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We describe in this paper the structure and main features of a domain specifi c ontology for neuroscience, the BAMS Neuroanatomical 
Ontology. The ontology includes a complete set of concepts that describe the parts of the rat nervous system, a growing set of 
concepts that describe neuron populations identifi ed in different brain regions, and relationships between concepts. The ontology is 
linked with a complex representation of structural and physiological variables used to classify neurons, which is encoded in BAMS. 
BAMS Neuroanatomical Ontology is accessible on the web and includes an interface that allows browsing terms, viewing criteria for 
classifi cation, and accessing associated information.
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INTRODUCTION
The problem of neuron classifi cation (i.e., a taxonomy of neuron populations 
and the variables used to classify them) is fundamental for understanding 
the structure and function of different brain regions, and for modeling pur-
poses (Bota and Swanson, 2007). Moreover, the large quantity of inher-
ently complex data, and the need for data and information sharing between 
research groups, drives creation of accessible neuroinformatic systems to 
defi ne different neuron types and store their morphological and physiologi-
cal properties.

Neuroscience is characterized by an explosion of terminologies both at 
the regional and individual neuron levels of organization associated with the 
vertebrate central nervous system (CNS). The advent of new experimental 
techniques often leads to new brain parcellation schemes, and the discov-
ery of new cell populations, or the renaming of known populations. Thus, 
neuroinformatics systems that include terms and their defi nitions, as well as 
relationships between terms (i.e., ontologies; Gruber, 1993), are needed.

As in any research fi eld, specialized ontologies are needed to describe 
a specifi ed domain – in this case a neuroanatomical account of the nerv-
ous system (NS). While not denying the need to align and create more 
general ontologies, neuroscience ontologies must be constructed fi rst as 
stand-alone applications because they are designed primarily for use by 
neuroscientists. Because structural features of the NS are the domain of 
neuroanatomy, it can be seen as a natural starting point or framework for 
the construction of neuroscience ontologies.

An ideal neuroscience ontology might be viewed as including fi rst a 
complete set of structural parts (gray and white matter, and ventricles) and 
neuron types making up the structural parts, unequivocally defi ned. Second, 

it would include axonal projections between regions and neuron types, and 
an inventory of molecules expressed in them – in the form of relations and 
properties of the ontology classes. Third, the ideal neuroscience ontology 
would include morphological, connectional, and electrophysiological proper-
ties of neurons modeled as relations and attributes of classes. This ontology 
would have to allow different types of semantic relationships and be written 
in a language allowing automatic inferences. By allowing different types of 
semantic relations, the ideal ontology would also address the problem of 
multiple names for different NS parts and neuron types. And fi nally, the ideal 
neuroscience ontology must be species specifi c. This is necessary both for 
capturing what is specifi c about the NS in each species, and for explicit com-
parisons between species (homology evaluation). Nervous system parts and 
neuron types in different species must be considered as separate objects 
because they can and do differ in their properties and attributes.

Such an ontology cannot be created by a single research group, but is 
instead the long-term goal of a community project. We have begun con-
struction of a structural neuroscience ontology by providing concepts that 
name different parts of the rat NS and its component neuron populations. 
The concepts of the ontology are ordered by “part of” and “is a” rela-
tionships, and the ontology includes semantic relations between neuron 
population concepts and other terms used in the literature.

In this paper we describe the design and main features of the Brain 
Architecture Knowledge Management System (BAMS) Neuroanatomical 
Ontology, which is an evolving neuroscience ontology. It is species specifi c 
and includes concepts defi ning the parts that, in the work described here, 
specifi cally make up the rat NS. It also includes an evolving and expanding 
set of concepts and terms that defi ne the neuron types and classes identifi ed 
in different rat NS regions. And fi nally, it deals with the problem of multiple 
nomenclatures for the same neuron populations (Bota and Swanson, 2007), 
and is associated with a complex classifi cation schema for neurons.

MATERIALS AND METHODS
Ontology schema
Like other component modules of BAMS, the Neuroanatomical Ontology 
is implemented in MySQL, and its backend relational schema is shown 
in Figure 1.
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The construction principle of BAMS Neuroanatomical Ontology is that 
different NS parts can be parceled based on different criteria, and the small-
est divisions consist of neuron types. The design of the ontology follows the 
principle of disjoint decomposition of classes (Gómez-Pérez et al., 2003). 
Each of the concepts included in the BAMS Neuroanatomical Ontology can 
be associated with a textual defi nition, as well as with original literature 
references. The most abstract classes of BAMS Neuroanatomical Ontology 
follow the Foundational Model of Anatomy (FMA; Rosse and Mejino, 2003; 
see Figure 2). The design of the ontology also follows the criteria for inclu-
sion in OBO foundry (Smith et al., 2005): concepts are associated with 

textual defi nitions and uniquely identifi ed by alphanumeric identifi ers, 
the ontology is also in an OWL format, we reused as much as possible 
other existent ontologies, the “is-a” relation follows the principle of single 
inheritance, and the “part-of” relation is either of the mereotopological 
type, which can be further dissociated in the basic topological relations 
between two objects, or the aggregate type.

The root of the ontology is the abstract concept called “Thing”. The 
concepts “Organism” and “Cell” are instances of “Thing”, and in turn are 
the most abstract classes for the major parts of the ontology. “Organism” 
is similar to the concept of “Body” in FMA. The meaning of a “class” in 

Figure 1. The OR schema of BAMS Neuroanatomical Ontology.
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Figure 2. The general structure of BAMS Neuroanatomical Ontology.
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our ontology is the same as in any ontology: classes are formed by the 
set of concepts describing neuron populations with different degrees of 
abstraction (left hand side of Figure 2) and NS parts related by the “part 
of” relationship (the right hand side of Figure 2).

The concepts that describe different parts of the rat NS (the right 
hand side of Figure 2) were adapted from Swanson (2003) and from the 
rat brain Atlas (Swanson, 1998), which includes a complete, internally 
consistent and fully documented nomenclature of the rat NS. Thus, the 
class “Gray matter” of BAMS Neuroanatomical Ontology includes those 
brain and spinal cord parts defi ned in the rat brain Atlas (Swanson, 
1998). The fi rst six levels of CNS gray matter, the fi rst three levels of 
peripheral nervous system and ventricular system, and the fi rst two 
levels of white matter and nerve fi bers were adapted from rat brain 
Atlas (Swanson, 2003; Table A, page 166), which are general enough to 
apply to any mammalian species. Each class that can be applied to the 
mammalian NS is associated with a defi nition. The subparts of these 
general regions are specifi c to the rat (at least at the present time), 
and their defi nitions (descriptions) were taken from the rat brain Atlas 
(Swanson, 1998).

A concept (e.g., a class) is uniquely identifi ed in BAMS Neuroanatomical 
Ontology by its name and nomenclature because the concept can be defi ned 
differently by different authors, or the same name can refer to different 
classes. Specifi cally, Nomenclatures refer to concepts or internally consist-
ent sets of concepts or terms defi ned by an author or group of authors, 
and are associated with a set of references in the literature. Nomenclature 
is therefore an attribute of concepts and terms included in the ontology. 
Neuron concepts included in BAMS Neuroanatomical Ontology are those 
terms that best describe, based on published data and collator knowledge, 
the set of distinguishable neuron populations in a particular region or set of 
regions. Methods for constructing nomenclatures are described in detail in 
Bota et al. (2005) and Bota and Swanson (2007).

The ontology part that includes neuron classes identifi ed in differ-
ent brain regions of the rat CNS was also constructed from original lit-
erature. Because this part of the ontology was constructed using “is-a” 
relationships, the children of a class are considered to be its instances, 
and therefore inherit all its properties. The “is-a” inheritance follows the 
principle of single inheritance, recommended by Smith et al. (2005).

Below we describe the construction method that was used for the 
Neurons part of the ontology. The children of the class “cell” are “neuron” 
and “glial cell” (Figure 1). Children of the class “neuron” are “sensory”, 
“motor”, “sensory-motor”, and “internuncial (interneuron)”, defi ned by fun-
damental connectional input-output relationships (Swanson, 2003). These 
classes are further parceled into instances, depending on sensory modality, 
type of motor output, and length of interneuron axon  projection – local, or 
projection between regions (Swanson, 2003). All these classes are general 
enough to be applied to any vertebrate species. The subsequent classes, 
denoted generally by “neuron class” and “neuron group”, are specifi c to 
particular neural systems (Figure 1). The lowest-level classes of BAMS 
Neuroanatomical Ontology are made of neuron types (or subtypes and 
variants), which are also parts of the smallest “Gray matter” parts, accord-
ing to the ontologies construction principle. The present version of BAMS 
Neuroanatomical Ontology allows registration of neuron populations and 
not of individual neurons. Future extensions of the ontology will include the 
possibility of registering attributes of individual neurons, which will have 
distinct ID’s (see below). It is worth noting that vertebrate neurons are usu-
ally described in terms of populations, whereas invertebrate neurons are 
often described as individual instances.

Each concept included in the ontology has as an attribute a unique 
alphanumeric identifi er that is constructed like Gene Ontology identifi ers 
(Ashburner and Lewis, 2002). The general form of the identifi er is BAMSC:
nnnnnnn where nnnnnnn is a unique integer.

BAMS Neuroanatomical Ontology allows several types of relationships 
between concepts. It fi rst includes parent–child “is a” and “part of” rela-
tionships. The “is a” relationship is established between concepts when 
the child is an instance of the parent. The “part of” relationship in BAMS 

Neuroanatomical Ontology has two different meanings. The fi rst mean-
ing, that of primitive relation of parthood between two or more spatial 
entities (Smith et al., 2005), is associated with the relations between NS 
regions. Thus, any NS region is considered as a spatial entity that can be 
further divided in at least two subdivisions. The second meaning of the 
“part of” relationship is that of aggregate and applies to the relations 
between cell types and the lowest level of neural regions (see Figure 2). 
Any neural region can be made of a collection of cell bodies of different 
neuron types. This relation allows the existence of a single neuron type 
in a neural region.

In addition, BAMS Neuroanatomical Ontology includes semantic rela-
tionships between neuron terms and concepts, viewed as populations. 
The allowed semantic relationships are “identical”, “includes” with its 
complementary relationship “is included”, “overlap”, and “different”. The 
relationship “identical” is interchangeable with the “synonym” relation-
ship used in other ontologies. We chose the term “identical” because it 
is more appropriate (by convention) when comparing neuron populations. 
However, the web interface of the ontology will display synonyms and not 
identical terms (Figure 4). We allow semantic relations other than “identi-
cal” or “synonym” because of diffi culties in properly defi ning neuron types 
that form the mammalian CNS. Neuron classifi cation can be made accord-
ing to different criteria (Bota and Swanson, 2007; see below) and neuron 
types and classes have been defi ned using different techniques, each of 
them with relative advantages and limitations. Defi nitions of the same cell 
population using different criteria usually do not necessarily imply iden-
tity of concepts. The constant development and refi nement of techniques 
used in neuron identifi cation also may lead to the discovery of new types, 
to redefi ning existing types, and to the emergence of new classifi cation 
schemes.

Relationships that are established in BAMS Neuroanatomical Ontology 
are collated from original research literature, and are associated with 
annotations and references.

Criteria for classifi cation
Any parent–child relationship can be associated in BAMS Neuroanatomical 
Ontology with criteria for classifi cation that are collated from associated 
references. These are the major criteria used by various authors to clas-
sify neurons: morphology, specialized parts, input and output regions or 
neurons types, regions where the neurons were identifi ed, expressed 
molecules, and physiology. The database classifi cation criteria schema 
(Figure 3) was constructed to comply with measurements performed by 
a broad range of research groups, and with the most recent efforts to 
create a unifi ed terminology of neuron types (Markram, 2006), and it was 
implemented in BAMS. All variables included in the classifi cation criteria 
are in text format, and are associated with annotations and references.

The “Morphology” criterion encodes for those structural variables 
used for neuron classifi cation. It includes four subcriteria specifi c to each 
of the three major parts of neurons (cell body, axon, and dendrites). The 
fourth subcriterion, “Morphology combined”, includes as variables ratios 
between variables included in the fi rst three subcriteria. Overall, the 
“Morphology” criterion includes 47 variables as of now.

The “Specialized part” criterion is specifi c to sensory or sensory-
motor neurons and encodes for those molecules, or neuron parts, that 
make possible transformation of an external signal into neural signals. 
For example, opsin, which is present in photoreceptors, is considered a 
“specialized part” of these neurons.

Criteria “Input regions” and “Output regions” encode for those NS 
regions that are either the input sources, or the targets of the classifi ed 
neurons. They include the “Type of region” subcriterion, which allows three 
values: “neural” and “non-neural” region, and “part of major fi ber tract.” 
The fi rst two values are used to discriminate between interneurons and 
motor neurons. The third value is applied whenever the axons of a type 
or class of neurons (e.g., retinal ganglion cells) are part of, or make up, a 
major fi ber tract, without the explicit specifi cation of target regions. The 
dissociation between local and projection interneurons is made according 
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to the brain regions where the neuron types were identifi ed and the target 
regions. Variables of these criteria include the names of input sources and 
target regions, and the laterality of connection (ipsilateral, contralateral, 
and bilateral).

The “Expressed molecules” criterion encodes for those molecules 
expressed by the classifi ed neurons, and used to defi ne different neuron 
types and classes.

The “Regions where neuron identifi ed” criterion encodes for those 
brain regions where different neuron types were identifi ed, and that are 
used to defi ne them. This criterion includes an additional subcriterion, 
“Location in region”, which encodes for the specifi c localization of neu-
rons within the region. This criterion is used in highly laminated struc-
tures, such as the retina or the cerebral cortex, where different neuron 
types occupy specifi c layers.

The “Physiology” criterion encodes for those physiological proper-
ties used to defi ne and identify neurons. We subdivided this criterion into 
three subcriteria, depending on the type of response elicited from stimu-
lation and the corresponding measured variables: “Passive properties”, 
“Active properties”, and “Sensory properties”. The “Passive properties” 
subcriterion includes those variables associated with the cable properties 
of the neuronal membrane, and the “Active properties” includes action 
potential variables. The “Sensory properties” subcriterion shares some of 
its variables with “Active properties”, but it is considered as a separate 
class of physiological properties because the latter are elicited by sensory 
stimuli. Examples of variables included in each subcriterion are shown in 
Figure 3. Overall, the “Physiology” criterion so far includes 45 variables 
divided between the three subcriteria.

Collators can associate with each “is a” relationship any number of 
classifi cation criteria or subcriteria, and for each of them any number of 
classifi cation variables.

RESULTS
Web interface
BAMS Neuroanatomical Ontology is fully accessible on the web and it 
includes a complex interface that allows users to browse concepts, view 
criteria for classifi cation, and also access additional information. The 
general design of the web interface follows that used for the other BAMS 
modules (Bota et al., 2005; Bota and Swanson, 2006).

BAMS Neuroanatomical Ontology web interface displays the concepts in 
an expandable tree fashion that has links associated with each concept, as 
shown in Figure 4 (URL: http://retzius.usc.edu/bkms/bams-ontology.html). 
The information that is displayed in the right frame of the interface includes 
the concept, its defi nition and the defi ning nomenclature, the associated 
BAMS identifi er, concepts related by “is a” relationships, its synonyms, and 
a link to details included in BAMS. If the concept is a neuron, then the asso-
ciated link will lead to a page that displays those brain regions where that 
neuron class or type was identifi ed, related terms (semantic relations) and 
additional information such as associated annotations and references, as 
shown in Figure 5. Otherwise, the retrieved page includes the description of 
the brain region as recorded in BAMS, links to its input and output patterns, 
chemoarchitecture profi les, and neuron types (Bota et al., 2005; Bota and 
Swanson, 2006). Clicking on the links associated with neuron types identi-
fi ed in the retrieved brain region will also return their parents and the asso-
ciated classifi cation criteria, if recorded in the ontology (Figure 6). Users can 
access classifi cation criteria by clicking on the “criteria” links, which are 
associated with each displayed neuron class. These criteria are displayed as 
lists that include those variables used to classify neuron types and classes, 
together with the associated annotations and references (Figure 7).

BAMS Neuroanatomical Ontology (concepts, ID’s, defi nitions, nomen-
clatures, and relations) is available in XML format (http://retzius.usc.
edu/bkms/neuron-ontology.xml), which is similar to XML versions of Cell 
Cycle Ontology and GO Ontology (http://www.cellcycleontology.org/html/
index.html).

The brain regions and neuron concepts, as well as parent–child 
relationships, are also available to users and in OWL format, which was 
constructed by Stephen Larson (UCSD), and it can be used for auto-
mated reasoning. Finally, a link to the OWL fi le of the Swanson (1998) 
nomenclature also is provided in our website. (http://esw.w3.org/topic/ 
HCLS/HCLSIG_DemoHomePage_HCLSIG_Demo).

Data and data entry
At present, BAMS Neuroanatomical Ontology is populated with 1,120 con-
cepts associated with the rat NS, including more than 1,000 brain parts 
concepts and 128 neuron concepts.

The ontology also includes more than 160 additional terms that are 
semantically related to the neuron concepts, defi ned in 57 neuron nomen-
clatures, and more than 1,400 relations. The brain parts concepts are a 

Figure 3. Schema of classifi cation criteria associated with “is-a” relations between neurons in BAMS Neuroanatomical Ontology.
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Figure 4. The web interface of BAMS Neuroanatomical Ontology allows users to browse concepts and retrieve their defi nitions, defi ning nomencla-
tures, parents and children, and synonyms.

Figure 5. BAMS Neuroanatomical Ontology web interface allows users to view those brain regions where the neuron type or class of interest was 
identifi ed. Links are associated with each brain region abbreviation, and they return descriptions of the regions, as recorded in BAMS (Bota et al., 2005; Bota 
and Swanson, 2006).
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Figure 6. Information that can be retrieved in BAMS and is related to neuron concepts include related terms, their semantic relations, annotations, 
references and collators, as well as the set of parents with links to the associated classifi cation criteria. The neuron type “C others” defi ned in the 
nomenclature “Huxlin & Goodchild” (Huxlin and Goodchild, 1997) has two related terms in BAMS Neuroanatomical Ontology: it includes the retinal ganglion cell 
type III, nomenclature Perry (Perry, 1979) and has as synonym the retinal ganglion cell C3, nomenclature Sun (Sun et al., 2004).

complete description of the rat NS and the neuron concepts describe 
neuron types and classes identifi ed in 46 rat brain regions. At present, 
BAMS Neuroanatomical Ontology includes the complete inventories of 
terms used to defi ne neuron populations of the rat retina and the cerebel-
lar cortex.

New concepts, relationships, and related terms can be inserted in 
BAMS Neuroanatomical Ontology by BAMS collators. The quality and com-
pleteness of web accessible information is checked by BAMS curators. 
At present, BAMS has eight collators and two curators. Neuroscientists 
can become collators by contacting the curators. Thus, experimental 
data can be entered directly by authors who publish them (thus becom-
ing curators), or sent by email to current BAMS collators, or curators. 
The minimal information that can be inserted in BAMS Neuroanatomical 
Ontology includes the concept, its defi nition, the associated annotation 
and reference, and the nomenclature. If a new neuron nomenclature has 
to be defi ned, then additional information should include the name and 
acronym of the nomenclature, and the associated references.

DISCUSSION
Complexities of the neuron classifi cation problem, combined with the 
existence of alternate nomenclatures for brain parts and neurons, make 
ontologies necessary tools for the explicit specifi cation of concepts 
(Gruber, 1993) and for mapping or indexing between terms. Brain parts 
ontologies and terminologies have been designed as stand alone appli-
cations (Bowden and Dubach, 2003), or as parts of larger ontologies 
(Rosse and Mejino, 2003) or general dictionaries (Mouse adult gross 
anatomy ontology; http://obofoundry.org/cgi-bin/detail.cgi?id=adult_
mouse_anatomy). Cell ontologies also have been developed as compo-
nents of larger bioinformatics [Gene Ontology Database (Ashburner and 
Lewis, 2002; Bard et al., 2005), DopaNet (Le Novère and Donizelli, 2004)] 
and anatomy ontologies (Rosse and Mejino, 2003), and other cell ontolo-
gies are available as well online (Cell Type: http://www.sanbi.ac.za/evoc/
ontologies_html/latest/celltype.html; TissueDB: http://tissuedb.ontology.
ims.u-tokyo.ac.jp:8082/tissuedb/). Ontologies that have been designed 
to represent parts of neurons include the Subcellular Anatomy (SAO; 

http://ccdb.ucsd.edu/sao.html; Larson et al., 2007) and the Synapse 
Ontology (Zhang et al., 2007). However, none of them are designed 
specifi cally for the nervous system. BAMS Neuroanatomical Ontology is 
thus designed specifi cally for representing domain knowledge in neuro-
science. It is a lightweight ontology and it was designed using database 
technology. The ontology includes a complete and internally consistent 
set of concepts that describe brain parts and a growing set of concepts 
that describe different neuron types and classes of the rat NS. Allowed 
relations include parent–child “is a” and “part of” relationships, and 
semantic relationships that allow mapping between terms defi ned in 
different nomenclatures and thus alignment of alternate classifi cation 
schemas (Bota and Swanson, 2007). BAMS Neuroanatomical Ontology is 
the fi rst to address problems of multiple cell nomenclatures in the verte-
brate nervous system, allowing insertion of terms uniquely identifi ed by 
species and nomenclature from the primary research literature.

BAMS Neuroanatomical Ontology is one of the fi rst semantic frame-
works that support the complex representation of criteria used to clas-
sify neuron types and classes. Other related ontologies include the 
NeuronDB of Senselab (http://senselab.med.yale.edu/neurondb/default.
asp), NeuroMorpho (http://neuromorpho.org/neuroMorpho/index.jsp), 
and SAO.

A problem specifi c to the ontology life cycle is alignment across 
ontologies. The NS parts included in BAMS Neuroanatomical Ontology 
can easily be aligned with other ontologies, such as FMA, because they 
include a subset of regions that are common across vertebrates and 
across mammals. This is also true for the most abstract neuron classes, 
which can be found in any vertebrate species. Therefore, alignment of 
BAMS Neuroanatomical Ontology with ontologies such as the Cell Type 
Ontology should be easily made. BAMS Neuroanatomical Ontology can 
also be aligned with nervous system parts of SAO, which were designed 
to describe neurons and their structural and molecular properties. In turn, 
SAO can easily integrate neuron classes used by BAMS Neuroanatomical 
Ontology because it addresses the species: the rat. At present, there is an 
active effort to integrate BAMS and SAO and to rewrite them in RDF/OWL 
for automatic inferences about neuronal connections from inserted axonal 
projections. BAMS Neuroanatomical Ontology can also augment general 
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anatomical dictionaries used for gene mapping, such as the Mouse adult 
gross anatomy ontology, because the fi rst six levels of gray matter are 
general for any mammalian species.

However, the alignment of NS parts and of lower level neuron classes 
that are specifi c to the rat is more problematic because existing ontolo-
gies are not species specifi c, or are specifi c to humans (FMA). A possible 
solution is to attach to each concept an attribute of the form used by 
the Gene Ontology to indicate species. However, the alignment of con-
cepts that are species specifi c should be made only after evaluation of 
 similarities (homologies) of parts, or of neurons. Alignment of ontolo-
gies also implies adding new types of relations between concepts that 

will represent structural and functional similarities of parts and neurons 
across species.

At least six extensions and refi nements of BAMS Neuroanatomical 
Ontology are obvious and necessary. First, the inventory of terms used 
for rat NS neurons needs completion. Second, the ontology needs 
generalizing to include concepts specifi c to other species. This will be 
accomplished initially by extending the ontology with mouse parts and 
neuron concepts, and then with macaque and human concepts. Third, 
classifi cation criteria need to be converted to attributes of concepts and 
relations between them. Fourth, the ontology needs extending to include 
experimental data and to store information about individual neurons. 

Figure 7. Users can access classifi cation criteria associated with each “is a” relationship included in BAMS Neuroanatomical Ontology. Retrieved cri-
teria are organized as ordered lists of variables used to defi ne and classify the neuron concepts. Associated information includes textual annotations, references, 
and collator names. The list of variables shown in this Figure is used to classify rat retinal ganglion cells A2 inner (Huxlin and Goodchild, 1997) as projection 
interneurons, passing through the intermediary classes.
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Fifth,  functionality must be added for tracking changes and updates. 
Sixth, BAMS Neuroanatomical Ontology needs to be stored in ontology 
repositories such as OBO (http://obofoundry.org), NCBO (http://www.bio-
ontology.org), and the Ontology Lookup Service (http://www.ebi.ac.uk/
ontology-lookup). It also needs to be made available through web serv-
ices, as the other modules of BAMS (Dinov et al., 2006).

CONFLICT OF INTEREST STATEMENT
The authors declare that the research was conducted in the absence of 
any commercial or fi nancial relationships that could be construed as a 
potential confl ict of interest.

ACKNOWLEDGEMENTS
We thank to Stephen Larson (UCSD) for the OWL fi le construction. This 
work was supported by NIH Grants MH61223, NS16668, and NS050792.

REFERENCES
Ashburner, M., and Lewis, S. (2002). On ontologies for biologists: the Gene Ontology – 

untangling the web. Novartis Found. Symp. 247, 66–80.
Bard, J., Rhee, S. Y., and Ashburner, M. (2005). An ontology for cell types. Genome Biol. 

6, R21.
Bota, M., Dong, H.-W., and Swanson, L. W. (2005). Brain architecture management 

system. Neuroinformatics 3, 15–48.
Bota, M., and Swanson, L. W. (2006). A new module for on-line manipulation and 

display of molecular information in the brain architecture management system. 
Neuroinformatics 4, 275–298.

Bota, M., and Swanson, L. W. (2007). The neuron classifi cation problem. Brain Res. Rev. 
56, 79–88.

Bowden, D. M., and Dubach, F. M. (2003). NeuroNames 2002. Neuroinformatics 1, 43–59.

Dinov, I. D., Valentino, D., Shin, B. C., Konstanidis, F., MacKenzie-Graham, A., Lee, E. F., 
Shattuck, D., Ma, J., Schwartz, C., and Toga, A. W. (2006). LONI visualization environ-
ment. J. Digit. Imaging 19,148–158.

Gómez-Pérez, A., Corcho, O., and Fernandez-Lopez, M. (2003). Ontological Engineering: 
With Examples from the Areas of Knowledge Management, E-commerce and the 
Semantic Web. New York, NY, Springer, pp. 1–46.

Gruber, T. M. (1993). Toward principles for the design of ontologies used for knowledge 
sharing. Int. J. Hum. Comput. Stud. 43, 907–928.

Huxlin, K. R., and Goodchild, A. K. (1997). Retinal ganglion cells in the albino rat: revised 
morphological classifi cation. J. Comp. Neurol. 385, 309–323.

Larson, S. D., Fong, L. L., Gupta, A., Condit, C., Bug, W. J., and Martone, M. E. (2007). 
A formal ontology of subcellular neuroanatomy. Front. Neuroinform. 1, 3.

Le Novère, N., and Donizelli, M. (2004). The molecular pages of the mesotelencephalic 
dopamine consortium (DopaNet). BMC Bioinformatics 5, 174.

Markram, H. (2006). The blue brain project. Nat. Rev. Neurosci. 7, 153–160.
Rosse, C., and Mejino, J. L. Jr (2003). A reference ontology for biomedical informatics: 

the Foundational Model of Anatomy. J. Biomed. Inform. 36, 478–500.
Perry, V. H. (1979). The ganglion cell layer of the retina of the rat: a Golgi study. Proc. R. 

Soc. Lond., B, Biol. Sci. 204, 363–375.
Smith, B., Ceusters, W., Klagges, B., Kohler, J., Kumar, A., Lomax, J., Mungall, C., 

Neuhaus, F., Rector, A. L., and Rosse, C. (2005). Relations in biomedical ontologies. 
Genome Biol. 6, R46.

Sun, W., Li, N., and He, S. (2004). Large morphological analysis of rat retinal ganglion 
cells. Vis. Neurosci. 19, 483–493.

Swanson, L. W. (1998). Brain maps: structure of the rat brain. A Laboratory Guide with 
Printed and Electronic Templates for Data, Models and Schematics, 2nd edn. 
Amsterdam, Elsevier.

Swanson, L. W. (2003). Brain Architecture: Understanding the Basic Plan. Oxford, Oxford 
University Press, pp. 1–125.

Swanson, L. W. (2004). Brain maps: structure of the rat brain. A Laboratory Guide 
with Printed and Electronic Templates for Data, Models and Schematics, 3rd edn. 
Amsterdam, Elsevier.

Zhang, W., Zhang, Y., Zheng, H., Zhang, C., Xiong, W., Olyarchuk, J. W., Walker, M., Xu, W., 
Zhao, M., Zhao, S., Zhou, Z., and Wei, L. (2007). SynDB: a Synapse protein DataBase 
based on synapse ontology. Nucleic Acids Res. 35, D737–D741.


