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oped and shared in a manner similar to

that used by the World Wide Web Con-

sortium (W3C, http://www.w3c.org/).

Connecting Community
Resources

To illustrate the potential of the INCF

Digital Atlasing framework, we integrated

three major community resources into this

developing infrastructure as atlas hubs: the

ABA and associated tools such as the

Anatomic Gene Expression Atlas (AGEA),

EMAP/EMAGE for developmental mouse

brain data, and the WBC, which integrates

the UCSD/BIRN Smart Atlas (Spatial

Mark-Up and Rendering Tool) and the Cell

Centered Database (CCDB, http://www.

ccdb.ucsd.edu/), including the Paxinos and

Watson mouse brain atlas. Each of these

atlases represents an important community

resource in the rodent brain research

community. To make these atlases interop-

erable, we registered the atlases to WHS and

made their data accessible via the standards

and Web services indicated above.

The Allen Brain Atlas
The ABA (http://mouse.brain-map.

org/) is a database of over 20,000 in situ

gene expression patterns in the adult

C56BL/6J mouse brain mapped into a

common coordinate system [7]. The ABA

reference volume (reconstructed from

Nissl-stained histological images at 25 mm3

resolution) was registered to the WHS MRI

label volume by maximizing the mutual

information of manually annotated brain

regions in each 3-D space where the

deformation was parameterized with a

multi-scale 3-D (B-spline) grid. Once the

transform between ABA and WHS was

established, spatial query capabilities, such

as anatomic structure label and gene

expression information, in WHS coordi-

nates were implemented by transforming

the point of interest from WHS to ABA

space and calling existing ABA Web

services. The ABA’s 3-D desktop visualiza-

tion application, Brain Explorer [20], was

adapted to transform data between Wax-

holm and ABA space (Figure 4). Brain

Explorer can be used to visualize gene

expression patterns and correlations in

these patterns between anatomic regions

(http://mouse.brain-map.org/agea, [33])

using any WHS MRI dataset to query the

ABA online database at regions of interest.

The Edinburgh Mouse Atlas Project
The EMAP (http://genex.hgu.mrc.ac.

uk/) is a digital atlas of mouse develop-

ment associated with the EMAGE data-

base, a resource for spatially mapped data

such as in situ gene expression and cell

lineage [34]. After converting WHS vol-

umes into the EMAP native representa-

tion, the Woolz Warping Tool (http://

genex.hgu.mrc.ac.uk/) was used to map

WHS to EMAP space (for Thieler devel-

opment stage T23) using a non-linear

transformation based on a series of

expert-placed landmarks (Figure 5a–b). A

prototype for an Edinburgh INCF atlas

hub was developed that gives access to

EMAP and the related EMAGE gene

expression databases available via INCF-

DAI. Mapping from the adult mouse brain

(WHS) to the EMAP mouse embryo brain

at TS23 highlights the challenges that arise

when dealing with morphological differ-

ences in the underlying models. To

confront these issues, ontology-based and

spatial rule-based mappings are also being

explored (Figure 5d).

The Whole Brain Catalog
The WBC (http://wholebraincatalog.

org/) is a multi-scale open source virtual

catalog of the mouse brain and builds on

core technologies from the NIH-Blueprint

Neuroscience Information Framework

and CCDB (http://ccdb.ucsd.edu/index.

shtm) (Figure 6). WBC can employ WHS

or the Allen Reference Atlas as one of its

spatial reference frameworks and it access-

es INCF-DAI Web services for the spatial

localization of data across atlas hubs. The

CCDB is a Web accessible database for

high resolution 2-D, 3-D, and 4-D data

from light and electron microscopy. Many

of these high resolution images have been

registered to a Web-based Paxinos and

Franklin mouse atlas [1,32] and can be

queried via the Smart Atlas [35,36] from

within the WBC application. Through the

WHS the WBC can now access ABA and

EMAGE data as well. These resources

were both developed at UCSD.

The Future of Digital Atlasing

Constructing an open and shared digital

atlasing framework has the potential to

Figure 5. The Edinburgh Mouse Atlas Project. To link EMAP with WHS, the Waxholm
volume was transformed into EMAP’s native representation (b) and then mapped into EMAP
Theiler Stage 23 (TS23) space, the result shown in (a). Similarly, the result of mapping the EMAP
model into WHS is shown in (c). A few registration landmarks are shown in (a, b) to illustrate the
process. The final transformation was established by anatomists who aligned recognizable tissue
boundaries to within about five voxels in WWHS (, 100 microns). A prototype for an Edinburgh
INCF hub allows access to EMAP and the related EMAGE gene expression databases available
through the INCF-DAI (d). In addition to image processing–based mappings, alternative methods
of mappings are being explored, including ontology-based mappings, and mapping of areas of
interest across atlases using spatial rules (d).
doi:10.1371/journal.pcbi.1001065.g005
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transform collaborative research. While

building such a framework would be

considerably more challenging in higher

mammals, the benefits in the mouse, and

rodent in general, are extraordinary and

well worth the effort. A more mature

system may be able to bridge the rich data

sets from different research groups across

different species, experimental modalities,

and locations. As more groups tie their

resources to this framework, it will be

possible to access data and applications

located at a researcher’s spatial areas of

interest. Infrastructure is being developed,

so any client that includes known spatial

information and uses INCF-DAI services

can access these integrated resources.

Large-scale efforts are presently under-

way in the mouse for brain-wide experi-

mental mapping of neural circuits at a

mesoscopic resolution using injections of

tracers or viral vectors [37], and via

genetically modified lines. These connec-

tional atlases will provide another level of

understanding of brain architecture but

will yield atlases of increasing complexity

[38]. Dissemination and analysis of the

data and created in these efforts may

greatly benefit from implementing a stan-

dardized anatomic architecture such as

proposed here. The INCF Digital Atlasing

program is inspired by the vision described

here, and plans to continue to create

recommendations and standards that

move the community toward this goal.

Approaching standardization and infra-

structure development for brain atlasing as

a community effort will allow unprece-

dented data interchange and interopera-

bility of resources that support our shared

scientific goals.
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Figure 6. The Whole Brain Catalog. From the WBC 3-DAtlas Integration Client shown in (a), a user can generate a spatial query of WHS registered
atlases. A probe can be placed in the 3-D space of the viewer and WHS coordinates of the probe translated into other atlas coordinate spaces.
Implemented queries include (b) CCDB-UCSD, (c) EMAP/EMAGE, and (d) AGEA/ABA, enabling a framework for interchange between these atlases.
doi:10.1371/journal.pcbi.1001065.g006
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