyms, and status flags. In addition to the
stage browser, the interface provides a query
facility to search on name and anatomy com-
ponent identity number across all stages or a
selected stage range. This also provides links
to the component-details box.

Section and Anatomy Viewer

The section browser is a Java applet that is
accessible for all architectures. It provides a
limited series of pre-calculated section views
withmapped anatomy and the anatomy ontol-
ogy. Theviews canbeselected from transverse,
frontal, and sagittal planes through the embryo
reconstruction. For each selection, the visible
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Fig. 4. The anatomy database browser. The left window is an interactive tree view of the anatomy ontology,
which is a stage specific part-of hierarchy of the anatomical terms at each developmental stage.The right-hand
window provides additional detail of a selected component and its UIDs and relationships.

defined anatomy can be viewed overlaid on
the sections by moving the cursor or selecting
a point on the section. Each coordinate in the
section view is linked to the enclosing tissue
domain and thence to the tissue anatomy com-
ponent. The view provides a simple and effec-
tive way to browse the grey-level voxel model
of the embryo and enables the user to explore
the defined anatomy and anatomy ontology in
a natural way.

The browser starts automatically by access-
ing a link on http:/genex.hgu.mrc.ac.
uk/Atlas/and is shown in Fig. 5.
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This page also provides links to other
resources available for the selected Theiler
stage. In addition to providing a graphical
view of the atlas, the section browser can be
used to query the MGI/GXD gene-expression
database at the Jackson Laboratory. This is a
very large database, which includes gene-
expression data in the mouse indexed using
the anatomical ontology from EMAP. Key to
the interoperability are the unique identifiers
(UID) or accession numbers that each compo-
nent acquires in the EMAP database. These
UlIDs allow query from the Section Browser
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Fig. 5. Section Browser web interface plus additional resources links. The main interface in the top frame is
interactive and will highlight tissues as the cursor is passed over the corresponding pixel locations. Tissues
can be selected in space or from the ontology trees and used to query the GXD database.

directly on the GXD and thereby provides a
graphical query interface.

Browsing the Original Section Images
Used to Make the Models

To create the voxel models for each stage of
development, serial histological sections of
each embryo were digitised and reassembled
(stacked) to form the voxel model. The mod-
els are then used for resectioning and mapping
sothereassemblyinvolvesalignmentand non-
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linear warping of the section images onto the
3D spatial coordinate frame. In addition, the
original section views are sub-sampled so that
theresolution of the stackis approximately iso-
tropic. This makes the resectioning simpler and
the digital sections more realistic. The costis a
loss of resolution in the original planes. To allow
review and more detailed analysis of the full
image data these “original-sections” are pro-
vided within a Java user interface. Select the
“High resolution section-image” option on the
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Fig. 6. Screen shot of the Java Atlas viewer. The top-left window is the primary startup window for the appli-
cation and provides the 3D view and feedback. Shown as a transparent surface is a view of the whole embryo
to aid navigation. Any number of section views can be requested, each of which has a user definable orien-
tation, highlight color and 3D display options. In this case, all three have been selected for texture map view
which displays the grey-level image in 3D space. In addition the intersecting lines between sections are shown
in their respective colors.The top-right section view also shows some of the orientation controls that are
available for manipulating the view interactively. The bottom-right window shows the currently selected anato-
my components, shown in color on each view and in the 3D window. (Color figure available online.)

page displayed in Fig. 5 allows use of this inter-
face. The window on the left provides a section
selector that can be controlled using the
up/down arrows to locate any required sec-
tion. The sectionnumberisidentical to the plane
or z-coordinate provided by other viewers.

Java Atlas Viewer

The Section Browser provides constrained
views of the atlas models. For Unix systems,
other programs (e.g., MAPaint) provide for
arbitrary sectioning and fastinteractive brows-
ing. Toovercome UNIX dependencies, wehave
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recently released the Java Atlas Browser, which
is a Java application, accessed using Webstart
thatwill provide this functionality for all archi-
tectures, including Microsoft Windows based
systems. The browser is shown in Fig. 6.
There are two basic windows. The firstis the
section view, which provides a cut section
through the embryo model at any orientation
and position. Any number of section views can
be displayed simultaneously. The other pri-
mary window is the 3D feedback view, which
displays a surface model of the embryo, the
bounding-box of the data and the location of
each of the section views. Other windows pro-
vide controls for viewing the anatomy. This
browser can be freely downloaded from the
genex website (http:/ /genex.hgu.mrc.ac.uk/).

Gene-Expression Data Submission

The basic principle of the EMAGE database
is that spatially organized data, for example,
the domain of expression of a particular gene
at a given stage of development, is spatially
mapped by image registration and warping
onto the standard framework. The mapped pat-
tern is stored along with the original images
and supplementary ancillary data. Interfaces
for these aspects are discussed in the follow-
ing. The philosophy of the database is to accept
any submission that satisfies quality criteria in
terms of the submitted data and the original
image. No check is made of consistency with
existing submission, i.e., we expect to include
apparently inconsistent results, which will be
resolved by further and more detailed exper-
iments.

Mapping Data for Inclusion in EMAGE
Using MAPaint

The key capability of MAPaint is the option
of defining delineated regions using any sec-
tion view through the embryo. Thus MAPaint
can be used to map gene expression domains
orany other spatially organized data from actu-
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al histological sections into the equivalent vir-
tual section through the 3D Atlas model.

The first step in this process is to select the
appropriate Theiler-stage model using the stag-
ing criteria that can be browsed on the EMAP
website and, where more than one model exists
for a particular stage, choosing the model that
most closely resembles the conformation of the
original specimen from which the histological
section or wholemount photograph comes. It
is worth noting here that it will be an advan-
tage to photograph embryos before histology
processing.

The second step is to select the digital sec-
tion plane that best matches the plane of the
actual section containing the data to be
mapped. Navigation through the model is
interactive (provided the voxel model can fit
into the computer’s main memory). To assist
in finding the desired plane, the controls allow
rapid location of specific morphological fea-
tures or existing delineated domains in the
model; it is then possible to fix first one, then
two points in the visible plane so that all sub-
sequent changes in section angle will keep
these points in the plane. Fixing one point
leaves two rotational degrees of freedom; fix-
ing twoleaves asinglerotational degree of free-
dom. With a little practice, the optimal match
can be quickly established in this way. The
parameters defining a given section can be
saved and restored at any time.

Once the plane of section is selected, there
are three options for mapping the data, say a
gene expression pattern, into the 3D space at
this plane. The mapping process can be paint-
ing, compilation of existing defined regions
followed by manual editing, and finally these
in combination with mapping directly from a
source image.

Painting or region delineation is achieved
using a number of tools; some of which are
purely manual, e.g.,simple polyline enclosure,
paint-ball, and thresholding. Others include
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Fig. 7. (A) Mapping 2D data onto the standard model. A non-linear warp is defined by a series of tie-points
put in by the user. The process takes a few minutes. (B) mapping the signal by simple thresholding of the

stained embryo image and spatial mapping.
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automation for example edge tracking, prop-
agation, and hierarchical dominance. The pro-
gram is designed to allow simultaneous
definition of up to 32 domains. In practice,
operators usually restrict painting activity to
about 6 domains at a time. As each domain is
delineated it immediately becomes visible in
any view and can be displayed as a 3D struc-
ture in the navigator window (see Fig. 7).
Any number of domains can be defined
because domains are saved as independent 3D
image structures in separate files, for example
at Theiler stage 26 there are about 450 anatom-
ical tissues delineated. Domains defined dur-
ing the same session are assumed to be
mutually exclusive: thisisa constraintimposed
by the system. So that common boundaries
only need to be defined once, there is a con-
trollable dominance hierarchy so that the user
can control and modify which domain will
remain when two domains intersect.
Overlapping domains can, of course, be
defined and displayed in separate sessions.
Domains that have been defined previous-
ly can be edited using a number of command-
line operations to create new domains that are,
for example, the union, intersection and dif-
ference of existing ones. Existing domains, for
example, those representing named anatomi-
cal structures and previously delineated gene
expression patterns can be used as starting
points in this process. The resulting new
domains can then be manually edited using
the MAPaint program as described previously.
Mapping directly from the source image
requires the definition of the potentially com-
plex spatial transform from the actual histo-
logical section to the standard model. (Note
that the same mapping process as is applied to
sections canbe applied to 2D images of stained
embryos in whole-mount preparations.) This
process is termed warp input and the current
system requires manual interaction to define
a series of tie-points. Each tie-point pair estab-
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lishes a correspondence between the source
image and the target view in the model. As the
tie-points are defined the source image is
warped using thin-plate spline (Baldock and
Hill, 1999) or multiquadric interpolation and
the user is presented with a composite image
that shows the current state of the transforma-
tion. In many cases, the spatial transformation
can be very accurate with relatively few points
and only takes a few minutes of operator time.
Forlarger scalestudies, automated mechanisms
for this matching are being developed. This
sequence of mapping is shown in Fig. 7.

Once the spatial transformation has been
established, the signal image can be imported
and the signal extracted by simple smoothing
and thresholding. This isbest undertaken with
the original section or whole-mount available
under the microscope so that the threshold val-
ues can be checked against high-resolution
observation of the data. Once the signal has
been extracted, the mapped data can be edit-
ed to remove artefacts and correct for minor
misalignments arising from errors in the non-
linear mapping. Using this mechanism, data
from single, or a series of, sections can be
mapped onto the model and submitted to the
database. See Fig. 8 for an example of mapped
data using the standard protocol for required
and optional signal domains.

In summary, mapping directly from the
source image involves the following steps:
Select the appropriate Theiler stage model.

* Locate the corresponding sectionin the model.

* Select the 2D warp input interface.

* Read in the source image and define tie-point
correspondences.

¢ Read in the signal image and define the sig-
nal thresholds.

* Map the data and save.

EMAGE Submission Interface

The key property of the EMAGE database
is spatial mapping of the gene-expression pat-
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data that is a required part of every submission.

terns which makes possible the spatial search
and comparison. To make the database useful,
it is necessary to include a significant amount
of supplementary or ancillary data. This
includes source embryo details, probe details,
probed gene symbol, author and laboratory
details, reference to the publication describing
the data (if available), and original images of
the unmapped data. This information is man-
aged in the database as part of a single sub-
mission and can be returned complete, or in
part, as the result of a query on the database.
To manage and support the building of a data-
base submission, we have developed a sub-
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mission interface. This presents the user with
a series of forms for attaching essential and
optional data, for adding image data, and for
defining the anatomical annotation. It also
manages the submissions in a local database
so an individual user or group can build up
their own personal database. This can include
oft-repeated data such as personal informa-
tion, addresses, strain information, probe
information, etc. All of this information can
then be entered by simple selection from a list.

Figure 8 shows a screen shot of the interface
that is available by direct download from the
website (http://genex.hgu.mrc.ac.uk/
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Emage/) or by using Webstart. When the inter-
face starts up, a query window is displayed. To
build a submission, the user is first prompted
to create a local database. A new submission to
this local database can then be made by select-
ing ‘new-submission” on the File menu. This
initiates an empty submission form in which
the essential fields indicated by red titles. The
interface (see Fig. 8) provides a set of pages (tabs)
to be filled. Instructions for the entire process
canbeaccessed using the help menu of the inter-
face or downloaded from the website as notes
for a training course. The first essential infor-
mation is the name and contact details of the
author and source laboratory. Essential infor-
mation on the second page defines the probe
and method used to visualize the gene-expres-
sion pattern, the third page asks for detail of
the embryo, strain, stage, etc. The fourth page
is for the gene-expression results in the form of
a spatial mapping or anatomical annotation. A
tifth page includes space for details of any pub-
lication or linked submissions. On each of these
pages, there are additional optional fields and
space for additional free text to provide extra
detail of the experimental procedure, data inter-
pretation or analysis of particular patterns.
Finally thereisa page forlab-specific detail that
is for the local use, and not for transmission to
the central database.

Each submissionrecord correspondstoasin-
gle gene (probe) on a single developmental
stage captured during a single experiment.
Typically this will be a single embryo but that
isnotnecessary. If the same embryo is used for
multiple gene-expression assays at the same
time, e.g., by double (or more) labeling, or by
using sections in sequence for each gene then
the data-mapping and comparison is likely to
be more reliable than for data from two com-
pletely independent studies. For this situation,
different submissions can be linked and the
nature of the link recorded as “part of the same
experiment.”

Neuroinformatics

Gene expression can be spatially mapped to
any of the Atlas models. Expression patterns
can be mapped not only to the 3D reconstruc-
tion for each stage, but also to a number of
other standard views, typically lateral views
of the whole embryo. The standard procedure
requires the definition of a number of domains
(whichcanbe “empty”) thatspecify theregions
of expression under the headings “strong,”
“medium,” “weak,” “possible,” and “not-
detected.” Finally it is required to make sure
thatthe “not-detected” excludes any areas that
are not examined, for example if the section is
incomplete or there are areas that are occlud-
ed or hidden. This is because it is important to
be able to distinguish between parts of the
embryo that have been examined during a
study but for which no expression could be
detected and parts that have not been exam-
ined at all. Note that we use the designation
“not-detected” rather than “not-expressed”
because there may always be expression at a
level too low for any given experiment to
detect.

Gene-Expression Query

Gene-expression patterns are mapped onto
the standard framework, either directly onto
the 3D digital models or indirectly by anatom-
ical annotation. This mapping enables query
of the data in purely spatial terms in addition
to search on the textual and numerical data. In
addition, the EMAP Section Browser interface
can be used to query the MGI/GXD gene
expression database, which uses the standard
anatomical terms to annotate expression pat-
terns described in the literature.

The EMAGE query interface is shown in
Fig. 9. This interface currently allows a small
set of key queries. Spatial queries are invoked
by defining a spatial region or query domain,
which is then compared with the domains of
gene-expression (or not-detected) held in the
database. In exactly the same way that the
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mapped region is defined directly on the dig-
ital models or indirectly via the anatomy, the
query domain is also defined directly or indi-
rectly. All submissions in the database are sub-
jected to the query, independently of how the
data was originally mapped.

Defining a spatial query is done by select-
ing the required stage, selecting the required
model, and then using one of three methods
to define the query domain. The firstis to select
one or more pre-defined regions, the second is
to paint directly onto the digital model, and
the third is toread in a pre-defined region com-
prising a domain delineated by MAPaint or a
domain of expression of another gene. In fact,
any combination of these options is possible,
allowing arbitrarily complex combinations of
existing domains followed by manual editing.

Once defined the user selects “Search” to
return “hits” on the database in the form of
two simple lists. The first is the list of genes
that are found to be expressed and the second
is the full list of submissions that satisfy the
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query. Thelatter will, in general, belonger than
the gene list since there will be more than one
submission per gene.

Conclusion

In this paper we have presented some of the
basictools developed for the Edinburgh Mouse
Atlas (EMAP) and an associated gene-expres-
sion database (EMAGE). The essence of the
framework is to allow the comparison and
interpretation of data within the same spatial
coordinate system. This includes direct spatial
querying. The tools presented here allow
browsing of the atlas and anatomical ontology,
mapping and analysis of the spatial data and
query of the database. The tools are primarily
developed in Java and delivered using Java
Webstart which allows for automatic update
and ensures that theinterfaces arelargely archi-
tecture independent. Specifically all Java tools
will work under Unix (Solaris, IRIX), Linux,
Mac OS X, and Microsoft Windows. MAPaint
is available on all except Windows. All soft-
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wareis freely available foracademic, non-prof-
it use, including source code. The anatomy
ontologies are available in a number of forms,
including XML in OBO (www.geneontol-
ogy.org/doc/gobo.html), for importation to
other databases provided the componentiden-
tity numbers are preserved. The atlas is pro-
vided online or on CD-ROM and the
gene-expression database is online.

EMAGE is the first spatially mapped and
searchable gene-expression database for any
organism, but it is not the last. There are many
projects underway to provide similar func-
tionality across other model organisms,
embryo and adult. A key challenge is to make
sure that these databases are interoperable.
This is being addressed at the ontology level
by the Cross Species Anatomy Network
(XSPAN: http://www.xspan.org/). In addi-
tion, the Standards and Ontologies for
Functional Genomics (SOFG: http://genex.
hgu.mrc.ac.uk/sofg) group are investigating
the integration of mouse and human terms.
Within EMAP we are investigating direct spa-
tial mapping between mouse and human.
These efforts will extend to include temporal
as well as cross-species mapping.
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