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Much progress has been made in recent years toward under-
standing the underlying causes of neurodevelopmental disorders.
Whereas catastrophic failures in early events such as cell fate spec-
ification or cell migration give rise to profound developmental
defects including microcephaly and lissencephaly, more subtle
conditions such as autism, intellectual disability or neuropsychi-
atric disorders increasingly appear to result from comparatively
minor changes in neural circuit formation and function. The for-
mation of proper neuronal circuitry relies on later developmental
processes such as axon guidance, the arborization both of axons
and their target dendrites, the recognition of appropriate synaptic
partners, the establishment and maturation of synaptic connec-
tions, and the subsequent elimination of improper connections.
The research topic presented here, “Mechanisms of Neural Circuit
Formation,” addresses recent advances in our understanding of
the cellular and molecular bases of these processes.

The papers in this volume generally fall into three broad
areas of developmental neurobiology, including new techniques
for the study of these processes: (1) cell adhesion molecules
(CAMs) and their downstream roles in cell identity, recognition,
and synaptic specificity; (2) axon guidance, formation of termi-
nals, and dendritic arborization; and (3) formation of synaptic
structures themselves, the essential final step in circuit formation
which, nevertheless, remains subject to remodeling and plasticity
throughout development and even in adult animals.

The volume opens with a review by Sokolowski and Corbin
(2012), highlighting the importance of neuronal circuit forma-
tion for behavior through an examination of the development
of the limbic circuitry. This is followed by a series of papers
on CAMs: a review from Weiner and Jontes (2013), and a
hypothesis paper from Yagi (2012) that describe the roles of pro-
tocadherins. These are followed by the new results of Prasad
and Weiner (2011) on a requirement for γ-protocadherins in
Ia afferent terminal formation in the spinal cord. Next is a
review from Garrett et al. (2012) on the immunoglobulin (Ig)
superfamily proteins Down Syndrome Cell Adhesion Molecule
and related proteins (DSCAMs), addressing issues of molecu-
lar diversity, cell identity and cell adhesion as they contribute
to synapse and circuit formation. Finally, Enriquez-Barreto et al.
(2012) present original research on the function of the Ig
superfamily member Neural Cell Adhesion Molecule (NCAM)
in axon pathfinding and organization in the thalamocortical
system.

This last paper transitions into a section focused on axon
guidance, including both signaling and cytoskeletal mechanisms.

Sakai and Kaprielian (2012) review the literature on the guid-
ance of longitudinally projecting axons, a prominent focus of
study in both vertebrates and invertebrates. An original paper by
Leslie et al. (2012), examines the requirement of RhoA in sensory
axon guidance. The relationship of axon guidance mechanisms
to other processes involved in synaptic specificity is highlighted
in a review of semaphorin signaling by Yoshida (2012). Finally,
the importance of FGF22 in axon termination and synaptogenesis
in the lateral geniculate is demonstrated by Singh et al.’s original
research (2012).

The penultimate group of papers concerns mechanisms reg-
ulating the formation of pre-and post-synaptic structures. The
assembly and plasticity of the presynaptic active zone is reviewed
in Clarke et al. (2012). A review from Winnubst and Lohmann
(2012) discusses the mechanisms and implications for synaptic
clustering on target neurons. An original research paper from
Murphy et al. (2012) investigates the developmental regulation of
AMPA receptor trafficking proteins.

The E-book closes with two papers describing powerful new
techniques for studying neural circuit formation that are revealing
novel biology both in Drosophila, as described by Nose (2012),
and in mice, as described in Yamagata and Sanes (2012).

Together, these papers provide a broad reflection of the state of
our knowledge concerning the molecular cues that direct axon
and dendrite development, promote the formation of synaptic
connections, and allow the refinement of connectivity and plas-
ticity during development. An interesting observation that comes
from these studies is that few, if any, of the key molecules are
single-purpose; each pathway is used at distinct stages of neu-
ral development and serves multiple functions. The extent to
which these functions relate varies. For example, semaphorins
broadly influence both axonal and dendritic development, per-
haps not surprisingly given the large number of different lig-
ands and receptors involved. Fibroblast Growth Factor family
members (FGFs), critical players in a wide variety of develop-
mental events in the early embryo, are much later re-purposed
to regulate the formation of synaptic circuitry. CAMs like the
γ-protocadherins and DSCAMs, regulate several key processes,
including neuronal survival, dendrite arborization, and axonal
targeting; here, it remains unclear whether these functions are
achieved through common signaling pathways, or whether they
represent distinct roles for these CAMs. Thus, despite the daunt-
ing complexity of the task, the cast of key players is not increasing
as rapidly as the number of roles assigned to each cast member.
This could facilitate future progress by focusing efforts on a
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smaller number of molecules. Conversely, efforts could be com-
plicated by the need to dissect primary and secondary effects for
each pathway. This highlights the need to be particularly rigorous
in defining where, when and how the functions of these proteins
are analyzed. As the methods and specificity of these analyses
improve, so will our understanding of neural circuit formation.

Considering the finely-tuned complexity of the mature ner-
vous system, the robustness of neurodevelopment is amaz-
ing; despite genetic and environmental variability during

development, and the stochastic variation inherent in biological
systems, most brains end up working pretty well. The exper-
imental investigation of small circuits and defined aspects of
neural circuit formation is facilitating progress in this area, as
the papers in this volume demonstrate. However, a key challenge
for the future is to integrate the information we are gaining on
individual molecular pathways into a larger model in order to
understand how the neural circuitry of the mature nervous system
is assembled during development.

REFERENCES
Clarke, G. L., Chen, J., and Nishimune,

H. (2012). Presynaptic active
zone density during develop-
ment and synaptic plasticity.
Front. Mol. Neurosci. 5:12. doi:
10.3389/fnmol.2012.00012

Enriquez-Barreto, L., Palazzetti, C.,
Brennaman, L. H., Maness, P. F.,
and Fairén, A. (2012). Neural cell
adhesion molecule, NCAM, regu-
lates thalamocortical axon pathfind-
ing and the organization of the cor-
tical somatosensory representation
in mouse. Front. Mol. Neurosci. 5:76.
doi: 10.3389/fnmol.2012.00076

Garrett, A. M., Tadenev, A. L. D., and
Burgess, R. W. (2012). DSCAMs:
restoring balance to developmental
forces. Front. Mol. Neurosci. 5:86.
doi: 10.3389/fnmol.2012.00086

Leslie, J. R., Imai, F., Zhou, X., Lang,
R. A., Zheng, Y., and Yoshida, Y.
(2012). RhoA is dispensable for
axon guidance of sensory neurons
in the mouse dorsal root gan-
glia. Front. Mol. Neurosci. 5:67. doi:
10.3389/fnmol.2012.00067

Murphy, K. M., Tcharnaia, L., Beshara,
S. P., and Jones, D. G. (2012).
Cortical development of AMPA
receptor trafficking proteins.
Front. Mol. Neurosci. 5:65. doi:
10.3389/fnmol.2012.00065

Nose, A. (2012). Generation of
neuromuscular specificity in
Drosophila: novel mechanisms
revealed by new technologies.
Front. Mol. Neurosci. 5:62. doi:
10.3389/fnmol.2012.00062

Prasad, T., and Weiner, J. A. (2011).
Direct and indirect regulation of
spinal cord ia afferent terminal for-
mation by the γ-protocadherins.
Front. Mol. Neurosci. 4:54. doi:
10.3389/fnmol.2011.00054

Sakai, N. and Kaprielian, Z. (2012).
Guidance of longitudinally
projecting axons in the devel-
oping central nervous system.
Front. Mol. Neurosci. 5:59. doi:
10.3389/fnmol.2012.00059

Singh, R., Su, J., Brooks, J., Terauchi,
A., Umemori, H., and, Fox, M.
A. (2012). Fibroblast growth factor
22 contributes to the development

of retinal nerve terminals in the
dorsal lateral geniculate nucleus.
Front. Mol. Neurosci. 4:61. doi:
10.3389/fnmol.2011.00061

Sokolowski, K., and Corbin, J. G.
(2012). Wired for behaviors:
from development to function
of innate limbic system circuitry.
Front. Mol. Neurosci. 5:55. doi:
10.3389/fnmol.2012.00055

Weiner, J. A., and Jontes, J. D. (2013).
Protocadherins, not prototypical:
a complex tale of their interac-
tions, expression, and functions.
Front. Mol. Neurosci. 6:4. doi:
10.3389/fnmol.2013.00004

Winnubst, J., and Lohmann, C. (2012).
Synaptic clustering during develop-
ment and learning: the why, when,
and how. Front. Mol. Neurosci. 5:70.
doi: 10.3389/fnmol.2012.00070

Yagi, T. (2012). Molecular codes
for neuronal individuality and
cell assembly in the brain.
Front. Mol. Neurosci. 5:45. doi:
10.3389/fnmol.2012.00045

Yamagata, M., and Sanes, J. R.
(2012). Transgenic strategy for

identifying synaptic connec-
tions in mice by fluorescence
complementation (GRASP).
Front. Mol. Neurosci. 5:18. doi:
10.3389/fnmol.2012.00018

Yoshida, Y. (2012). Semaphorin sig-
naling in vertebrate neural circuit
assembly. Front. Mol. Neurosci. 5:71.
doi: 10.3389/fnmol.2012.00071

Received: 11 April 2013; accepted: 26
April 2013; published online: 13 May
2013.
Citation: Weiner JA, Jontes JD and
Burgess RW (2013) Introduction to
mechanisms of neural circuit formation.
Front. Mol. Neurosci. 6:12. doi: 10.3389/
fnmol.2013.00012
Copyright © 2013 Weiner, Jontes and
Burgess. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are
credited and subject to any copyright
notices concerning any third-party
graphics etc.

Frontiers in Molecular Neuroscience www.frontiersin.org May 2013 | Volume 6 | Article 12 | 2

http://dx.doi.org/10.3389/fnmol.2013.00012
http://dx.doi.org/10.3389/fnmol.2013.00012
http://dx.doi.org/10.3389/fnmol.2013.00012
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

	Introduction to mechanisms of neural circuit formation
	References


