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Precision in neuron names is increasingly needed. We are entering a new era in
which classical anatomical criteria are only the beginning toward defining the identity
of a neuron as carried in its name. New criteria include patterns of gene expression,
membrane properties of channels and receptors, pharmacology of neurotransmitters
and neuropeptides, physiological properties of impulse firing, and state-dependent
variations in expression of characteristic genes and proteins. These gene and functional
properties are increasingly defining neuron types and subtypes. Clarity will therefore be
enhanced by conveying as much as possible the genes and properties in the neuron
name. Using a tested format of parent-child relations for the region and subregion for
naming a neuron, we show how the format can be extended so that these additional
properties can become an explicit part of a neuron’s identity and name, or archived in a
linked properties database. Based on the mouse, examples are provided for neurons
in several brain regions as proof of principle, with extension to the complexities of
neuron names in the cerebral cortex. The format has dual advantages, of ensuring
order in archiving the hundreds of neuron types across all brain regions, as well as
facilitating investigation of a given neuron type or given gene or property in the context
of all its properties. In particular, we show how the format is extensible to the variety of
neuron types and subtypes being revealed by RNA-seq and optogenetics. As current
research reveals increasingly complex properties, the proposed approach can facilitate
a consensus that goes beyond traditional neuron types.

Keywords: neuron classification, terminology, axons, dendrites, brain regions, genomics

INTRODUCTION

Accurate terminology for neurons is increasingly needed for communication of research on the
nervous system and the establishment of databases that can give access to data about neurons and
their properties. Here we show how this effort can be enhanced by combining neuron databases
based on traditional names with new research on genes and neuron properties, in a format in which
multidisciplinary properties are part of the name. This extended format facilitates the investigation
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of a given neuron type within the context of all its properties,
while at the same time providing an orderly listing of neurons
within databases of neurons of different brain regions. This is
particularly advantageous in support of studies of the complex
properties of neurons in different regions of the cerebral cortex.

Most terms for neurons are holdovers from the nineteenth
century, when it was discovered that nerve cells appear as
distinct types based on the structure and location of their axons,
dendrites and cell bodies. The terms varied in an idiosyncratic
way among investigators, based on personal impression and
imagination. Small cells were often called “granules,” and large
cells sometimes given the discoverer’s name, such as “Purkinje
cell” or “Betz cell.” All attempts to bring order into this daunting
terminological jungle originate in the vast overview contained in
Ramon y Cajal’s (1911) great work Histologie du systéme nerveux
de Thomme & des vertébrés.

The pace of modern neuroscience research is now carrying
us far beyond this strictly anatomical base. In particular it
is providing new properties based on gene expression and
functional characteristics. We have been developing archives
of neurons and their properties, in which the names are
listed separately from their properties. However, the properties
are increasingly central to the identity of a neuron type.
Incorporating these multimodal properties in the neuron name
will have distinct advantages, so that a neuron can be readily
searched and recognized, to facilitate research into increasingly
complex types. The present aim is to outline a framework for
achieving this.

Background

The SenseLab' suite of databases, initiated in 1993 and building
on publications on synaptic organization of local regions,
contains NeuronDB, which has focused on the terminology and
properties of many of the most highly investigated neurons’
(Mirsky et al., 1998; Crasto et al., 2007). As stated at the outset
(Shepherd et al., 1998, p. 466):

“...NeuronDB.. . isatool for enabling the user to understand the
significance of a molecular property within the context of other
properties contributing to the functions at a particular site within
a particular neuron. This is a goal, not only for neuroscientists,
but also for molecular biologists studying gene function in the
emerging fields of functional genomics and pharmacogenomics.”

With this approach, a neuron name is closely related to its
multimodal properties, a principle that will be used in expanding
to a systematic, properties-based, terminology outlined
in this paper.

An early effort in developing a systematic neuron terminology
occurred within a Brain Architecture Knowledge Management
System (BAMS) (Bota and Swanson, 2007, 2008, 2010), which
has been later related to rat and mouse connectomes (Bota
et al., 2012a,b). The NeuronDB approach was greatly expanded
by an effort sponsored by the Society for Neuroscience
with the Neuroscience Information Framework (NIF)

Uhttps://senselab.med.yale.edu/
Zhttps://senselab.med.yale.edu/NeuronDB/

(Gardner et al, 2008), a web-based data and knowledge
archive, with a section entitled Neurolex Neuron aimed at
providing a list of all the known neurons in vertebrates and
invertebrates, including those in BAMS. Accompanying the list
were entries for each neuron containing further information on
such properties as axon myelination, dendritic branching, soma
site, neurotransmitters, etc., A series of articles related to this
effort developed an ontological approach to the terminology of
the neurons and their properties (Bug et al., 2008; Hamilton et al.,
2012; DeFelipe et al., 2013; Larson and Martone, 2013; Polavaram
and Ascoli, 2017). Many of these principles have been tested
for neuron types from the rodent hippocampal formation in
Hippocampome.org (Wheeler et al., 2015; Hamilton et al., 2017),
which is closely related to the present account. Detailed coverage
of neurons has been available in The Synaptic Organization of
the Brain (Shepherd, 1974, 2004), and from the perspective of
organization of neurons into microcircuits in the Handbook of
Brain Microcircuits (Shepherd and Grillner, 2018).

The new era based on the methods of single cell transcrip-
tomics and optogenetics is revealing the genes expressed by, and
the electrophysiological properties of, morphologically identified
neuron types. Here we build on the multimodal representation
of neurons in several databases: NeuronDB, which started
with representations of morphology, neurotransmitters,
neurotransmitter receptors, and ion channels; ModelDB,
which contains realistic neuron models reproducing the firing
properties; and NeuroMorpho.Org (Ascoli et al., 2007; Akram
et al., 2018), which contains reconstructions of the morphology
of the cell types.

It is now timely to incorporate the new data on multimodal
properties. The aim of the BRAIN Initiative Cell Census
Consortium (Ecker et al, 2017) is “developing, validating,
and scaling up emerging genomic and anatomical mapping
technologies for creating a complete inventory of neuronal
cell types and their connections in multiple species and
during development.” The present proposal goes beyond
genomics and anatomy, with the ultimate aim of the
Consortium: a hierarchical organization of multimodal features
in neuron names:

“Finally, the importance of establishing a common cell type
nomenclature across species cannot be overstated ... The
nomenclature could follow a hierarchical order, starting at the
highest level: the species, then the brain region annotated
based on a unified anatomical reference atlas system with
cross-correlations among species, and then the cell type as
defined by a multimodal feature set (including locational,
molecular, morphological, physiological, and ontological features)
(ed. italics).... The nomenclature should be a culmination of
knowledge gained about the cellular organization of the nervous
system.” (Ecker et al., 2017, p. 551)

A similar initiative is reported in “The NIF ontology: brain
parcels, cell types, and methods” (Gillespie et al,, 2018). It
recognizes the need for multiple techniques to reach a consensus
“about even a single aspect of a cell type.” It also aims to provide a
knowledge base for neuron types “characterized by accumulated
knowledge” regarding multiple phenotypes including “species,
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anatomical, molecular, morphological, physiological, synaptic
and projection targets.”

Finally, a major new initiative by the Allen Brain Institute (see
Tasic et al., 2018) uses single cell RNA-seq, stochastic neighbor
embedding (SNE) and connectivity methods to establish neuron
identities on the combined basis of genes, markers, laminar
localization and hodology. As will be shown, the format for
reporting these results fits well with the present proposal. The
multidisciplinary aims of these initiatives are thus shared with the
current databases, underlying the timeliness of combining them
in the present proposal.

INITIAL CONSIDERATIONS

With regard to the format of the neuron nomenclature, the
approach used in NeuronDB and the NIF is to anchor the neuron
in the region containing its cell nucleus (for most purposes the
cell body). This sets up a parent-child relation for all neurons
belonging to this region. In listing neurons in the brain, neuron
types are thus all contained in alphabetical order within their
appropriate region. This avoids any confusion about the identity
of disparate neurons with similar names, such as granule cell,
stellate cell, or pyramidal cell.

After the region, the neuron needs to be situated in its
subregion, followed by its properties. In general, as indicated
above, a consensus is emerging on the main categories of
multimodal properties. As outlined in Table 1, the general
order begins with defining the anatomical location and
neuron morphology, followed by gene and molecular markers,
physiological properties, and neurotransmitter. These are all
properties of the neuron itself (“intrinsic”).

An inconvenience for any nomenclature scheme is that many
exceptions arise. Some regions are organized in a relatively simple
fashion, whereas in others, like the cerebral cortex, there are
many key factors to consider. Even more confusing, knowledge
about different factors is often incomplete or lacking altogether.
The interaction between morphology and molecular expression

unavoidably adds a further level of complexity, because in
neurons proteins may be expressed not only in the soma but in
distant axonal or dendritic compartments. Another problem is
that RNA-seq can show that a gene is expressed, but does not
guarantee that it produces a protein.

Any nomenclature format must also take account of the
fact that a given property may not always be present. As will
be discussed, current research is showing that the properties
that define a neuron are dependent on many dynamic factors,
reflecting different functional states that can include differences
in gene expression. These can be regarded in sum as the context
within which a given name is applied. The solution here is to
include the contextual factors in the name, so that the name is
transparent in the context of other properties. We will discuss
examples later in the multimodal cells of the cerebral cortex.

Including all of these factors in completely spelled out form
can become cumbersome. It can be useful therefore to use
abbreviations. This is already being done for a number of factors,
such as cortical area and neuropeptides (M1 for primary motor
area, SOM for somatostatin, etc.). We generally use abbreviations
only when traditionally established.

PRINCIPLES FOR A SYSTEMATIC
NEURON TERMINOLOGY

In general, it may be useful to distinguish three conceptual
levels of description: a common term (the label), a definition
(a combination of key properties), and additional features
(other non-essential properties). Consider for example the entity
associated with the term “neuronal dendrite.” The NeuroLex
definition is “A protoplasmic process of a neuron that receives
and integrates signals from other neurons and conveys the
resulting signal to the cell body.” This definition identifies the
unique set of necessary and sufficient properties of dendrites.
Additional descriptive properties may be useful to identify
a dendrite (branch length, tapering, microtubule-associated
protein expression, presence of post-synaptic densities etc.), but

TABLE 1 | Categories of multimodal properties, for example, of a neocortical pyramidal neuron and interneuron in the primary motor area M1.

Anatomical Properties

Functional Properties

Naming system Region Subreg Layer Conn Name Genes Peptides Physiol Trans
Pyramidal neurons

Traditional Neocortex M L2/3 Pyramid

NIF/NeuronDB Neocortex M1 L2/3 T Pyramid {non-adapt GLU}

Proposed Neocortex M1 L2/3 T Pyramid {non-adapt GLU}

Interneurons

Traditional Neocortex M1 L2/3 Basket

NIF/NeuronDB Neocortex M1 L2/3 INT Basket {SST burst GABA}
Proposed Neocortex M1 L2/3 INT Basket Pvalb {SST burst GABA}

The table compares the formats for the relatively stable (anatomical) properties and functional properties used in the nomenclature in traditional use, NeuronDB/NIF
NeurolLex, and the present proposal. Brackets { } indicate that in most current schemes the functional properties are stored in a separate database; in the present
proposal they are part of the neuron name itself. Subreg, subregion; Conn, connectivity; Physiol, physiology; Trans, transmitter; L, layer; IT, intratelencephalic; INT,
interneuron; non-adapt, non-adapting impulse firing; GLU, glutamate; GABA, gamma-amino butyric acid. References will be added to document critical properties.
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are not part of the definition. The problem with existing common
neuron names is that proper definitions are lacking in the
vast majority of cases, and the label often reflects non-essential
descriptive properties (such as “bistratified” or “horizontal”).

A comprehensive attempt was made by the “Petilla
Conference” to list the most common properties used to
classify the inhibitory interneurons of the cerebral cortex, all the
way to quantitative measurements of cell processes and features
(Petilla Interneuron Nomenclature Group [PING] et al., 2008).
In practice, the investigator seldom has access to all of these
measurements and properties. A practical approach is therefore
needed that provides a format for including properties that are
usually available, especially ones that are the most relevant to
critical functions that may be under investigation. That will be
the approach taken here. Issues related to formal ontology are
covered by authors cited previously.

Synapses are a cardinal feature of neurons, expressing and
determining their interactions with other neurons and cells
to generate the behavior of the organism (Shepherd, 2004).
A systematic approach to describing the synaptic organization of
neurons is therefore a logical basis for formulating a terminology
that defines a given neuron type in terms of its function. It needs
to start with the morphology of the neuron, the classical basis
for neuron names. Especially for the cortex, it must include
localization in relation to lamination and to projections, as well as
potential connectivity (with input/output directionality) within
the circuit (Ascoli and Wheeler, 2016; Rees et al., 2017).

This classical unimodal anatomical approach based on
structure, however, is not enough in a molecular era. One
must be able to add other properties that may be judged as
essential for the identity and specific function of that neuron type.
These may include, for example, biophysical properties, such as
ionic currents critically involved in distinct functional features,
such as action potential generation and firing patterns. They
must include synaptic pharmacology, such as neurotransmitter
receptors and neurotransmitters or neuromodulators released,
and they must include data on cell markers identified by antibody
staining and, increasingly, data on gene expression.

How detailed should the morphology be in identifying a
neuron type? The Petilla terminology provided the option to
account for quantitative measurements of dendritic branch sizes
and branching patterns. NeuronDB introduced the concept of
canonical dendritic branching types in which these branching
details are considered not necessary to the basic identity of
the neuron. Similarly, dendritic spines are important subcellular
structures for synaptic connections in certain types of neurons,
for example cerebellar Purkinje cells, olfactory granule cells,
neostriatal medium spiny cells, and cortical pyramidal cells.
However, except for neostriatal medium spiny cells, which are
otherwise defined by their connectivity and output sites, neuron
identity can presently be made without relying on the spines. This
situation is likely to change as more is learned about the critical
properties of these important structures.

All of this needs to be provided within a framework of
overall data about the subject: we assume therefore that each
full name technically would begin by indicating the species
(and where applicable the strain), gender, and age (Table 2).

TABLE 2 | Basic features that apply to all neuron nomenclatures.

a. Species mouse

b. Strain see e.g., jax.org/mouse-search and purl.obolibrary.org/obo/
NCBITaxon_10090

c. Gender m/f

d. Age embryo, newborn, young, adolescent, adult, old

The embryo phase, with its many stages of neurogenesis and migration underlying
early development, warrants its own expanded nomenclature (cf Figure 9).

To simplify, in this review we will focus on the terminology for
mouse (strain unspecified, gender unspecified, and age adolescent
to mature adult).

This may seem to be a large amount of data to include
in a name, which is why names and properties have
until now been listed separately in NeuronDB, NeuroLex
Neuron, Hippocampome.org, BAMS, NeuroMorpho.Org, and
most other databases.

APPLICATION OF PRINCIPLES TO
SPECIFIC EXAMPLES

We assume a consensus of common names as contained in
the NIE, BAMS, synaptic organization of well-studied regions
(Shepherd, 2004) and microcircuits in over 50 brain regions
(Shepherd and Grillner, 2018). We start with this traditional
name that captures the essential features of the distinct
morphology of neurons, and add to it the combination of
properties that defines a unique neuron type. We focus on
methods of specifying names of neurons that identify neurons in
research reports and databases containing information derived
from or supplemental to those reports. Every neuron name
has the flexibility of being augmented (to select subsets) or
diminished (selecting supersets) to match the study. It will be for
future neuroscientists to continue to work toward a consensus
on the ontology of the names for unambiguous retrieval by
arbitrarily combinatorial digital search.

IMPORTANCE OF REGION

Central nervous systems are characteristically organized in terms
of regions where neurons interact with each other, and pathways
which carry connections between the regions. We recognize that
whereas for most of us it is sufficient in practice to refer to a
standard text or atlas (e.g., Paxinos and Franklin, 2001; Allen
Mouse Brain Atlas’), many regional boundaries are controversial.
When the region is a part of the name, as proposed here,
it makes it that much more important. Many feel that anatomical
boundaries are better replaced by three-dimensional coordinates
in a consensus brains atlas. For present purposes we assume the
reader will identify the region from their own atlas. See also the
discussion of relating neurons to regions in Ecker et al. (2017).
Two issues are important to recognize here. The first is
that the required granularity with which anatomical regions

3http://mouse.brain-map.org/static/atlas
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are delineated is hardly agreed upon in the community.
Even for an intensely scrutinized neural system such as the
hippocampal formation, the most up-to-date version of the
Common Coordinate Framework (CCF) of the Allen Mouse
Brain Atlas (arguably the most widely accepted freely available
scholarly resource for this purpose) is rather non-uniform:
it divides the dentate gyrus in three layers (molecular, granular,
and polymorphic), but it leaves areas CA3 and CA1 undivided.
The dentate laminar distinction is justified because different
neuron types reside in different layers: granule cells in granular
layer, mossy cells in hilus (polymorphic), and distinct types of
GABAergic interneurons in each of the three parcels. Moreover,
this lamination reflects the input/output organization of the
principal cells and thus of the whole local circuit, as the axons and
dendrites of the granule cells extend into the molecular layer and
the hilus, respectively. These same reasons, however, also apply
to areas CA3 and CAl, which should therefore be divided into
layers as well. At the same time, many argue that the dentate gyrus
molecular layer should be subdivided further since “semilunar”
granule cells are only found in the inner one-third (Williams
et al., 2007) while neurogliaform cells are only found in the outer
two-thirds (Armstrong et al,, 2011). Meanwhile, at the circuit
level, the input from the entorhinal cortex is exclusively limited to
the outer molecular layer while the feedback from hilus is limited
to the inner molecular layer.

The second issue is that the order of priority in dividing a
neural system into regions is not always straightforward. For
example, different researchers may wish to specify the location
of a pyramidal cell within the principal layer of area CAl by
depth (deep vs. superficial), by transversal position (closer to
CA2 or to subiculum), or along longitudinal axis (from septal
to temporal). Distinct properties appear to be organized along
those dimensions, such as (among several others): phase-locking
to distinct rhythms (Valero et al., 2015), separate axonal targeting
(Tamamaki and Nojyo, 1990), and differential gene expression
(Cembrowski et al.,, 2016), respectively. Thus, depending on
the focus of a study, one and the same CAl pyramidal cell
might be described as placed “in the superficial layer, “near
the subicular border,” or “towards the septal pole)” but these
descriptors are complementary and not indicative of mutually
exclusive types.

Within a region (identified with the above caveats) are a
set of different types of neurons that are characteristic for
that region. The first basic rule for terminology of neuron
types recognizes that they are extraordinarily diverse across
all regions, and that each type is usually unique in its soma-
dendritic morphology, which is traditionally the main criterion
for naming. The first requirement for the name is therefore
that it begin with the region in which the neuron is located.
This is in line with much of common usage. For example, we
refer to a “cerebellar Purkinje cell” to discriminate between it
and a cardiac Purkinje cell, though we can drop the adjective
when the distinction is clear. Similarly we refer to a “cerebellar
granule cell” to discriminate between it and quite different
neurons named granule cells in other regions. This enabled
the NIF NeuroLex list of over three hundred names to be
organized coherently on an easily searchable regional basis.

Similar considerations will apply to neuron databases using the
proposed format.

NUCLEAR REGIONS: NEURON NAMES
FOLLOW PARENT-CHILD FORMAT

We begin by considering examples of brain regions for applying
the proposed terminology format in order to test the general
validity of the approach. Regions may vary from simple, in which
the set of different neurons is relatively homogeneous throughout
a region, to complex, containing subregions, laminae, clusters,
etc.; these delineations are not always agreed upon, as mentioned
above. The simplest case is often called a “nucleus.” Examples
are the ventral horn of the spinal cord containing the motor
neurons projecting to the muscles; the caudate and putamen
of the neostriatum; and the many “nuclei” that characterize the
central nervous system of the avian brain. This homogeneity
implies that the entire region is organized to generate a specific
set of functions, combining that with operations on its inputs to
send outputs to other regions.

Spinal Cord

As an example we take the ventral horn of the spinal cord.
The cord occurs in four main groups of segments: cervical,
thoracic, lumbar and sacral. The lumbar ventral horn contains
two types of neurons: large cells, motor neurons, which have
long axons that innervate the skeletal muscles and muscle
spindles, and small cells, which have short axons that stay
within the anterior horn (Figure 1). Golgi was the first to
differentiate between long axon cells and short axon cells, and
that distinction remains fundamental. The current convention is
to call those with long axons principal cells and those with short
axons interneurons. In the NeuronDB list, the nomenclature is
simplified by indicating principal neurons in dark green, and
interneurons slightly indented and in light green. For present
purposes, in order to make the terminology as efficient as
possible, any neuron type not labeled interneuron is assumed to
be a principal neuron without adding “principal (‘P’),” unless it is
needed for clarity.

Traditionally “interneuron (‘int, INT’)” has been used rather
loosely, sometimes referring to any cell that connects to other
cells, but it is much more useful to use this term to designate
the type of cell whose direct actions are entirely local. This
will include a cell that lacks an axon as well (as in the retina
and olfactory bulb). We note that a short axon cell can have
inputs coming from long axons, and long axon cells may give off
collaterals that stay within the local region. We will also note later
that interneurons have been found whose axons connect local
arborizations in different regions.

With these distinctions, we have “Spinal cord ventral horn
motor neuron” and “Spinal cord ventral horn interneuron” as
traditional names for these two types of cell in the vertebrate
spinal cord. However, because the spinal cord contains several
regions, we need to clarify which region contains these cells. We
thus have expanded terms for region, subregion, and axon type
as: “Spinal cord lumbar ventral horn motor neuron” and “Spinal
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cord lumbar ventral horn interneuron” (Figure 1). Note how the
inversion of the adjectival “lumbar” is necessary to keep all that
follows under the common term “Spinal cord.”

Ventral horn motor neurons come in two sizes with different
connectivity: large alpha and smaller gamma. Interneurons may
be of several types: Renshaw, Ia, Ib, etc. The controlling rule
for adding these to the names is that in order to maintain the
alphabetical order they must be modifiers of the main types,
i.e., they must satisfy a parent-child relation, giving “Spinal cord
lumbar ventral horn motor neuron alpha” and “Spinal cord
lumbar ventral horn interneuron Renshaw.” These examples
are fully consistent with the format used in NeuronDB and
NeuroLex Neuron.

The terminology builds directly on the chapter on “Spinal
Cord” by Robert Burke in The Synaptic Organization of the
Brain, ed. 5 (2004). The structured terminology ensures that
the neurons are listed together in logical parent-child relations
for easy visual review. Note that the principal neurons are
differentiated on the basis of size, but also more distinctively
on connectivity to completely different targets, alpha motor
neurons to skeletal muscle and gamma motor neurons to muscle
spindles. We will see that morphology and connectivity will vie
for priority in defining neurons in many regions; together, they
are in fact usually enough to specifically define the cell type. In
ventral horn neurons, differentiating between motor neurons and
interneurons, and between subtypes of each, is relatively easily
possible because of their relation to specific reflex pathways that
experimentally can be differentially activated.

With regard to the functional properties in our classification,
alpha motor neurons express RNA for Err3 (Friese et al., 2009);
firing may be adapting or non-adapting, and acetylcholine (ACh)
is the transmitter, which is excitatory at skeletal (skel) muscle
endplates. Renshaw cells are known to be bursting, releasing
glycine which is inhibitory to motor neurons. More complete
names for the alpha motor neuron and the Renshaw interneuron
are thus (Err3: Friese et al., 2009):

Region Subreg Layer =~ Conn Trad. Name
Spinal cord  lumbar VH skel MN alpha
Spinal cord  lumbar VH INT Renshaw
Genes Peptides  Physiol ~Trans
Err3 adapt  ACh

burst GLY

If data on properties is missing, as for genes and peptides
in this case, the category may be omitted and the name can
be written in succinct form; the abbreviations are standard and
therefore need no explanation:

Spinal cord lumbar VH INT Renshaw burst GLY

Neostriatum

The neostriatum consists of the caudate and putamen nuclei,
which are very similar in neuronal constituents (Doig and Bolam,
2018): one set of output (principal) neurons, the medium spiny

Central

Spinal Afferent

cord

Renshaw

FIGURE 1 | Cross section of the lumbar spinal cord, showing in the ventral
horn a principal neuron (alpha motor neuron: MN) with long motor axon to a
distant target, a skeletal muscle; and interneurons with short axons that
remain within their region of origin.

Cortex, Thalamus

Substantia Nigra (DA)

FIGURE 2 | Neostriatum, showing the direct and indirect principal neuron
projections to the globus pallidus interna by the medium spiny neurons, and
the several types of interneurons, including the large cholinergic interneuron
[see text, adapted from Wilson (2004)].

neuron (spiny), is divided into two subtypes depending on the
external target. Some (spiny indirect) connect indirectly to the
globus pallidus pars interna through a relay in the pars externa,
while others (spiny direct) connect directly to the pars interna
(Figure 2). Within the neostriatum the main type of interneuron
is the large cholinergic interneuron. In traditional terms:
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“neostriatal direct medium spiny neuron”; “neostriatal indirect
medium spiny neuron”; and “neostriatal large cholinergic
interneuron,” terminology consistent with NeuronDB and
NeuroLex Neuron. In contrast to the ventral horn, the medium
spiny neurons are relatively homogeneous in appearance, so
differentiation between direct and indirect subtypes requires
further physiological or molecular approaches (see below).

In this context, a problem arises if an experimental study is
carried out reporting properties of medium spiny neurons in
which the differentiation between direct and indirect connectivity
is not known. Where do the properties get assigned? One
possibility is a third category of “Undifferentiated medium
spiny neuron.” Another possibility is to enter the property
into both types, with an asterisk or other sign that indicates
differentiation unknown.

The neostriatum has also been characterized in terms of
an organization of the medium spiny neurons into patches
(striosomes: strio) within a continuous matrix (Graybiel, 2018).
The medium spiny neurons have both direct and indirect
projections from these entities. For some purposes, striosome and
matrix locations of the cell bodies may be more important for
the identities of the medium spiny neurons under investigation.
A cell type with a given soma and dendritic morphology may
therefore have a multiple identity depending on whether it is
being characterized by its soma location or its axonal projections.
This multiple identity is contained within the hierarchically
organized name.

Data on genes include an early marker DARPP-32 (Ouimet
and Greengard, 1990) and differential expression of dopamine
receptors 1 and 2 in direct and indirect medium spiny neurons,
respectively. Thus, at present, we have, as examples for database
entries, for a principal neuron and the large cholinergic
interneuron (choline acetyltransferase: CHAT):

Region Subreg Layer Conn Trad. Name
Striatum caudate  strio  direct med spiny
Striatum caudate strio INT  cholinergic
Genes Peptides  Physiol ~ Trans

Ppplrlb, Drdl non-adapt GABA

CHAT burst ACh

APPLICATION TO CORTICAL NEURONS:
THE CHALLENGE OF CORTICAL
LAYERS AND CORTICAL AREAS

The approach thus far indicates that developing a systematic
nomenclature for even apparently simple brain regions has many
issues; nevertheless, we can develop and refine methods which
can then apply to the complexities of cortical regions. In the same
way, an approach through simpler types of cortex may also be
effective. In recent years there has been increasing interest in the
evolution from three-layer cortex, as exemplified in the olfactory
and hippocampal cortices, to six-layer neocortex (Shepherd,
2011; Aboitiz and Montiel, 2015; Brunjes and Osterberg, 2015;
Fournier et al., 2015; Luzzati, 2015; Diodato et al., 2016; Rowe

and Shepherd, 2016; Klingler, 2017; Naumann and Laurent, 2017;
Shepherd and Rowe, 2017). A nomenclature for cortical neurons
should therefore be consistent with an evolutionary perspective.
An exciting possibility is that the proposed approach to the
nomenclature could ultimately reflect, and give insight into,
the evolutionary processes that formed the neocortex and its
neurons. For this purpose, the cortex of the present day turtle
has become of interest as providing a lens into the forerunner of
the earliest mammalian neocortex over 200 million years ago. We
diverge to consider it briefly.

Turtle Dorsal Cortex

The dorsal cortex of the turtle has a single layer of pyramidal cells.
As the name suggests, it lies dorsally, between the lateral olfactory
cortex and the medial hippocampal cortex (ten Donkelaar, 1998).
It is referred to as a “three-layer” cortex: a layer of pyramidal
neuron bodies, between a deep layer of fibers and a superficial
layer of dendrites, interneurons, and fibers (Smith et al., 1980;
Kriegstein and Connors, 1986). As shown in Figure 3, the
“pyramidal” name refers to the shape of the cell body. The cell
has basal dendrites and a single apical dendrite, both covered in
dendritic spines where excitatory synapses are made. The axon
gives off collaterals which provide for excitation of itself and
neighboring cells, and excitation of interneurons that provide
for feedback and lateral inhibition of itself and neighboring cells.

N
t

— —>

|

Visual Intratelencephanic
Thalamo- Basal Ganglia
cortical Colliculus

FIGURE 3 | Basic pyramidal cell (principal cell) forms the cortical circuit
module of three-layer cortex in the turtle dorsal cortex. Red indicates
excitatory, blue indicates inhibitory cell. ffexc, feedforward excitatory; fbexc,
feedback excitatory; lexc, lateral excitatory; ffinh, feedforward inhibition; fbinh,
feedback inhibition [Adapted from Shepherd and Rowe (2017)].
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The axon then exits to target other cortical regions as well as the
basal ganglia. We adopt current terminology for the neocortex
in referring to this type of connectivity remaining mainly within
the forebrain cortex and basal ganglia as “intratelencephalic (IT)”
(Reiner et al., 2010; Harris and Shepherd, 2015; Shepherd and
Rowe, 2017). There is also a projection to the superior colliculus.

The key features of this neuron type include the pyramidal-
shaped cell body, the basal and apical dendrites, their dendritic
spines, the recurrent and axon collaterals providing for feedback
and lateral excitation and inhibition, and the projections to
other “intratelencephalic” regions (see Shepherd, 2011). From
an evolutionary perspective, this cell type can be traced back
past the reptiles to the earliest vertebrate ancestors in fish and
lamprey (Suryanarayana et al., 2017), where it appears in more
generalized forms.

Applying the nomenclature rules thus far, assuming turtle
instead of mouse for species, this neuron would be designated
in full as:

Species Region Subregion Connect
turtle forebrain cortex dorsal IT
Name Physiol Trans

pyramidal non-adapting GLU

Further data on gene expression and cell markers are under
investigation. Comparisons with simple piriform cortex and
layers of neocortex are discussed below.

Piriform “Olfactory” Cortex

The piriform cortex is often referred to as olfactory cortex
because it receives the output fibers of the olfactory bulb, and is an
essential link to the neocortex where olfactory perception arises.
This cortex arose in fish, amphibians and reptiles. Like dorsal
cortex, it is usually referred to as a “three-layer” cortex. Closer
observation shows that the cellular layer is actually composed of
three distinct types of principal neuron in three layers: a most
superficial layer of pyramidal semilunar (SL) cells; a middle layer
of superficial (spc) pyramidal cells; and a layer of deep (dpc)
pyramidal cells (Neville and Haberly, 2004; Wilson and Barkai,
2018) (see Figure 4). The piriform cortex is also divided into
anterior and posterior parts.

The semilunar cell, though lacking basal dendrites and a single
apical dendrite, is usually classified as a variant of a pyramidal
neuron because of its extensive association fiber connections
within the olfactory cortex, with the olfactory bulb and with the
endopiriform (EN) nucleus, as well as its glutamate transmitter.
Applying the nomenclature rules, the semilunar cell in a mammal
would thus be designated in full:

Region Subreg Layer Conn Trad. Name
Piriform  anterior supfl IT semilunar
Genes Peptides Physiol ~ Trans

non-adapt  GLU
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Intratelencephalic
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FIGURE 4 | Basic pyramidal cell (principal cell) circuit modules of the piriform
(olfactory) cortex. Red indicates excitatory neurons, blue indicates inhibitory
neurons. SL, semilunar pyramidal cell; sPC, superficial pyramidal cell; dPC,
deep pyramidal cell [Adapted from Shepherd and Rowe (2017)].

Similarly, a second type, the superficial pyramidal cell, also
has axon collaterals within the olfactory cortex, providing
both the excitatory and, through an interneuron, inhibitory
feedback. We also have data on functional properties. RNA-seq
shows expression of several genes such as cuxl in this layer,
but it is not at the single cell level (Brunjes and Osterberg,
2015). Action potential firing tends to be non-adapting and the
neurotransmitter is glutamate. The name would thus be:

piriform anterior Cuxl

supfl IT  pyramidal

non-adapt GLU

Similar rules apply to the deep pyramidal neuron and the
pyramidal neurons in the posterior cortex.

The corresponding interneurons are classified as superficial,
middle and deep (see Figure 4). Their full names follow the usual
rule: for example:

piriform  anterior supfl INT superficial
burst GABA
Hippocampus

A third type of three-layer cortex in the mouse is the
hippocampus. The olfactory cortex has provided examples
of principal neurons arranged in different layers (Figure 4);
the hippocampus particularly provides examples of principal
neurons organized into distinctly different areas.

Classical studies identified a region in the temporal lobe that
had a coiled structure remindful of a seahorse (hippo, horse;
campus, monster) and a ram’s horn (cornu ammonis: CA). The
hippocampal complex is divided into a dentate gyrus and the
hippocampus proper, the latter of which is further divided, in
rodents, into three areas (CA1-3). We focus here on neurons of
the dentate, CA3, and CAl (see Figure 5). Classically, the cell
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bodies all appear to be localized in a single layer within each area
(granule cell layer in the dentate; pyramidal cell layer in CA3
and CA1l). Some studies find it useful to separate further CA1
pyramidal cells into superficial and deep subtypes (see Slomianka
et al,, 2011; Valero and de la Prida, 2018). The dentate principal
neurons are called granule cells, a name which arose only because
they appeared very small in early microscopic studies; they have
no necessary relation to granule cells in other parts of the nervous
system. The parent-child format of region-name ensures there is
no confusion. They have bushy spiny dendrites extending into a
molecular layer where they receive input from stellate neurons in
the medial and lateral entorhinal cortices. Their mossy fiber (MF)
axon extends in a curving arc through the polymorphic layer
(also known as the hilus) to terminate in large “mossy’-
appearing terminals onto specialized sites (thorny excrescences)
on proximal apical dendrites of pyramidal cells in area CA3.
The CA3 pyramidal neuron in turn projects its axon through
“Schaffer collaterals” mainly to the mid-apical dendrites of
CA1 pyramidal neurons. CA1 pyramidal neurons project to the
subiculum. All three of these principal neurons release glutamate
as their neurotransmitter and are excitatory.

Recent studies are beginning to provide evidence for the
richness of gene expression in hippocampal neurons. Examples
for the principal neurons from Cembrowski et al. (2016) can
be summarized in the names by following the canonical “three-
synapse circuit,” dentate to CA3 to CA1:

RAPHE —

b %
iR
Locus R

COERULEUS ~
s o) e
_—— ~
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'{,/' B

Dentate gyrus

FIGURE 5 | Simplified summary of neurons in the hippocampus, showing the
three main subregions: dentate gyrus (DG), CA3, and CA1, with their three
main principal neurons: granule cell (Gr), and pyramidal (P) cells in CA3 and
CA1. Examples of interneurons are shown for basket (B) cells in dentate gyrus
and CA1 [Adapted from NeuronDB: (https://senselab.med.yale.edu/
FunctionalConnectomeDB/realisticdiagram/diagram.py?id=154765)].

Region Subreg Layer Conn Trad. Name
Hippocampus  dentate gran MF granule
Hippocampus CA3 pyr Sc pyramidal
Hippocampus CAl pyr sub pyramidal
Genes Peptides Physiol Trans

Math-2, Tox3 non-adapt  GLU

Math-2, Coch non-adapt  GLU

Math-2, Wfs1 non-adapt  GLU

Similar considerations apply to names for the CA2
principal neurons.

The Problem of Interneurons

With regard to interneurons, a common type found in all
hippocampal areas is the basket cell, with long superficial and
deep dendrites, and an axon that innervates the soma and nearby
dendritic shafts. The common name for this cell in the dentate
gyrus is therefore “hippocampus dentate interneuron basket
cell.” In CA3, a basket cell interneuron would be “hippocampus
CA3 interneuron basket cell,” and similarly for a basket cell
in CAl. As in the rest of the hippocampus and neocortex,
two mutually exclusive types of morphologically identified
GABAergic basket cells are clearly distinguished in the granule
layer of the dentate: those expressing the calcium-binding protein
parvalbumin (PV), which are fast-spiking, and those expressing
the neuropeptide cholecystokinin (CCK), which are regular-
spiking. Their formatted names according to the current proposal
would then be:

Region Subreg Layer Conn  Trad. Name
Hippocampus dentate grj INT basket
Hippocampus  dentate gran INT basket
Genes Peptides  Physiol ~ Trans
Pvalb fast-spk  GABA

CCK reg-spk  GABA

Interneurons in the hippocampus, however, are not simple.
Somogyi and Klausberger (2018) have reviewed evidence
indicating 28 different interneuron types across the dentate, CA3
and CA1 (see their Table 17.1), but even this is seen by themselves
as an over-simplification. For instance, distilling a rich literature
spanning over two decades (Freund and Buzsaki, 1996; Pelkey
et al., 2017), Hippocampome.org reports experimental evidence
for as many as 71 distinct interneurons in these three areas,
based on the laminar location of their axons and dendrites,
the specificity of their post-synaptic targets, and clearly distinct
combinations of molecular and physiological properties.

This overwhelming number of interneuron types presents
several problems that are special for the nervous system and
its cellular nomenclature. First is relating the neuron types to
many genes and proteins and other cell markers. Second is to
include their functional properties. And third is to incorporate
them into the neuron nomenclature. Although it may seem that
this is a problem that must somehow be minimized, this large
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number must rather be telling us something very important
about the function of the hippocampus. Since the function of
the hippocampus is crucial for understanding mechanisms of
episodic memory as well as of spatial navigation and learning,
the different types of interneurons are obviously critical to that
understanding. This makes it all the more important to provide
an efficient nomenclature system to facilitate studies at whatever
level of detail is needed.

A solution to providing this support within the context
of the larger nomenclature database is to compartmentalize
it as a knowledge base of its own, and this has been the
approach pursued by Hippocampome.org (Wheeler et al., 2015),
which contains the full details of all interneuron types currently
identified and is continuously updated with further types that
may be revealed by future research. A start toward similar
types of specialized databases for highly complex neuronal
populations in the retina and the neocortex has been made
in NeuronDB and in collaboration with NeuroLex Neuron
(Larson and Martone, 2013). For general purposes, the main
nomenclature database will include the key principal neurons and
such interneurons that have particular importance for functions
of general interest, as indicated above, such as generation
of theta waves, long-term memory, and spatial orientation
and learning.

Hippocampal interneurons are revealing yet a further
complexity with neuron identities and nomenclature. In a study
of transcriptomes of many hippocampal inhibitory cells, Harris
et al. (2018) confirmed the presence of discrete classes, but
also cells that show continuous variation in gene expression. As
discussed above (see Cembrowski et al., 2016), this can mean that
neuron classes based on gene expression may vary continuously
with space or with activity states of the neurons.

We have focused on the adult mouse, but much interest is
directed toward development for the insights it can give into how
cortical neuron diversity is established (Wamsley and Fishell,
2017). Evidence is now rapidly accumulating on the subsets
of transcription and related factors responsible for determining
neuron types. We will return to this question in discussing
neocortex below.

TERMINOLOGY FOR NEOCORTICAL
NEURONS

The neocortex is believed to have arisen in the earliest mammals
around 250 mya, combining features of the three-layer olfactory
cortex and reptilian dorsal cortex to form the characteristic
six layers in the adult (Shepherd, 2011; Aboitiz and Montiel,
2015; Brunjes and Osterberg, 2015; Fournier et al, 2015;
Luzzati, 2015; Diodato et al., 2016; Rowe and Shepherd, 2016;
Klingler, 2017; Naumann and Laurent, 2017; Shepherd and
Rowe, 2017). At the beginning, the neocortex was a small
part of the forebrain cortex, which was dominated by a
large olfactory area (Molnar et al., 2014). During mammalian
evolution the olfactory area continued to dominate in the
opossums, while the neocortical area expanded greatly in
most other species. Thus arose the fundamental forces that

formed the expanded neocortex: the multiple intracortical
layers of neurons and fibers; the multiple regions reflecting
differences in the layers of neurons and fibers; and the multiple
input and output connections unique for the neurons of
each region.

We apply the same nomenclature rules used for other parts
of the nervous system, focusing on the adult mouse. No major
differences in cortical regions have been reported on the basis of
mouse strain or gender, so this will be unspecified.

Principal Neurons of the Neocortex

Our nomenclature will begin as usual with the region in which
it is located. There are some 42 regions in the mouse neocortex
(Paxinos and Franklin, 2001; Allen Mouse Brain Atlas)
(over 180 in human, another reason to begin with the
mouse). Among these regions, one of the most easily
recognized is the primary motor area (MOp or Ml),
defined as containing the neurons whose axons project
directly into the pyramidal tract. The name thus begins
with “Neocortex M1.”

In the neocortex the basic cellular building block is the same
as for other cortical regions we have discussed: the pyramidal
neuron basic module, with basal and apical dendrites and
recurrent and lateral excitatory and inhibitory feedback (Pyr
in Figure 6). Since there are five layers containing pyramidal
neurons (layer 1 lacks them), a traditional approach has been to
name the pyramidal neurons in relation to the layer containing
their cell bodies, which may be summarized as (Pyr L2/6).
This has the advantage of relating to the cells the investigator
sees under the microscope, but gives little information on their
structural or functional significance.

A better alternative from that point of view is in terms of
the hodology, the connectivity. In this approach, three basic
connectivity profiles of pyramidal cells have been identified
(reviewed in Harris and Shepherd, 2015). Some pyramidal
cells have axons whose connections are entirely within the
neocortex or the basal ganglia just under it; they are called
“intratelencephalic” (IT) (“within the forebrain”). These are
equivalent to all of the three-layer cortices we have discussed,
whose output axons also are confined within the forebrain.
A second type is the pyramidal tract “PT” neuron, whose axon
descends to carry output from the neocortex to the brain stem
and in some species all the way into the spinal cord. The third type
is the cortico-thalamic (“CT”) cell, which as the name implies,
connects to the thalamus, in a way that completes the loop from
thalamo-cortical cells to the cortex.

These three types have different relations to the layers. IT
cells can be found in all layers from L2/6, although especially
in superficial layers 2/3. PT cells are found specifically in L5b,
whereas CT cells are found in L6. It should be emphasized
that a layer may contain cells with different axonal targets
(cf Thomson, 2010). This approach to classifying neocortical
neurons is illustrated in Figure 6. Thus the traditional name
for intratelencephalic neurons in primary motor cortex is:
“neocortex M1 L2/5IT pyramidal cell.” Adding known functional
properties (N. Sestan, personal communication for genes)
gives, respectively:
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FIGURE 6 | Basic pyramidal cell (principal neuron) types (in red) in the adult neocortex in relation to the six layers and to the three connectivity types:
intratelencephalic (IT), pyramidal tract (PT) and corticothalamic (CT). Interneuron examples (in blue) are superficial cells in layer 1, and basket-cell types in relation to
pyramidal cell bodies. Red color indicates excitatory neurons, blue indicates inhibitory neurons [Adapted from Shepherd and Rowe (2017)].

Region Subreg Layer Conn Trad. Name
Neocortex M1 L2/6 IT pyramidal
Neocortex M1 L5b PT pyramidal
Neocortex M1 L6 CT pyramidal
Genes Peptides Physiol Trans

Cuxl, Satb2 non-adapt  GLU

Sox5-Fezf2 non-adapt GLU

Zfpm2 non-adapt  GLU

Note that cux1 is also expressed in olfactory cortex (see above).
Identifying genetic or molecular markers at the single cell level
for these principal neurons is now beginning (Shibata et al., 2015;
Gillespie et al., 2018; Gouwens et al., 2018; Tasic et al., 2018), as
discussed below.

Interneurons of the Neocortex

We have seen that in the case of the hippocampus, there
is to a certain extent only a single type of pyramidal
neuron for each area CAl-3, but many types of interneurons.
The situation is similar in the neocortex where, although
numerically 80% of the cells are glutamatergic pyramidal cells
and 20% gabaergic interneurons, so far a greater diversity has
been discovered in interneurons. From a circuit viewpoint,
neocortical interneurons can be divided into three main families:
perisomatic (whose axon targets largely the cell body, the

proximal dendrites, and the axonal initial segment), which are
mainly responsible for controlling the output of pyramidal
cells; axo-dendritic (largely targeting the intermediate and
distal dendrites), which are responsible for controlling the
input to pyramidal cells; and interneuron-specific (mainly
targeting other gabaergic cells), which are responsible for
controlling disinhibition. As an example of the first family,
there are chandelier cells connecting to pyramidal neurons
in most layers; parvalbumin (Pvalb) has become a marker
for this cell type, so we can incorporate that in the name:
thus “neocortex M1 L1/6 interneuron chandelier PV cell.”
Similarly, Martinotti cell containing somatostatin (an instance
of the second interneuron family) may be named: “neocortex
M1 L2/6 interneuron Martinotti SOM cell.” A main type
of the third family is the bipolar interneuron containing
vasoactive intestinal peptide: “neocortex M1 L2/6 interneuron
bipolar VIP cell.”

neocortex Ml L1/6 INT chandelier
neocortex M1 L2/6 INT Martinotti
neocortex M1  L2/6  INT bipolar
Pvalb burst GABA
SOM burst GABA
VIP  burst GABA
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Note that these three types are also found in all other
regions of the cortex, including visual (Jiang et al., 2015) and
somatosensory (Markram et al, 2004). This emphasizes the
importance of attaching each neuron type to its brain region,
to track whether the cell properties and functions are similar or
different across regions.

We have focused on three main types of interneurons in the
neocortex, but as in the hippocampus there are many more. For
example, Markram et al. (2004) described a basic set of 12 in
their analysis of neuropeptides (see below). Schuman et al. (2019)
describe 4 unique interneuron populations in layer 1 alone, each
with unique morphology, gene expression and physiology.

Finally, the basic distinction between a principal, long-axon,
cell projecting to other regions, and interneurons projecting
only within their region, is beginning to yield to findings of
gabaergic interneurons with long projecting axons. For example,
optogenetic activation of a somatostatin-containing interneuron
in mouse neocortex has been shown to modulate spike-timing
through gabaergic inhibition of medium spiny output neurons
in the striatum (Rock et al., 2016), a specific function controlled
by a genetically defined type of interneuron in a distant
cortical region. This balance between the excitatory PT and
IT cells and inhibitory cortical somatostatin interneurons is
believed to shape the timing of motor control output from the
striatum in response to sensory stimuli. Further examples of
long-range interneuron inhibition are cited in Yamawaki et al.
(2019). We thus have examples of long range axon collaterals
involved in local circuits and short-range axons also involved
in long-range circuits. Our terminology can accommodate these
variations by indicating an interneuron connecting to two
or more regions as a combined interneuron and principal
neuron (INT/P):

Necortex M1 L2/3 INT/P Dbasket SOM

burst GABA

The Problem of Large Numbers of

Cortical Neuron Types
In NeuroLex Neuron, a start was made (G. Shepherd, S. Larson,
M. Martone and K. Rockland) to building a specialized database
for neocortical neurons. This consisted, briefly, of separate
sections for principal neurons and interneurons, each arranged to
contain different cell types in individual layers of distinct cortical
areas. In the current approach this would at least be simplified
to the extent of covering only mouse. However, even then, in
terms of layers, one would potentially have a minimum of IT
pyramidal cells in all 5 cell layers, plus PT in layer 5b and CT
in layer 6, for a total of 7 types, plus at least 3 interneuron types in
each of the 6 layers, for a total of 25 neuron types in one cortical
area; considering 42 areas makes a total of over 1,000 different
neuron types, by layer and connectivity, in the neocortex of an
adult mouse. Humans with over 180 neocortical areas must have
many times more.

These numbers likely underestimate the number of neuron
types in the neocortex. The IT type of pyramidal cell potentially

makes connections to the ipsilateral and contralateral neocortex,
and different targets within the basal ganglia (Shepherd, 2013;
Harris and Shepherd, 2015). Not every cell projects in exactly
the same manner to every target neuron within these regions.
Left largely undetermined is how different the projections
are to different combinations of cells, but recent findings in
this regard potentially point to a combinatorial explosion of
possibilities (Economo et al., 2018), which will likely greatly
diversify the IT cell population. Similar considerations would
appear to apply to PT neurons, which in aggregate project
to many regions within the subcortical neuraxis; different PT
neurons are known to end on different subpopulations of
target neurons (Kita and Kita, 2012), greatly amplifying the
combinatorial possibilities.

These many potential types might suggest that we should try
to lump as many as possible together to make our database more
manageable. However, a better conclusion is that this approach
to neuron terminology is revealing one of the essential features
of the neocortex: the uniquely large number of different neuron
types, each potentially able to process information in ways that
differ either slightly or radically in generating enhanced behavior
of the animal.

ADDING PROPERTIES TO NEURON
NAMES: INCREASING THE CHAIN

We next discuss in more detail the multiple neuron proper-
ties that can be added to the name. In NeuronDB, NIF
Hippocampome.org, and NeuroMorpho.Org, the name for most
neurons is succinct, and the properties that characterize the
neuron are contained in a separate section. However, the
present approach enables most characterizing properties to be
incorporated into the name itself. As has been emphasized, this
has two advantages: the properties of a given neuron are more
obvious in the name, and in a listing of all neurons the properties
are quickly accessible to search.

Gene Expression

In some cases the properties naturally become part of the name
as research correlates morphology with marker molecules; see
the interneurons in the hippocampus and neocortex. This trend
will strongly increase in the future, especially for gene expression
in specific neuron types. Single cell PCR with RNA-seq and
related methods are already adding many genes expressed in
single identified neurons. In our notation scheme the gene
names can be added beside the marker labels. We will discuss
problems with identifying genes with high throughput RNA-
seq methods, combining the genes with functional methods and
neurotransmitters, and finally incorporating the most recent data
into our naming format.

An advantage of including a specific expressed gene or
RNA in the name is that it can then be searched for across
different regions and neuron types. We have noted a study
comparing gene expression between three-layer olfactory cortex
and six-layer neocortex (Brunjes and Osterberg, 2015) that found
expression of cuxl in the layers containing both the superficial
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pyramidal neurons of anterior piriform cortex and presumed
IT pyramidal neurons of superficial neocortex. These findings
could be incorporated into the names when established at the
single cell level. This would greatly facilitate the study of gene
expression and neuron identity in these two cell types, a study
which may also give insight into the evolution of the neocortex
as noted above.

A problem will be what to do as dozens and hundreds of genes
are identified that could be added to the name. The key will be
to focus on the genes that are essential to differentiating that
cell’s identity. At this point there is no consensus answer. We can
suggest several possibilities (see also below under Physiology).
First, genes can be related to a given neuron in a separate
specialized database, as noted above for the hippocampus.
Second, a specific gene or several genes may be of special interest
in a given context. Third, in the primary database the genes may
be retrieved by hovering over a single characteristic gene to reveal
all the genes expressed in that cell. This is challenge for the future.

A further problem for the whole idea of specific names for
neuron types is the recent study mentioned above of hippocampal
interneurons by Harris et al. (2018), which found continuous
variation in classes of properties:

“A division into discrete classes, however, was not sufficient
to describe the diversity of these cells, as continuous variation
also occurred between and within classes. Latent factor analysis
revealed that a single continuous variable could predict the
expression levels of several genes, which correlated similarly with
it across multiple cell types. Analysis of the genes correlating with
this variable suggested it reflects a range from metabolically highly
active faster-spiking cells that proximally target pyramidal cells
to slower-spiking cells targeting distal dendrites or interneurons.
These results elucidate the complexity of inhibitory neurons
in one of the simplest cortical structures and show that
characterizing these cells requires continuous modes of variation
as well as discrete cell classes.”

The authors conclude:

“Our data suggest a common genetic continuum exists between
and within classes, from faster-firing cells targeting principal cell
somata and proximal dendrites, to slower-firing cells targeting
distal dendrites or interneurons. Several classes previously
described as discrete represent ranges along this continuum of
gene expression.”

We will further discuss this variation in physiological
properties in the next section.

Physiology

As already indicated, incorporating physiological properties into
the classification of a neuron has turned out to be surprisingly
difficult. Whereas agreement on the morphology of a neuron
is relatively straightforward, there is little agreement on how
to include physiological properties. Many electrophysiologists
argue that it cannot be done: physiological properties by
their very nature are exquisitely dependent on many factors
affecting the state of the recorded neuron, including age,
anesthetic, animal treatment, temperature, duration of the
experiment, in vitro recording, slice methodology, behavioral

setup, solution composition, type of recording electrode,
damage by the recording electrode, identification of the
recorded neuron, activity due to injected current or stimulation
of inputs, to name a few. Few classifications of neurons
therefore include physiological properties among criteria for
neuron identification.

Despite these multiple variables, many neurons do show
clear types of properties that must be crucial for their function.
One type of property is the basic biophysics of the cell as
tested by intracellular recordings: its input resistance, membrane
resistance, membrane time constant, spike half-width, after-
hyperpolarization, etc. These are essential, when combined with
the morphology, for constructing a model of the neuron that can
simulate how it carries out its input-output operations. Such data
from the publications that reported them are now available for
over 70 neuron types at NeuroElectro.org, the most specialized
database for electrophysiological properties. Data on membrane
properties are also archived in CellPropDB for whole neurons
and for neuronal compartments in NeuronDB; the models that
combine these properties with the morphology are archived
in ModelDB. Moreover, Hippocampome.org reports all known
biophysical parameters for morphologically identified neurons in
the hippocampal formation.

An important general conclusion from comparing the
properties in these databases is that, in general, many properties,
such as Na; in axons and GLU receptors in dendrites, are
found in most neurons. Differentiation of function occurs
through localization of precise combinations of properties (often
reflecting selective receptor subunit expression) in specific
axon, soma, and dendritic compartments, as archived in
NeuronDB, and demonstrated by the models in ModelDB.
For most purposes the genetic basis of these properties
will be reflected in the physiology; the genes responsible
can be included in the name when they are relevant to a
particular investigation.

Specific impulse firing patterns are necessary for giving
insight into the neural basis of behavior. This information
is obtained by a variety of recording methods, including
extracellular single- and multi-electrodes in anesthetized or
behaving animals, field potentials, and functional imaging, to
name the most important. The Blue Brain Project has been
leading the effort to identify these “morphoelectric” cortical
neuron types. Firing properties are characterized by responses
to injected current: the main response types are a burst
(burst) of impulses; a steady non-adapting (non-adapt) impulse
train; a rapidly adapting firing (rapidadapt); and fast spiking
(fastspike) (see the different neuron types). Figure 7 shows an
example of the relations between cell morphology, impulse firing
pattern, cell layer, and connectivity for excitatory pyramidal
neurons, from the study of Gouwens et al. (2018) at the Allen
Brain Institute.

Figure 7 might suggest that a given morphological cell type is
always associated with a given functional property, but as usual,
biology isn’t that simple. As an example, Markram et al. (2004)
identified eight morphological types of neocortical inhibitory
interneurons. They found that all types expressed not just one,
but several tags of calcium-binding proteins and neuropeptides.
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FIGURE 7 | Relations between firing patterns, laminar localization, connectivity and morphology of pyramidal cells. Types of firing patterns at top are aligned with
representative cell morphologies giving the patterns at bottom. Laminar localization is shown (each dot a recorded cell) in the middle separated into IT, PT and CT
categories; colors indicate the reconstructed cells at bottom [Adapted from Gouwens et al., 2018].
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They went further and characterized the physiological properties
in terms of 9 different impulse firing patterns. In about half
the cases a given firing pattern was associated with more than
one molecular tag and more than one morphological type. As
can be seen in Figure 8, this made for a complex combinatorial
pattern of associations between morphology, molecular identity,
and firing pattern.

These complex patterns raise the question of whether
neocortical interneurons contain a continuum of different
combinations of properties or are divided into distinct classes.
Markram et al. (2004, p. 804) note: “... only a few transcription
factors, expressed in different combinations, might give rise to
a finite number of distinct classes of interneuron. So, most
interneurons probably lie in distinct electrical, morphological
and molecular classes. The observed diversity is several
orders of magnitude smaller than expected for a continuum
of electrical types using more than 100 ion-channel genes,
indicating powerful constraints on diversity. Understanding
these constraints is also key to resolving the class-versus-
continuum debate.”

Unique physiological properties are the most difficult to
characterize as a neuron class; Markram et al. (2004) note:

“The proof that these responses represent distinct classes and
that each class maps onto anatomically and molecularly distinct
types of interneuron is still lacking . . . The fundamental question
now is how microcircuits in different species, different brain

Chandelier cell

FIGURE 8 | Interneurons (left column) in the neocortex: correlation of
expression of calcium-binding proteins (CBPs: middle column: CB, calbindin;
PV, parvaloumin; CR, calretinin NPY) and neuropeptides (NPY, neuropeptide
Y; VIP, vasoactive intestinal peptide; SOM, somatostatin; CCK,
cholecystokinin) with different morphological and electrophysiological classes
(right column: AC, accommodating; b, burst; ¢, classic burst; d, delay burst;
iS, irregular spiking; NAC, non-accommodating; STUT, stuttering) [Adapted
from Markram et al. (2004)].
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regions of the same species, different layers and even different
neurons in the same layer are driven to diversify to form
countless variations of the microcircuit template — in particular,
whether stimulus diversity is the ultimate driving force behind
interneuron diversity.”

How does one name a neuron in which these issues have not
yet been resolved? The parent-child approach may be useful. If
a combination of gene expression, neuropeptides and functional
properties is found to define a subset of neurons, it can be
identified as such, either by its most dominant characteristic(s),
by a single characteristic noted by an asterisk, or by a new symbol.
For example, a basket cell in M1 L2/6, drawing on Figure 8,
could be named:

Region Subreg  Layer Conn Trad. Name Genes
neocortex M1 L2/6 INT basket Pvalb
Peptides Physiol ~ Trans
NPY burst GABA
SOM CCK

It should be remembered that a known property

carries with it the caution that it does not exclude the
possibility that further research will reveal the expression
of other properties, an important condition on any
neuron name.

Neurotransmitters

The functional properties of the neuron drive the output
through synapses on other neurons. Chemical synapses are
the primary means for communication between neurons.
There are several types of neurotransmitter molecules: the
main actors are glutamate (GLU), gamma-amino-butyric acid
(GABA), acetylcholine (ACh), and dopamine (DA). As we
have shown, these can easily be added to the name. The
excitatory action of glutamate is of course not a property of
the releasing neuron but of the receptors on its cell target;
its inclusion in the name could be optional if it is relevant.
Similarly, cortical interneurons are mostly GABAergic and
inhibitory. More slowly acting modulators such as neuropeptides
and neurohormones can also be added. Including these
among the functional properties in the neuron name greatly
facilitates identifying the neurotransmitter, neuropeptide and
neurohormone families across the database, as has been done in
NIF NeuroLex and NeuronDB.

The other main type of synapse is the gap junction (electrical
synapse). It consists of a scaffold of proteins that connect cells
to form pores allowing small molecules and electric current to
flow between them. They are common in many cells; for example,
between INTSs in the neocortex. They can be indicated by “gap”
added to the name, as in:

Neocortex M1 12/6 INT Dbasket burst

GABA gap

THE PROPOSED FORMAT IS
SUPPORTED BY RECENT GENE
STUDIES

A summary of the naming format for the neurons considered
here is provided in Table 3. The advantages for investigations
of single cells are evident in displaying both the relatively stable
(anatomical) and functional properties, together with the most
important genes for the identity of the cell type, without having
to search a separate database. The advantages for listing cells from
different regions in the same database are evident in the strict
lineup of categories, facilitating comparison of a given cell type
with other types within the same region and between different
regions. The names shown for principal (pyramidal) cells and
interneurons will apply to neurons in most cortical areas.

It may seem that the inventory for cortical pyramidal cells
is unnecessarily repetitious because they all appear to have the
same properties. However, they should be specific for each area
because of the distinct connectivity of input fibers from different
brain regions to each area, and the different output targets of the
principal neurons of each area. Although differences in properties
between neurons in different areas may not be apparent now,
future research will test the extent to which they may be similar
or different.

The format appears marred by the lack of data for genes
and peptides for most of the cell types depicted, suggesting
those categories could be deleted. The absences are in fact useful
because they make specific the need for those data for those
cells. The naming scheme can thus serve as a stimulus for
investigations of those cell types, providing at the same time the
context of what is known in the other cell types.

The table has the further advantage that it allows us to
compare the approach used in this proposal with the approach
used in the recent studies of gene expression that we have
mentioned. As shown at the bottom of the table, the format for
the expressed genes reported by Tasic et al. (2018) in fact fits
precisely with the properties as far as they go into the proposed
scheme. This applies to the properties for both pyramidal cells
and interneurons. Similarly, the properties reported by Gillespie
etal. (2018) and Gouwens et al. (2018) also fit very closely. These
recent results show that the proposed naming format can also be
applied to data-driven classifications of neuron types. While the
name cannot capture the structure of the classifier, it still retains
several of the salient features.

When we began our review these data were not available;
the fact that the new data fit so well indicates that the format
is likely to prove effective for future work. These new reports
enter the era of high throughput RNA-seq, generating up to
hundreds of genes, which obviously do not fit into the name.
The focus should be on the expression of those genes most
essential to the identity of that neuron type. An example would
be the Sox5 - Fezf2 transcription factor regulatory network
expressed in subcerebral (PT) pyramidal cells (see Table 3).
Otherwise there needs to be a link to a database of these
high capacity studies. Databases are being constructed for
this purpose.

Frontiers in Neuroanatomy | www.frontiersin.org

March 2019 | Volume 13 | Article 25


https://www.frontiersin.org/journals/neuroanatomy/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles

Shepherd et al.

Cortical Neuron Names

TABLE 3 | Summary of formats for anatomical and functional properties of different neuron types covered in the text.

Anatomical Properties

Functional Properties

Region Subreg Layer Conn Trad. Name Genes Peptides Physiol Trans
Spinal cord lumbar VH Skel MN alpha Err3 adapt ACh

Spinal cord lumbar VH INT Renshaw burst GLY

Striatum caudate strio direct m. spiny Ppp1rib non-adapt GABA
Striatum caudate strio INT cholinergic CHAT burst ACh

Piriform anterior supfl af pyramidal Cux1 non-adapt GLU

Piriform anterior supfl INT superfl int burst GABA
Hippocampus dentate MF granule Math-2, Tox3 non-adapt GLU

Hippocampus CA3 Sc pyramidal Math-2, Coch non-adapt GLU

Hippocampus CA1 Sub pyramidal Math-2, Wis1 non-adapt GLU

Neocortex M1 L2/6 IT pyramidal Cux1, Satb2 non-adapt GLU

Neocortex M1 L5b PT pyramidal Sox5-Fezf2 non-adapt GLU

Neocortex M1 L6 CT pyramidal Zfom2 non-adapt GLU

Neocortex M1 L2/3 INT basket Pvalb SOM burst GABA
Neocortex M1 L2/3 INT/P basket Pvalb SOM burst GABA
Tasic et al., 2018

Neocortex M1 L5 IT pyramidal Tnc non-adapt GLU

Neocortex M1 L2/6 INT basket Reln, Itm2, Pvalb burst GABA
Gillespie et al., 2018

Neocortex S1 INT L basket Pvalb +VIP -SOM fast spiking GABA
Gouwens et al., 2018

Neocortex VISp L4 T pyramidal Rorb adapt GLU

Single entries for genes and peptides are examples from larger populations which may be archived in separate databases. At the bottom for comparison are formats
for current studies covered in the text of RNA-seq gene expression. The comparison shows the close similarity between the approaches, indicating that the format can
accommodate new data regarding genes and peptides revealed by RNA-seq and other methods. Leaving blank the entries for genes and peptides when not yet available
makes clear where new studies are needed, while also providing comparisons with what is known in other neuron types (see text). Abbreviations for Gouwens et al.
(2018): VISp, VI S posterior; spiney 1 cluster, gene group; for other abbreviations, see previous nomenclature entries for these neurons.

MULTIMODAL SEARCHES FOR
FAMILIES OF PROPERTIES

We have focused on the unique set of properties shared
by all members of a given neuron morphological type.
However, neurons can also be classified by their shared
functional properties independent of their anatomical shape.

Exploring this possibility is analogous to identifying families
in sequence databases using the powerful tool in bioinformatics
called Basic Local Alignment Search Tool (BLAST). This enables
a search of a gene or protein database for any arbitrary sequence
of nucleotides or amino acids, to identify families with shared
properties that otherwise are unknown. This constitutes a single
modality BLAST search.

A novel multimodal tool has been created by SenseLab to
enable an analogous search of different neuron properties, by
membrane currents, neurotransmitters, and neurotransmitter
receptors that are contained in CellPropDB and NeuronDB.
In analogy with BLAST, this can be termed a Multimodal
Alignment Search Tool (MAST). The power of a MAST search
is that one can take an arbitrary combination of currents,
receptors and/or transmitters found in a cell of interest and
search CellPropDB or NeuronDB for the family of neurons
containing the same properties. An obvious example is the
family of all the neurons that express glutamate or gaba. This
is also possible in the NIF Neurolex. Even more precisely, in

NeuronDB one can search for the families of currents, receptors
and/or transmitters found in a specific axon, soma or dendritic
compartment. Such across-neuron families imply that these
morphologically distinct neurons and neuron compartments
carry out similar processing operations, as has been shown in
a previous study (Migliore and Shepherd, 2002). Understanding
these common functional motifs across morphologically different
neurons and neuron compartments will become increasingly
important with increasing research on functional properties at
the cellular and subcellular level. It is an additional reason to
have these properties be explicit in the neuron name alongside
the traditional morphological features. Effective use of this
tool depends on population of the searched databases, which
is in progress.

STATE DEPENDENCE OF NEURONAL
PROPERTIES

The functional properties of a brain region are state dependent:
they vary depending on the behavioral state of the animal.
When the focus is on anatomical features as the basis of
nomenclature this fact is usually overlooked. However, when
the nomenclature reflects functional properties they must be
taken into consideration. A typical example; zebrafish fast motor
neurons may secrete glutamate plus ACh during forced exercise
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(Bertuzzi et al., 2018). Thus, the functional properties of a
pyramidal cell are different whether the animal is active or
resting; awake or sleeping; hungry or sated; sexually active or
not; an alpha or beta male; estrous or menopausal; normal or
addicted; responding to injury; and so on. This also applies to
gene expression; the expression of individual genes in individual
cells also varies with many of these behavioral or cognitive states.
A nomenclature must regard these added complexities not as
problems but as opportunities to reflect the nervous system as
it really is.

DEVELOPMENT

We have seen that during evolution there was continuity
of the three main types of cortical pyramidal neurons
when characterized in terms of connectivity: intratelencephalic,
pyramidal tract and corticothalamic. It remains to ask how these
types emerge during early development and are maintained
into adulthood, a field of increasingly intense activity. Cortical
neurogenesis and cell type specification and maintenance depend
on networks of transcription factors, regulatory elements,
synaptic interactions and modulatory signals. In the summary
diagram of Figure 9 from Shibata et al. (2015), different types
of pyramidal neurons are sequentially generated by the same
lineage of progenitor cells in the ventricular and subventricular
zones (VZ and SVZ, respectively) and migrate into the emerging
cortical plate in “inside first, out last” manner. Birthdating
and lineage studies have shown that the earliest ascending
cells form the large deep layer pyramidal cells shown on the
right, whose axons constitute the subcerebral projections to the
pyramidal tract (PT) and the thalamus (CT). In contrast, later
ascending cells differentiate into pyramidal cells which distribute
themselves mainly in the upper layers but also throughout;
these become the intracerebral (intratelencephalic: IT) pyramidal
cells. The proposed cortical pyramidal cell nomenclature is
thus consistent through early development (this figure), adult
connectivity (Figure 6), and evolution (IT cells in Figure 3)
(cf also Table 3). Our review of cortical names has thus taken us
to the earliest mechanisms for when and how the different neuron
types arise.

In summary, complex gene networks, varying with activity
and developmental stage, arise early in development to construct
a neuron’s identity as reflected in its name.

DISCUSSION

In conclusion, we summarize the advantages of moving toward
a systematic format for neuron names in which traditional
names based on structure are extended to include genes and
functional properties.

First, the format builds directly on classical terminology
and on current initiatives in terminology, knowledge
bases, and databases as in NeuronDB, NeuroMorpho.Org,
Hippocampome.org, NIE, and BAMS. Most of the traditional
names are still identifiers for each main neuron type.

Second, it anchors each neuron type to the region in which
its cell body is localized. There is no ambiguity, for example,
about whether a “granule cell” is in the cerebellum, olfactory
bulb, neocortex, dorsal cochlear nucleus, or dentate gyrus. This
enhances archival listing in a database because it enables easy
alphabetical order by “parent-child relation,” grouping all cells
in a given region instead of distributing them throughout the
database due to spelling of modifying terms. This approach is
already established in NeuronDB and the NIF. The format also
enhances research on an individual neuron type by making all
properties visible so that new properties can readily define new
neuron subtypes.

Third, the approach differentiates long-axon “principal” cells
from short-axon “interneuron” cells, a distinction going back
to Golgi and in wide use today, crucial to understanding the
distinctive functions that these two types have in information
processing. Both types carry out local processing; the long axons
also transmit specific information between regions while the
short axons function mainly as modifiers within regions.

Fourth, in cortical areas, the pyramidal cell functions as
the core of a basic cortical module in cortical evolution, with
recurrent and lateral excitation and inhibition, together with
modulatory interneurons, laid down during development and
present across the vertebrate series.

Fifth, the neocortical pyramidal cells, as principal neurons
carrying cortical output, can be characterized in two ways
within the neuron name. One is by the location of their cell
body in one of the different cortical layers, recognizing that
a layer may contain different cell types. The other is by the
connectivity of their axons, of which there are three main
types: intratelencephalic (IT), connecting to ipsilateral and/or
basal ganglia and neocortex; pyramidal tract (PT), connecting
to the pyramidal tract and the neuraxis; and corticothalamic
(CT), connecting to the thalamus. The relevance of this dual
characteristic is seen in its current use in identifying the
expression of genes in cortical pyramidal cells.

Sixth, genes and functional properties fit naturally into the
expanded name for a neuron. These should include labels
for the neurotransmitter released by the neuron; neuropeptide
neuromodulators that are markers for the neuron type;
significant genes expressed by that type; and characteristic
impulse firing patterns associated with that type. Including
these in the name for the neuron makes its multiple properties
immediately and unambiguously recognizable. As a result, the
multimodal properties that define a specific neuron type are
present in the name itself, making its anatomical, genetic and
functional identity immediately obvious.

Seventh, a succinct terminology format is suggested in which
the basic properties are indicated, beginning with the general
and relatively more stable defining anatomical characteristics of
region, subregion, and connectivity, and adding more detailed
functional properties including neuropeptides, gene markers,
physiological firing patterns, and neurotransmitters.

Eighth, with functional properties carried transparently in
the name across different anatomical neuron types, there will
be an enhanced ability to identify functional motifs that carry
out similar processing steps despite different morphologies and
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aRGC Apical (VZ) radial glial cell
bRGC Basal (SVZ) radial glial cell
CP Cortical plate
IPC  Intermediate progenitor cell
MZ  Marginal zone
NES Neuroepithelial stem cell
SP  Subplate
SVZ  Subventricular zone
VZ Ventricular zone

Migrating
interneuron \

2

Order of birthdate & lamination

NES expansion SP: s+ L6 :

Early neurogenesis

Figures 3, 4, and 6. [Adapted from Shibata et al. (2015); see also Rakic (2009)].
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FIGURE 9 | Summary of steps in neurogenesis and differentiation of the main types of neocortical pyramidal cells based on intracerebral (intratelencephalic IT) and
subcerebral (pyramidal tract PT, corticothalamic CT) connectivity, as described in the text. Note the consistency of these types with the adult pyramidal cell types in
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connectivities. These functional families should go far beyond the
present recognition of glutamatergic excitatory and GABAergic
inhibitory cells, for example, and reveal similar or contrasting
basic processing steps carried out by different neurons and their
subcellular compartments at all stages of development and aging.

Ninth, in a rapidly evolving field such as neuroscience, one of
the challenges is having names for neurons remain stable despite
new research constantly revealing new functional properties. One
way this is accomplished is by having the category of relatively
stable, anatomically based neuron types provide the basic family
identity, so that when new research expands the number of
functional subtypes they are all children of the same parent, i.e.,
they form an extended family.

Tenth, the neocortex presents a special problem in that,
because of the multiple cortical areas, multiple layers, and
multiple output connections, the number of distinct neuron
types could exceed 1,000 for just the adult mouse, and many
times that for the human. This uniquely large number reflects
one of the essential features of the neocortex: the multiple
neuron types within a cortical region are potentially able to
process information in many different ways, inborn or learned,
in generating the rich behavioral repertoire of the animal. Special
databases will be required to give adequate recognition to the
especially complex neuron populations in the neocortex, and for
other complex regions such as the retina, similarly to recent and
ongoing progress for the hippocampus.

Finally, the new era of high-throughput RNA-seq and
its related methods is yielding massive data sets of gene
expression that go far beyond previous characterizations of
neuron types. Separate databases will obviously be needed
for these gene data. In addition, variation of gene expression

within a type is challenging the very concept of a neuron
type, as we have documented and is summarized well by
Cembrowski and Menon (2018):

“Next-generation RNA sequencing (RNA-seq) is becoming
increasingly popular in the deconstruction of this complexity into
distinct classes of ‘cell types’ . .. the technology has also begun to
illustrate that continuous variation can be found within narrowly
defined cell types. Here we summarize the evidence for graded
transcriptomic heterogeneity being present, widespread, and
functionally relevant in the nervous system. We explain how these
graded differences can map onto higher-order organizational
features and how they may reframe existing interpretations of
higher-order heterogeneity. Ultimately, a multimodal approach
incorporating continuously variable cell types will facilitate an
accurate reductionist interpretation of the nervous system.”

AUTHOR CONTRIBUTIONS

GS developed the idea in discussions with LM, MH, MM,
RM, NC, AN, MS-Z, and GA. GS wrote the first draft of the
manuscript. GS and GA finalized the manuscript after approval
by the co-authors.

ACKNOWLEDGMENTS

We thank M. E. Martone, S. D. Larson, and D. J. Hamilton for
valuable discussions related to nomenclature in the development
of the Neuroscience Information Framework; G. M. G. Shepherd,
S. Hill, S. Tripathy, M. Harwylycz, T. M. Morse, and C. J.

Frontiers in Neuroanatomy | www.frontiersin.org

March 2019 | Volume 13 | Article 25


https://www.frontiersin.org/journals/neuroanatomy/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles

Shepherd et al.

Cortical Neuron Names

Wilson for valuable discussions relating to cortical neurons;
and M. E. Martone, T. Gillespie, Q. Li, and N. Sestan for
critical feedback in developing the manuscript. We also thank
M. E. Martone for pointing out the consistency between
the goal of the BRAIN consortium and the approach we
have been developing at SenseLab and are proposing in this
article. R. Wang provided the essential structuring of the
NeuronDB neuron list. Our Editor HtD provided patient support
for the extended development of the manuscript. We are

REFERENCES

Aboitiz, F., and Montiel, J. F. (2015). Olfaction, navigation, and the origin of
isocortex. Front. Neurosci. 9:402. doi: 10.3389/fnins.2015.00402

Akram, M. A,, Nanda, S., Maraver, P., Armananzas, R., and Ascoli, G. A. (2018).
An open repository for single-cell reconstructions of the brain forest. Sci. Data
5:180006. doi: 10.1038/sdata.2018.6

Armstrong, C., Szabadics, J., Tamas, G., and Soltesz, I. (2011). Neurogliaform
cells in the molecular layer of the dentate gyrus as feed-forward gamma-
aminobutyric acidergic modulators of entorhinal-hippocampal interplay.
J. Comp. Neurol. 519, 1476-1491. doi: 10.1002/cne.22577

Ascoli, G. A., Donohue, D. E., and Halavi, M. (2007). NeuroMorpho.Org: a central
resource for neuronal morphologies. J. Neurosci. 27, 9247-9251. doi: 10.1523/
JNEUROSCI.2055-07.2007

Ascoli, G. A., and Wheeler, D. W. (2016). In search of a periodic table of the
neurons: axonal-dendritic circuitry as the organizing principle - Patterns of
axons and dendrites within distinct anatomical parcels provide the blueprint
for circuit-based neuronal classification. Bioessays 38, 969-976. doi: 10.1002/
bies.201600067

Bertuzzi, M., Chang, W., and Ampatzis, K. (2018). Adult spinal motoneurons
change their neurotransmitter phenotype to control locomotion. Proc. Natl.
Acad. Sci. U.S.A. 115, E9926-E9933. doi: 10.1073/pnas.1809050115

Bota, M., Dong, H. W., and Swanson, L. W. (2012a). Combining collation and
annotation efforts toward completion of the rat and mouse connectomes in
BAMS. Front. Neuroinform. 6:2. doi: 10.3389/fninf.2012.00002

Bota, M., Sporns, O., and Swanson, L. W. (2012b). Neuroinformatics analysis of
molecular expression patterns and neuron populations in gray matter regions:
the rat BST as a rich exemplar. Brain Res. 1450, 174-193. doi: 10.1016/j.brainres.
2012.02.034

Bota, M., and Swanson, L. W. (2007). The neuron classification problem. Brain Res.
Rev. 56, 79-88. doi: 10.1016/j.brainresrev.2007.05.005

Bota, M., and Swanson, L. W. (2008). BAMS neuroanatomical ontology: design and
implementation. Front. Neuroinform. 2:2. doi: 10.3389/neuro.11.002.2008

Bota, M., and Swanson, L. W. (2010). Collating and curating neuroanatomical
nomenclatures: principles and use of the Brain Architecture Knowledge
Management System (BAMS). Front. Neuroinform. 4:3. doi: 10.3389/fninf.2010.
00003

Brunjes, P. C., and Osterberg, S. K. (2015). Developmental markers expressed
in neocortical layers are differentially exhibited in olfactory cortex. PLoS One
10:¢0138541. doi: 10.1371/journal.pone.0138541

Bug, W. J.,, Ascoli, G. A., Grethe, J. S, Gupta, A., Fennema-Notestine, C.,
Laird, A. R, et al. (2008). The NIFSTD and BIRNLex vocabularies: building
comprehensive ontologies for neuroscience. Neuroinformatics 6, 175-194. doi:
10.1007/512021-008-9032-z

Cembrowski, M. S., Bachman, J. L., Wang, L., Sugino, K., Shields, B. C., and
Spruston, N. (2016). Spatial gene-expression gradients underlie prominent
heterogeneity of CAl pyramidal neurons. Neuron 89, 351-368. doi: 10.1016/
j.neuron.2015.12.013

Cembrowski, M. S., and Menon, V. (2018). Continuous variation within cell types
of the nervous system. Trends Neurosci. 41, 337-348. doi: 10.1016/j.tins.2018.
02.010

Crasto, C. J., Marenco, L. N, Liu, N, Morse, T. M., Cheung, K. H,
Lai, P. C, et al. (2007). SenseLab: new developments in disseminating
neuroscience information. Brief. Bioinform. 8, 150-162. doi: 10.1093/bib/
bbm018

grateful to the Editor and the reviewers for many valuable
suggestions and for keeping the focus on the proposed neuron
names. We are also grateful to the National Institute for
Deafness and Other Communicative Disorders for long-term
support of SenseLab (RO1I DC 009977); as well as to the
National Institute of Neurological Disorders and Stroke and the
National Institute of Mental Health for continuous support of
NeuroMorpho.Org (U01 MH 114829) and Hippocampome.org
(RO1 NS 039600).

DeFelipe, J., Lopez-Cruz, P. L., Benavides-Piccione, R., Bielza, C., Larranaga, P.,
Anderson, S., et al. (2013). New insights into the classification and
nomenclature of cortical GABAergic interneurons. Nat. Rev. Neurosci. 14,
202-216. doi: 10.1038/nrn3444

Diodato, A., Ruinart de Brimont, M. Yim, Y. S., Derian, N., Perrin, S,
Pouch, J., et al. (2016). Molecular signatures of neural connectivity
in the olfactory cortex. Nat. Commun. 7:12238. doi: 10.1038/ncomms
12238

Doig, N. M., and Bolam, J. P. (2018). “Microcircuits of the striatum,” in Handbook
of Brain Microcircuits, 2nd Edn, eds G. M. Shepherd and S. Grillner (New York,
NY: Oxford University Press), 121-132.

Ecker, J. R,, Geschwind, D. H., Kriegstein, A. R., Ngai, J., Osten, P., Polloudakis, D.,
et al. (2017). The BRAIN initiative cell census consortium: lessons learned
toward generating a comprehensive brain cell atlas. Neuron 96, 542-567. doi:
10.1016/j.neuron.2017.10.007

Economo, M. N., Viswanathan, S., Tasic, B., Bas, E., Winnubst, J., Menon, V.,
et al. (2018). Distinct descending motor cortex pathways and their roles in
movement. Nature 563, 79-84. doi: 10.1038/s41586-018-0642-9

Fournier, J., Muiiller, C. M., and Laurent, G. (2015). Looking for the roots of
cortical sensory computation in three-layer cortices. Curr. Opin. Neurobiol. 31,
119-126. doi: 10.1016/j.conb.2014.09.006

Freund, T. F., and Buzsdki, G. (1996). Interneurons of the hippocampus.
Hippocampus 6, 347-470. doi: 10.1002/(SICI)1098-1063(1996)6:4<347::AID-
HIPO1>3.0.CO;2-1

Friese, A., Kaltschmidt, J. A., Ladle, D. R., Sigrist, M., Jessell, T. M., and Arber,
S. (2009). Gamma and alpha motor neurons distinguished by expression of
transcription factor Err3. Proc. Natl. Acad. Sci. U.S.A. 106, 13588-13593. doi:
10.1073/pnas.0906809106

Gardner, D., Akil, H., Ascoli, G. A., Bowden, D. M., Bug, W., Donohue, D. E.,
et al. (2008). The neuroscience information framework: a data and knowledge
environment for neuroscience. Neuroinformatics 6, 149-160. doi: 10.1007/
§12021-008-9024-z

Gillespie, T., Brandrowski, A. E., Grethe, J. S., and Martone, M. E. (2018). “The NIF
ontology: brain parcels, cell types, and methods,” in Proceedings of the Society for
Neuroscience Abstracts: Program No. 254.10. Neuroscience Meeting Planner (San
Diego, CA: Society for Neuroscience).

Gouwens, N. W., Sorensen, S. A., Berg, J., Lee, C., Jarsky, T., Ting, J., et al. (2018).
Classification of electrophysiological and morphological types in mouse visual
cortex. bioRxiv [Preprint]. doi: 10.1101/368456

Graybiel, A. M. (2018). “Templates for neural dynamics in the striatum:
striosomes and matrisomes,” in Handbook of Brain Microcircuits, 2nd Edn, eds
G. M. Shepherd and S. Grillner (New York, NY: Oxford University Press),
133-142.

Hamilton, D. J., Shepherd, G. M., Martone, M. E, and Ascoli, G. A.

(2012). An ontological approach to describing neurons and their
relationships. ~ Front.  Neuroinform.  6:15. doi:  10.3389/fninf.2012.
00015

Hamilton, D. J., Wheeler, D. W., White, C. M., Rees, C. L., Komendantov, A. O.,
Bergamino, M., et al. (2017). Name-calling in the hippocampus (and beyond):
coming to terms with neuron types and properties. Brain Inform. 4, 1-12.
doi: 10.1007/s40708-016-0053-3

Harris, K. D., Hochgerner, H., Skene, N. G., Magno, L., Katona, L., Bengtsson
Gonzales, C., et al. (2018). Classes and continua of hippocampal CA1 inhibitory
neurons revealed by single-cell transcriptomics. PLoS Biol. 16:e2006387. doi:
10.1371/journal.pbio.2006387

Frontiers in Neuroanatomy | www.frontiersin.org

March 2019 | Volume 13 | Article 25


http://neuromorpho.org
http://hippocampome.org
https://doi.org/10.3389/fnins.2015.00402
https://doi.org/10.1038/sdata.2018.6
https://doi.org/10.1002/cne.22577
https://doi.org/10.1523/JNEUROSCI.2055-07.2007
https://doi.org/10.1523/JNEUROSCI.2055-07.2007
https://doi.org/10.1002/bies.201600067
https://doi.org/10.1002/bies.201600067
https://doi.org/10.1073/pnas.1809050115
https://doi.org/10.3389/fninf.2012.00002
https://doi.org/10.1016/j.brainres.2012.02.034
https://doi.org/10.1016/j.brainres.2012.02.034
https://doi.org/10.1016/j.brainresrev.2007.05.005
https://doi.org/10.3389/neuro.11.002.2008
https://doi.org/10.3389/fninf.2010.00003
https://doi.org/10.3389/fninf.2010.00003
https://doi.org/10.1371/journal.pone.0138541
https://doi.org/10.1007/s12021-008-9032-z
https://doi.org/10.1007/s12021-008-9032-z
https://doi.org/10.1016/j.neuron.2015.12.013
https://doi.org/10.1016/j.neuron.2015.12.013
https://doi.org/10.1016/j.tins.2018.02.010
https://doi.org/10.1016/j.tins.2018.02.010
https://doi.org/10.1093/bib/bbm018
https://doi.org/10.1093/bib/bbm018
https://doi.org/10.1038/nrn3444
https://doi.org/10.1038/ncomms12238
https://doi.org/10.1038/ncomms12238
https://doi.org/10.1016/j.neuron.2017.10.007
https://doi.org/10.1016/j.neuron.2017.10.007
https://doi.org/10.1038/s41586-018-0642-9
https://doi.org/10.1016/j.conb.2014.09.006
https://doi.org/10.1002/(SICI)1098-1063(1996)6:4<347::AID-HIPO1>3.0.CO;2-I
https://doi.org/10.1002/(SICI)1098-1063(1996)6:4<347::AID-HIPO1>3.0.CO;2-I
https://doi.org/10.1073/pnas.0906809106
https://doi.org/10.1073/pnas.0906809106
https://doi.org/10.1007/s12021-008-9024-z
https://doi.org/10.1007/s12021-008-9024-z
https://doi.org/10.1101/368456
https://doi.org/10.3389/fninf.2012.00015
https://doi.org/10.3389/fninf.2012.00015
https://doi.org/10.1007/s40708-016-0053-3
https://doi.org/10.1371/journal.pbio.2006387
https://doi.org/10.1371/journal.pbio.2006387
https://www.frontiersin.org/journals/neuroanatomy/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles

Shepherd et al.

Cortical Neuron Names

Harris, K. D., and Shepherd, G. M. G. (2015). The neocortical circuit: themes and
variations. Nat. Neurosci. 18, 170-181. doi: 10.1038/nn.3917

Jiang, X., Shen, S., Cadwell, C. R., Berens, P., Sinz, F., Ecker, A. S,, et al. (2015).
Principles of connectivity among morphologically defined cell types in adult
neocortex. Science 350:aac9462. doi: 10.1126/science.aac9462

Kita, T., and Kita, H. (2012). The subthalamic nucleus is one of multiple
innervation sites for long-range corticofugal axons: a single-axon tracing study
in the rat. J. Neurosci. 32, 5990-5999. doi: 10.1523/J]NEUROSCI.5717-11.2012

Klingler, E. (2017). Development and organization of the evolutionarily conserved
three-layered olfactory cortex. eNeuro 4ENEURO.0193-16.2016. doi: 10.1523/
ENEURO.0193-16.2016

Kriegstein, A. R., and Connors, B. W. (1986). Cellular physiology of the turtle
visual cortex: synaptic properties and intrinsic circuitry. J. Neurosci. 6, 178-191.
doi: 10.1523/JNEUROSCI.06-01-00178.1986

Larson, S. D., and Martone, M. E. (2013). NeuroLex.org: an online framework
for neuroscience knowledge. Front. Neuroinform. 7:18. doi: 10.3389/fninf.2013.
00018

Luzzati, F. (2015). A hypothesis for the evolution of the upper layers of the
neocortex through co-option of the olfactory cortex developmental program.
Front. Neurosci. 9:162. doi: 10.3389/fnins.2015.00162

Markram, H., Toledo-Rodriguez, M., Wang, Y., Gupta, A., Silberberg, G., and
Wu, C. (2004). Interneurons of the neocortical inhibitory system. Nat. Rev.
Neurosci. 10, 793-807. doi: 10.1038/nrn1519

Migliore, M., and Shepherd, G. M. (2002). Emerging rules for the distributions
of active dendritic conductances. Nat. Rev. Neurosci. 3, 362-370. doi: 10.1038/
nrn810

Mirsky, J. S., Nadkarni, P. M., Healy, M. D., Miller, P. L., and Shepherd, G. M.
(1998). Database tools for integrating and searching membrane property data
correlated with neuronal morphology. J. Neurosci. Methods 82, 105-121. doi:
10.1016/50165-0270(98)00049- 1

Molnar, Z., Kaas, J. H., de Carlos, J. A., Hevner, R. F., Lein, E., and Nimec, P. (2014).
Evolution and development of the mammalian cerebral cortex. Brain Behav.
Evol. 83, 126-139. doi: 10.1159/000357753

Naumann, R. K., and Laurent, G. (2017). “Function and evolution of the reptilian
cerebral cortex;,” in Evolution of Nervous Systems 2, Vol. 1, ed. J. Kaas
(Amsterdam: Elsevier), 491-518.

Neville, K. R., and Haberly, L. B. (2004). “Olfactory cortex,” in The Synaptic
Organization of the Brain, ed. G. M. Shepherd (New York, NY: Oxford
University Press), 415-454. doi: 10.1093/acprof:0s0/9780195159561.003.0010

Ouimet, C. C., and Greengard, P. (1990). Distribution of DARPP-32 in the basal
ganglia: an electron micro scopic study. J. Neurocytol. 19, 39-52. doi: 10.1007/
BF01188438

Paxinos, G., and Franklin, K. B. J. (2001). The Mouse Brain in Stereotaxic
Coordinates, 2nd Edn. San Diego, CA: Academic Press.

Pelkey, K. A., Chittajallu, R, Craig, M. T., Tricoire, L., Wester, J. C., and McBain,
C.J. (2017). Hippocampal GABAergic inhibitory interneurons. Physiol. Rev. 97,
1619-1747. doi: 10.1152/physrev.00007.2017

Petilla Interneuron Nomenclature Group [PING], Ascoli, G. A., Alonso-
Nanclares, L., Anderson, S. A., Barrionuevo, G., Benavides-Piccione, R,
et al. (2008). Petilla terminology: nomenclature of features of GABAergic
interneurons of the cerebral cortex. Nat. Rev. Neurosci. 9, 557-568. doi: 10.1038/
nrn2402

Polavaram, S., and Ascoli, G. A. (2017). An ontology-based search engine for
digital reconstructions of neuronal morphology. Brain Inform. 4, 123-134.
doi: 10.1007/s40708-017-0062-x

Rakic, P. (2009). Evolution of the neocortex: a perspective from
developmental biology. Nat. Rev. Neurosci. 10, 724-735. doi: 10.1038/
nrn2719

Ramoén y Cajal’s S. (1911). Histologie du Systéme Nerveux de Lhomme & des
Vertébrés, Vol. I1. Paris: Maloine.

Rees, C. L., Moradi, K., and Ascoli, G. A. (2017). Weighing the evidence in peters’
rule: does neuronal morphology predict connectivity? Trends Neurosci. 40,
63-71. doi: 10.1016/j.tins.2016.11.007

Reiner, A., Hart, N. M., Lei, W., and Deng, Y. (2010). Corticostriatal projection
neurons - dichotomous types and dichotomous functions. Front. Neuroanat.
4:142. doi: 10.3389/fnana.2010.00142

Rock, C., Zurita, H., Wilson, C., and Apicella, A. J. Jr. (2016). An inhibitory
corticostriatal pathway. eLife 5:¢15890. doi: 10.7554/eLife.15890

Rowe, T. B., and Shepherd, G. M. (2016). The role of ortho-retronasal olfaction in
mammalian cortical evolution. J. Comp. Neurol. 524, 471-495. doi: 10.1002/cne.
23802

Schuman, B., Machold, R. P., Hashikawa, Y., Fuzik, J., Fishell, G. J.,
and Rudy, B. (2019). Four unique interneuron populations reside in
neocortical layer 1. J. Neurosci. 39, 125-139. doi: 10.1523/]NEUROSCI.1613-
18.2018

Shepherd, G. M. (1974). The Synaptic Organization of the Brain. New York, NY:
Oxford University Press.

Shepherd, G. M., Mirsky, J. S., Healy, M. D, Singer, M. S., Skoufos, E., Hines, M. S.,
et al. (1998). The Human Brain Project: neuroinformatics tools for integrating,
searching and modeling multidisciplinary neuroscience data. Trends Neurosci.
21, 460-468. doi: 10.1016/S0166-2236(98)01300-9

Shepherd, G. M. (2011). The microcircuit concept applied to cortical evolution:
from three-layer to six-layer cortex. Front. Neuroanat. 5:30. doi: 10.3389/fnana.
2011.00030

Shepherd, G. M. (ed.) (2004). The Synaptic Organization of the Brain, 5th
Edn. New York, NY: Oxford University Press. doi: 10.1093/acprof:oso/
9780195159561.001.1

Shepherd, G. M., and Grillner, S. (eds). (2018). Handbook of Brain Microcircuits,
2nd Edn. New York, NY: Oxford University Press.

Shepherd, G. M., and Rowe, T. B. (2017). Neocortical lamination: insights from
neuron types and evolutionary precursors. Front. Neuroanat. 11:100. doi: 10.
3389/fnana.2017.00100

Shepherd, G. M. G. (2013). Corticostriatal connectivity and its role in disease. Nat.
Rev. Neurosci. 14, 278-291. doi: 10.1038/nrn3469

Shibata, M., Gulden, F. O., and Sestan, N. (2015). From trans to cis: transcriptional
regulatory net- works in neocortical development. Trends Genet. 31, 77-87.
doi: 10.1016/j.tig.2014.12.004

Slomianka, L., Amrein, L., Knuesel, L., Sorensen, J. C., and Wolfer, D. P. (2011).
Hippocampal pyramidal cells: the reemergence of cortical lamination. Brain
Struct. Funct. 216, 301-317. doi: 10.1007/s00429-011-0322-0

Smith, L. M., Ebner, F. F., and Colonnier, M. (1980). The thalamocortical projection
in Pseudemys turtles: a quantitative electron microscopic study. J. Comp.
Neurol. 190, 445-461. doi: 10.1002/cne.901900304

Somogyi, P., and Klausberger, T. (2018). “Hippocampus: intrinsic organization,” in
Handbook of Brain Microcircuits, 2nd Edn, eds G. M. Shepherd and S. Grillner
(New York, NY: Oxford University Press), 199-216.

Suryanarayana, S. M., Robertson, B., Wallén, P., and Grillner, S. (2017). The
lamprey pallium provides a blueprint of the mammalian layered cortex. Curr.
Biol. 27, 3264-3277. doi: 10.1016/j.cub.2017.09.034

Tamamaki, N., and Nojyo, Y. (1990). Disposition of the slab-like modules formed
by axon branches originating from single CA1 pyramidal neurons in the rat
hippocampus. J. Comp. Neurol. 291, 509-519. doi: 10.1002/cne.902910403

Tasic, B., Yao, Z., Graybuck, L. T., Smith, K. A., Nguyen, T. N., Bertagnolli, D., et al.
(2018). Shared and distinct transcriptomic cell types across neocortical areas.
Nature 563, 72-78. doi: 10.1038/s41586-018-0654-5

ten Donkelaar, H. J. (1998). “Reptiles) in The Central Nervous System of
Vertebrates, Vol. 2, eds R. Nieuwenhuys, H. J. ten Donkelaar, and C. Nicholson
(Berlin: Springer), 1315-1524. doi: 10.1007/978-3-642-18262-4_20

Thomson, A. (2010). Neocortical layer 6, a review. Front. Neuroanat. 4:13. doi:
10.3389/fnana.2010.00013

Valero, M., Cid, E., Averkin, R. G., Aguilar, J., Sanchez-Aguilera, A., Viney, T. J.,
et al. (2015). Determinants of different deep and superficial CA1 pyramidal
cell dynamics during sharp-wave ripples. Nat. Neurosci. 18, 1281-1290. doi:
10.1038/nn.4074

Valero, M., and de la Prida, L. M. (2018). The hippocampus in depth: a sublayer-
specific perspective of entorhinal-hippocampal function. Curr. Opin. Neurobiol.
52,107-114. doi: 10.1016/j.conb.2018.04.013

Wamsley, B., and Fishell, G. (2017). Genetic and activity-dependent mechanisms
underlying interneuron diversity. Nat. Rev. Neurosci. 18, 299-309. doi: 10.1038/
nrn.2017.30

Wheeler, D. W., White, C. M., Rees, C. L., Komendantov, A. O., Hamilton, D. J., and
Ascoli, G. A. (2015). Hippocampome.org: a knowledge base of neuron types in
the rodent hippocampus. eLife 4:¢09960. doi: 10.7554/eLife.09960

Williams, P. A, Larimer, P., Gao, Y. and Strowbridge, B. W.
(2007). Semilunar granule cells: glutamatergic neurons in the rat
dentate gyrus with axon collaterals in the inner molecular layer.

Frontiers in Neuroanatomy | www.frontiersin.org

March 2019 | Volume 13 | Article 25


https://doi.org/10.1038/nn.3917
https://doi.org/10.1126/science.aac9462
https://doi.org/10.1523/JNEUROSCI.5717-11.2012
https://doi.org/10.1523/ENEURO.0193-16.2016
https://doi.org/10.1523/ENEURO.0193-16.2016
https://doi.org/10.1523/JNEUROSCI.06-01-00178.1986
https://doi.org/10.3389/fninf.2013.00018
https://doi.org/10.3389/fninf.2013.00018
https://doi.org/10.3389/fnins.2015.00162
https://doi.org/10.1038/nrn1519
https://doi.org/10.1038/nrn810
https://doi.org/10.1038/nrn810
https://doi.org/10.1016/S0165-0270(98)00049-1
https://doi.org/10.1016/S0165-0270(98)00049-1
https://doi.org/10.1159/000357753
https://doi.org/10.1093/acprof:oso/9780195159561.003.0010
https://doi.org/10.1007/BF01188438
https://doi.org/10.1007/BF01188438
https://doi.org/10.1152/physrev.00007.2017
https://doi.org/10.1038/nrn2402
https://doi.org/10.1038/nrn2402
https://doi.org/10.1007/s40708-017-0062-x
https://doi.org/10.1038/nrn2719
https://doi.org/10.1038/nrn2719
https://doi.org/10.1016/j.tins.2016.11.007
https://doi.org/10.3389/fnana.2010.00142
https://doi.org/10.7554/eLife.15890
https://doi.org/10.1002/cne.23802
https://doi.org/10.1002/cne.23802
https://doi.org/10.1523/JNEUROSCI.1613-18.2018
https://doi.org/10.1523/JNEUROSCI.1613-18.2018
https://doi.org/10.1016/S0166-2236(98)01300-9
https://doi.org/10.3389/fnana.2011.00030
https://doi.org/10.3389/fnana.2011.00030
https://doi.org/10.1093/acprof:oso/9780195159561.001.1
https://doi.org/10.1093/acprof:oso/9780195159561.001.1
https://doi.org/10.3389/fnana.2017.00100
https://doi.org/10.3389/fnana.2017.00100
https://doi.org/10.1038/nrn3469
https://doi.org/10.1016/j.tig.2014.12.004
https://doi.org/10.1007/s00429-011-0322-0
https://doi.org/10.1002/cne.901900304
https://doi.org/10.1016/j.cub.2017.09.034
https://doi.org/10.1002/cne.902910403
https://doi.org/10.1038/s41586-018-0654-5
https://doi.org/10.1007/978-3-642-18262-4_20
https://doi.org/10.3389/fnana.2010.00013
https://doi.org/10.3389/fnana.2010.00013
https://doi.org/10.1038/nn.4074
https://doi.org/10.1038/nn.4074
https://doi.org/10.1016/j.conb.2018.04.013
https://doi.org/10.1038/nrn.2017.30
https://doi.org/10.1038/nrn.2017.30
https://doi.org/10.7554/eLife.09960
https://www.frontiersin.org/journals/neuroanatomy/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles

Shepherd et al.

Cortical Neuron Names

J. Neurosci. 27,
2007

Wilson, C. J. (2004). “Basal ganglia,” in The Synaptic Organization of the Brain, ed.
G. M. Shepherd (New York, NY: Oxford University Press).

Wilson, D. A., and Barkai, E. (2018). “Olfactory cortex,” in Handbook of Brain
Microcircuits, 2nd Edn, eds G. M. Shepherd and S. Grillner (New York, NY:
Oxford University Press), 323-332.

Yamawaki, N., Li, X., Lambot, L., Ren, L. Y. Radulovic, J., and
Shepherd, G. M. G. (2019). Long-range inhibitory intersection of a retrosplenial
thalamocortical circuit by apical tuft-targeting CA1 neurons. Nat. Neurosci.
1-12 (in press).

13756-13761.  doi:

10.1523/JNEUROSCI.4053-07.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Shepherd, Marenco, Hines, Migliore, McDougal, Carnevale,
Newton, Surles-Zeigler and Ascoli. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neuroanatomy | www.frontiersin.org 21

March 2019 | Volume 13 | Article 25


https://doi.org/10.1523/JNEUROSCI.4053-07.2007
https://doi.org/10.1523/JNEUROSCI.4053-07.2007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroanatomy/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroanatomy#articles

	Neuron Names: A Gene- and Property-Based Name Format,With Special Reference toCortical Neurons
	Introduction
	Background

	Initial Considerations
	Principles for a Systematic Neuron Terminology
	Application of Principles to Specific Examples
	Importance of Region
	Nuclear Regions: Neuron Names Follow Parent-Child Format
	Spinal Cord
	Neostriatum

	Application to Cortical Neurons: the Challenge of Cortical Layers and Cortical Areas
	Turtle Dorsal Cortex
	Piriform ``Olfactory'' Cortex
	Hippocampus
	The Problem of Interneurons

	Terminology for Neocortical Neurons
	Principal Neurons of the Neocortex
	Interneurons of the Neocortex
	The Problem of Large Numbers of Cortical Neuron Types

	Adding Properties to Neuron Names: Increasing the Chain
	Gene Expression
	Physiology
	Neurotransmitters

	The Proposed Format Is Supported by Recent Gene Studies
	Multimodal Searches for Families of Properties
	State Dependence of Neuronal Properties
	Development
	Discussion
	Author Contributions
	Acknowledgments
	References


