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What axons tell each other: axon–axon signaling in nerve and
circuit assembly§
Liang Wang and Till Marquardt
A remarkable feature of nervous system development is the
ability of axons emerging from newly formed neurons to
traverse, by cellular scale, colossal distances to appropriate
targets. The earliest axons achieve this in an essentially axonfree environment, but the vast majority of axons eventually
grow along a scaffold of nerve tracts created by earlier
extending axons. Signal exchange between sequentially or
simultaneously extending axons may well represent the
predominant mode of axonal navigation, but proportionally few
efforts have so far been directed at deciphering the underlying
mechanisms. This review intends to provide a conceptual
update on the cellular and molecular principles driving axon–
axon interactions, with emphasis on those contributing to the
fidelity of axonal navigation, sorting and connectivity during
nerve and circuit assembly.
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Historical backdrop
The question how myriads of neurons and their processes
assemble into the functional architecture of the nervous
system essentially co-emerged with Cajal’s formulation
of the neuron theory [1,2]. Not long after, the idea arose
that this must necessarily entail interactions not only of
growing neuronal processes with substrates along their
trajectories or targets, but also interactions among the
vast numbers of neurites proper [3]. This possibility was
first experimentally tested through surgical manipulations in amphibian embryos by Hamburger and Taylor in
the 1920s and 1940s, respectively [4,5], which were the
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precursors for a series of classical studies that decades
later used essentially the same experimental rationale to
study the contribution of axon-axon interactions to
vertebrate and invertebrate nervous system development [6–17]. With the notable exception of sensory
representation maps, however, the contribution of
axon–axon signaling to neural circuit assembly has since
then moved out of the center of attention. To date,
insights into principles underlying axon-axon interactions comprise a relatively limited, yet steadily
expanding number of instances [18–21].

Forces at play
In the in vivo setting, axon–axon encounters can occur in
a number of different configurations and result in a
variety of outcomes (Figure 1). Before reviewing their
respective contributions to nerve and circuit assembly it
is helpful to first consider the main factors determining
the behavior of axons towards each other. These factors
are on the one hand related to the properties of axons,
which may be summarized as: adhesive code (the expression of and responsiveness towards specific sets of molecular cell surface labels regulating adhesive force) (i)
[22–25], intracellular signaling (triggered by membrane
protein engagement) (ii) [26], axon type (determined by
the type of the corresponding neuron) (iii) [27,28] and
axon identity (determined by differing molecular labels
on axons of the same type) (iv) [20,29]. Non-axonal
factors, on the other hand, can profoundly influence
likelihood, manner and outcome of axon-axon encounters, and include: permissiveness (of the axon growth
environment) (v) [30,31], degree of freedom (available to
axons within permissive tracts) (Figure 2a,b) (vi) [32–34]
and myelinating glia (whose precursors associate with
growing axons) (Figure 2c) (vii) [35–37]. We propose
that these factors in net determine not only the specific
behavior of axons towards each other, but also a generalized preference of axons to associate with other axons
in most in vivo contexts. These considerations can have
important implications for interpreting the outcome of
(disrupting) axon–axon signaling mechanisms in vivo
(Figure 2d–f).

Pioneers and followers
The prevalent pattern of both central and peripheral
nerve tract assembly involves initial extension of axons
that from the outset chose trajectories resembling the
mature pattern of nerve pathways of the adult, and to
which, in turn, later-extending axons adhere [21]. The
extension of follower axons along pioneer axons was first
www.sciencedirect.com
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Figure 1

(a) Fasciculation

(b) Defasciculation

(c) Selective Fasciculation

(d) Selective Defasciculation

(e) Segregation & Sorting

(f) Competition & Tiling
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Axon–axon configurations. In the in vivo setting, axon–axon encounters can occur in a number of different configurations and result in a variety of
outcomes. Following the original classification by Tessier-Lavigne and Goodman [103], we can distinguish four such principle configurations: (a)
fasciculation (axon bundling), (b) selective fasciculation (of follower axons along pioneer axons), (c) defasciculation (dissolution of axon bundles) and
(d) selective defasciculation (dissociation of a specific set of axons from a bundle), to which we can now add three more types of interactions: (e)
segregation or sorting (of specific sets of axons from other axons within a bundle), (f) competition (of axons for target space) and tiling (spacing of axon
terminal arborizations) [18,29,74].

suggested by Paul A. Weiss to involve contact-dependent
axon–axon interactions, for which he introduced the term
‘selective fasciculation’ [3,38]. Dramatic examples of selective fasciculation can be observed in insect and fish
embryos, involving the generation of dedicated pioneer
neuron populations that seek out specific trajectories, and
which are eliminated once they served their purpose of
guiding follower neurons [11,39]. Ample evidence in both
invertebrates and vertebrates support the principle
importance of pioneer axons for establishing accurate
follower axon projections [6–9,12–17,21,39]. In many
instances involving homotypic interactions between
axons originating from the same neuron type, however,
it is less clear to what extent pioneer axons indeed differ
from follower axons other than their timing of outgrowth
[40]. Here, we will distinguish between such relatively
non-selective fasciculation of pioneer with follower axons
(primarily driven by homotypic axon–axon adhesion) and
selective fasciculation (driven by discriminating axon–
axon interactions).
www.sciencedirect.com

Selective fasciculation
Heterotypic selective fasciculation. Selective fasciculation
provides an attractive model for how the growth trajectories of different axon types become coordinated as a
prerequisite to their incorporation into common nerve
tracts and circuits. Vertebrate peripheral nerves, for
instance, accommodate several axon types that are part
of the circuits providing efferent control over skeletal
muscle or organ function, as well as somatosensory afferent input to the nervous system [41]. At an even higher
level of complexity, the vertebrate brain is crisscrossed by
white matter tracts comprising axons from hundreds of
different neuron types linking distant neural territories as
parts of higher order functional assemblies [42].
Sequential extension and heterotypic guidance. The first axons
to populate peripheral nerve tracts are motor axons
[43,44,45], which from the outset possess a remarkable
capacity for choosing trajectories towards correct muscle
targets [46–48]. Most available data suggest that dorsal
Current Opinion in Neurobiology 2013, 23:974–982
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Figure 2
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Non-axonal factors and axon–axon interactions. Influence of non-axonal factors on generalized (a)–(c) and selective (d)–(f) axon–axon fasciculation
illustrated by mutations disrupting vertebrate peripheral nerve organization. (a) During normal development, peripheral motor axon extension is
confined to narrow permissive tissue corridors, surrounded by segmental repulsive tissue blocks [32–34]. (b) Mouse mutants devoid of repulsive
sclerotomal tissue blocks allow axons to initially extend as an almost continuous defasciculated sheet, instead of forming discrete peripheral nerve
segments [104,105]. (c) Mouse mutants lacking peripheral myelinating glia (Schwann cells) exhibit pronounced axon defasciculation, while overall
nerve segmentation is preserved [36,37]. (d) Normal subdivision of peripheral nerve involves selective fasciculation of follower (sensory: red) along
pioneer (motor) axons (green) [45], patterned by extrinsic permissive and repulsive signals [32–34]. (e) Upon loss of signal (EphA3/4) from one subset
of pioneer axons, follower axons preferentially chose other pioneer fascicle [45]. (f) Wholesale absence of pioneers results in follower axons randomly
choosing a single trajectory in an all-or-nothing fashion; presumably driven by initial randomized trajectory choice by first-extending sensory axons
(arrowheads), followed by fasciculation of later-extending axons [45].

root sensory axons, which generally lack a predetermined
preference for specific trajectories or targets [49,50], rely
on the association with preceding motor axons to establish
appropriate peripheral connectivity patterns [6–10]. Our
own recent data suggest that this involves contact-dependent heterotypic interactions that prompt sensory
growth cones to change course and commence tracking
along preceding motor axons (Figure 3b) [45,51]. These
events rely in part on attractive signaling provided by
EphA receptor tyrosine kinases (acting in a kinase-independent manner) that engage cognate ephrin-A proteins
on sensory growth cones and directly or indirectly collaborate with additional homo and heterotypic axon–axon
mechanisms (Figure 3a–e) [45].
Timing of extension and heterotypic guidance. In the developing mammalian brain, cortical and thalamic axons meet
Current Opinion in Neurobiology 2013, 23:974–982

in the subpallium to form the internal capsule, a major
white matter tract, before projecting in opposite directions to thalamus and neocortex, respectively [42]. Experimental conditions that selectively eliminate or alter
thalamocortical axon trajectories perturb corticothalamic
projections and vice versa, suggesting that both axon types
rely on mutual interactions for proper navigation [42,52].
These heterotypic axon–axon interaction appear to be
subject to tight temporal regulation provided by transient
release of repulsive cues by subpallium neurons, which
stall early extending corticothalamic axons and thus facilitate their rendezvous with later extending thalamocortical
axons [53]. While molecular and cellular mechanisms
underlying the corresponding axon-axon interactions
remain largely unresolved, recent genetic evidence
suggest the intriguing possibility that this involves selective expression of the cannabinol receptor CB1R by
www.sciencedirect.com
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Figure 3
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Axon–axon signaling mechanisms in nerve and circuit assembly. Examples of identified axon–axon signaling mechanisms driving sequential stages of
peripheral nerve (a)–(e) and olfactory sensory map assembly (f) and (g). (a) Heterotypic motor (green) and sensory (red) axon segregation via repulsive
ephrin-A/EphA forward signaling and postulated additional EphA-activating factor [27]. (b) Heterotypic selective fasciculation driven by switch to
attractive EphA/ephrin-A reverse signaling (via yet unknown co-receptor) at later stages; postulated additional repulsive activity [45]. (c) Homotypic
fasciculation driven by NCAM and L1 [59,60]. (d) Localized defasciculation by polysialylation (PSA) of NCAM and L1 at axon choice point [59,60]. (e)
Overall degree fasciculation balanced by juxtaparacrine and/or autocrine repulsive Slit/Robo signaling [69] (note: action of depicted factors in same
subsets of axons is conjectural). (f) Pre-target sorting of olfactory sensory axons via Sema3A/Nrp1 repulsive signaling (for simplicity, only two axon
identities are drawn) [78]. (g) Segregation of axon termini of different identities via repulsive (bi-directional?) EphA5/ephrin-A2 signaling [82,106]. (h)
and (i) Convergence of axon termini with matching type II identities on same glomeruli via Kirrel1 or Kirrel2 homophilic adhesion [82] (for simplicity, early
and late developing type I and type II axon identities are depicted in same schematic).
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corticothalamic axons and its activation by 2-arachidonoyl
glycerol (2-AG) synthesized by thalamocortical axons
[54].
Homotypic selective fasciculation. Cell adhesion molecule
(CAM)-mediated axon–axon adhesion seems to be a
primary motor for the selective fasciculation of homotypic
follower and pioneer axons in both Drosophila and C.
elegans. In the former, homophilic axon–axon adhesion
by neural cell adhesion molecule (NCAM) isoforms
promote selective fasciculation of follower axons with
longitudinal fascicles [55,56], while in the latter, the
cadherin Flamingo seems to mediate general association
of follower with pioneer ventral nerve cord axons [57].
Similarly, gain-of-function experiments in chick suggest
that cadherin-mediated homophilic axon–axon adhesion
could underlie the association of axons expressing certain
cadherins with specific white matter tracts [58].
Selective defasciculation. Localized defasciculation at discrete choice points can play vital roles in axon navigation
by allowing subsets of axons to dissociate from larger
fascicles, to respond to novel guidance cues and to enter
target-bound trajectories [21,31]. In chick, for instance,
post-translational polysialylation of the CAMs NCAM
and L1 is thought to underlie defasciculation of motor
axons at the limb plexus, a major peripheral choice point,
by reducing homotypic axon-axon adhesion (Figure 3c,d)
[59,60]. In Drosophila, repulsive Sema1a/PlexinA signaling or the action of CAM-like receptor tyrosine phosphatases appear to antagonize NCAM-mediated
homotypic axon–axon adhesion, thus promoting localized
defasciculation of subsets of motor axons from transiting
intersegmental nerves and facilitate intrasegmental
muscle innervation [55,56,61–63]. Such transient dissolution of axon–axon adhesive bonds and its eventual
transition to renewed fasciculation may involve
delayed-acting intracellular pathways that shut off repulsive guidance receptor signaling [64]. Repulsive signals
provided either by axons or surrounding tissue appear to
frequently regulate the overall degree of fasciculation
(Figures 2a,b and 3e) [32,33,65–68,69], but whether this
similarly involves direct crosstalk with mechanisms driving axon–axon adhesion remains to be explored.

This side-by-side arrangement of different axon types
may be inherently vulnerable to conditions that promote
illicit intermingling of functionally disparate neural pathways and circuits [70]. In the vertebrate peripheral nerve,
for instance, different axon types segregate into discrete
fascicles soon after emerging from neural tube or dorsal
root sensory ganglia [27,71], which is recapitulated by the
mutual segregation of cultured motor and dorsal root
sensory axons in the absence of other cellular components
[27]. The apparent self-organization of both axon types
into discrete fascicles involves contact-dependent repulsive axon–axon signaling, in part elicited by EphA receptors on motor axons and cognate ephrin-A proteins on
sensory axons (Figure 3a), whose inactivation in mouse
embryos arrogates the anatomical and functional segregation of motor efferent and somatosensory afferent pathways [27,45]. In the corpus callosum, the major white
matter tract connecting both hemispheres of the brain,
similar contact-dependent axon–axon interactions effectively segregate axons originating from anterior or
posterior cortical neurons; a process likewise involving
repulsive EphA/ephrin-A signaling [72].
Pre-target sorting and mapping. Perception and proper
classification of external stimuli relies on the orderly
representation of sensory modalities carried by the axons
of primary sensory neurons into the nervous system [73–
75]. In Drosophila and mouse, for instance, primary olfactory axons expressing the same odorant receptors converge on common stereotypically positioned target foci
(glomeruli) in antennal lobe or olfactory bulb, respectively [73]. While axon–target interactions play a role in
setting up these odorant representation maps, their
assembly seems to a large degree reliant on axon–axon
interactions [18,76,77]. In mouse, olfactory sensory axons
appear to self-organize into orderly arrays that forecast
their eventual mapping order across the anteroposterior
axis of the olfactory bulb; a process driven at least in part
by axon–axon repulsion involving varying levels of
Sema3A or its receptor Nrp1 in olfactory sensory axons
expressing different odorant receptors (Figure 3f) [78].
Similar pre-target sorting of axons occurs in the developing visual system of vertebrates [79,80], but whether
pre-target sorting in the optic nerve would predominantly
rely on axon-axon interactions remains unclear [81].

Segregation and sorting
Axon segregation and sorting typically involve an interplay
of homophilic adhesive and repulsive axon–axon interactions that cooperatively promote the confinement of
heterotypic axons into discrete fascicles, the self-organization of homotypic axons into orderly arrays or the convergence of certain subsets of axons onto, and the exclusion
of others, from discrete target zones (Figure 3f–i).
Anatomical and functional segregation. The pooling of
multiple axon types into common nerve tracts is a pervasive feature of nervous system functional architecture.
Current Opinion in Neurobiology 2013, 23:974–982

In-target segregation and mapping. In the olfactory systems
of mouse and Drosophila, parallel homophilic axon–axon
adhesion and contact-dependent repulsion seem to drive
the eventual convergence of matching axon termini onto
specific glomeruli or protoglomeruli and the exclusion of
non-matching axons [82]. In Drosophila, this involves
Sema1a expression by early extending olfactory sensory
axons repelling late arriving axons expressing its cognate
receptor Plexin-A [83,84]; events that cooperate with
parallel homophilic axon–axon adhesion by N-cadherin
to confine early and late arriving axons to discrete
www.sciencedirect.com
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protoglomeruli [83]. In mouse, differential regulation of
the CAMs Kirrel2 and Kirrel3, as well as EphA5 and
ephrin-A5, by neural activity results in the complementary expression of these proteins by subsets of olfactory
sensory axons [82]. Neural activity-driven regulation of
adhesive codes may thus effectively establish a range of
axon identities extending from sensory neurons tuned
to specific odorants — which, for instance, results in the
segregation of EphA5+ and ephrin-A5+ axons (Figure 3g),
paralleled by homophilic adhesion of Kirrel2+ or Kirrel3+
axons and their convergence onto discrete glomeruli
(Figure 3h,i) [82]. Similar mechanisms based on co-action
of axon–axon adhesive and repulsive forces may be
reiterated in other olfactory axon identities targeting
different glomeruli [85,86].

Competition and tiling
Regular spacing of axons and their terminal arbors is a
common feature of topographic sensory representation
maps and columnar circuit architecture in general [29].
Axon spacing entails repulsive (competitive) axon–axon
interactions similar to those involved in axon segregation,
but which effectively result in the mutual avoidance of
axons of the same identity [20,29]. Such isotypic axon–
axon repulsion can further result in the establishment of
non-overlapping terminal arborization zones (tiles)
[20,29]. Axon competition and tiling can operate independent of or together with neurotrophin-based and/or
neural activity-based mechanisms [29,87–90].
Competition, tiling and columns. In the visual system of
Drosophila, individual R7 or R8 photoreceptor and L1–L5
laminar axons form terminal arborizations and connections that are restricted to single columns in the medulla
[91]. Establishment of these columnar connectivity patterns relies on both competitive axon spacing and tiling of
axon terminal arbors. For instance, isotypic axon-axon
repulsion mediated by the transmembrane protein
Golden goal and the cadherin Flamingo in R8 axons
seems to counterbalance cadherin-mediated axon–axon
adhesion; thus driving axon spacing prerequisite for
innervating discrete medullar columns [92,93]. The
columnar tiling of axon terminal arbors by L1 or R7 axons
is eventually achieved by isotypic axon-axon repulsion
mediated by Dscam2 (Down syndrome cell adhesion
molecule 2) or the Ig superfamily protein Turtle, respectively [94,95]. In addition to these axon contact-dependent mechanisms, columnar tiling of R7 axons further
seems to involve autocrine action by the secreted TGFb
family protein Activin, apparently cooperating with contact-dependent repulsion by Turtle [96]. Even more finegrained isotypic axon competition is thought to be
achieved by a vast array of Dscam isoforms generated
by alternative splicing in Drosophila mushroom body
neurons [97]. This entails axon–axon repulsion triggered
exclusively between axons expressing the same Dscam
www.sciencedirect.com

isoforms, effectively keeping axon branches apart that
extend from the same neurons [97].
Competition and continuous mapping. In the vertebrate
visual system, retinal ganglion cell axons continuously
map across the tectum or superior colliculus in a manner
that accurately mirrors the relative positioning of ganglion
cells across the retina; effectively creating a point-to-point
representation of visual space in the brain [19,74]. The
establishment of this retinotopic map involves axon–
target interactions, as well as spontaneous waves of retinal
ganglion cell firing [89,90,98], but its key features are
most parsimoniously explained by models evoking competitive axon–axon interactions [99,100]. The extent to
which retinotopic map formation relies on competitive
axon–axon interactions, however, seems to vary between
different vertebrate species [101], possibly as a function
of body size [19]. Moreover, while axons originating from
opposite extremes of the retinal axis repel each other in
culture [102], the cellular and molecular mechanisms
underlying these long-postulated axon–axon interactions
in vivo remain to be tackled.

Concluding remarks
Mechanisms driven by signal exchange between axons
facilitate alignment or segregation of functionally analogous or distinct axon types, the sorting of axons into
separate target-bound fascicles, the self-organization of
axonal arrays during establishment of topographic projection maps, as well as the confinement of axons and their
terminal arbors to non-overlapping target zones and postsynaptic partners. Axon–axon recognition, as a precursor
to all of these events, can simply involve expression of
complementary adhesive codes — but can also entail
intricate neural activity and second messenger-controlled
differences in adhesive codes that effectively generate
large assortments of axonal identities, each extending
from a neuron with a distinctive functional profile. Understanding such self-organizing properties of neurites
may eventually prove key to a more complete understanding of how the functional architecture of the nervous
system assembles during development, and how some of
its features could be restored in the adult. Since in most in
vivo contexts axon–axon interactions will operate alongside non-axonal signals, a major challenge lies in delineating their respective contributions to nerve or circuit
assembly, and how the different signaling inputs are
integrated by growing axons. Also, most evidence for
axon–axon interactions in vivo so far have been indirect,
with the underlying cellular mechanisms essentially
remaining a black box. Tackling these challenges should
become increasingly attainable by exploiting the steadily
expanding genetic toolkit for visualizing and manipulating discrete neuronal identities, combined with advances
in imaging techniques, to resolve both: the molecular and
cellular events driving axon–axon interactions.
Current Opinion in Neurobiology 2013, 23:974–982
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Entwicklungsphysiologie der Nervenbahnen in der
Froschextremität. Roux’s Arch Dev Biol 1929, 119:47-99.

5.

Taylor A: Selectivity of nerve fibers from the dorsal and ventral
roots in the development of the frog limb. J Exp Zoology 1944,
96:159-185.

6.

Landmesser L, Honig MG: Altered sensory projections in the
chick hind limb following the early removal of motoneurons.
Dev Biol 1986, 118:511-531.

7.

Honig MG, Lance-Jones C, Landmesser L: The development of
sensory projection patterns in embryonic chick hindlimb
under experimental conditions. Dev Biol 1986, 118:532-548.

8.

Kuwada JY: Cell recognition by neuronal growth cones in a
simple vertebrate embryo. Science 1986, 233:740-746.

9.

Swanson GJ, Lewis J: Sensory nerve routes in chick wing buds
deprived of motor innervation. J Embryol Exp Morphol 1986,
95:37-52.

10. Tosney KW, Hageman MS: Different subsets of axonal guidance
cues are essential for sensory neurite outgrowth to cutaneous
and muscle targets in the dorsal ramus of the embryonic
chick. J Exp Zool 1989, 251:232-244.
11. Bate CM: Pioneer neurones in an insect embryo. Nature 1976,
260:54-56.
12. Keshishian H, Bentley D: Embryogenesis of peripheral nerve
pathways in grasshopper legs. Iii. Development without
pioneer neurons. Dev Biol 1983, 96:116-124.

22. Van Vactor D: Adhesion and signaling in axonal fasciculation.
Curr Opin Neurobiol 1998, 8:80-86.
23. Leckband D, Prakasam A: Mechanism and dynamics of
cadherin adhesion. Annu Rev Biomed Eng 2006, 8:259-287.
24. Song H, Poo M: The cell biology of neuronal navigation. Nat Cell
Biol 2001, 3:E81-E88.
25. Rutishauser U, Landmesser L: Polysialic acid in the vertebrate
nervous system: A promoter of plasticity in cell-cell
interactions. Trends Neurosci 1996, 19:422-427.
26. Bashaw GJ, Klein R: Signaling from axon guidance receptors.
Cold Spring Harb Perspect Biol 2010, 2:a001941.
27. Gallarda BW, Bonanomi D, Muller D, Brown A, Alaynick WA,
Andrews SE, Lemke G, Pfaff SL, Marquardt T: Segregation of
axial motor and sensory pathways via heterotypic transaxonal signaling. Science 2008, 320:233-236.
28. Kapfhammer JP, Raper JA: Interactions between growth cones
and neurites growing from different neural tissues in culture. J
Neurosci 1987, 7:1595-1600.
29. Grueber WB, Sagasti A: Self-avoidance and tiling: mechanisms
of dendrite and axon spacing. Cold Spring Harb Perspect Biol
2010, 2:a001750.
30. Snow DM, Smith JD, Cunningham AT, McFarlin J, Goshorn EC:
Neurite elongation on chondroitin sulfate proteoglycans is
characterized by axonal fasciculation. Exp Neurol 2003,
182:310-321.
31. Huang Z, Yazdani U, Thompson-Peer KL, Kolodkin AL, Terman JR:
Crk-associated substrate (cas) signaling protein functions
with integrins to specify axon guidance during development.
Development 2007, 134:2337-2347.
32. Tannahill D, Britto JM, Vermeren MM, Ohta K, Cook GM,
Keynes RJ: Orienting axon growth: spinal nerve segmentation
and surround-repulsion. Int J Dev Biol 2000, 44:119-127.
33. Keynes R, Tannahill D, Morgenstern DA, Johnson AR, Cook GM,
Pini A: Surround repulsion of spinal sensory axons in higher
vertebrate embryos. Neuron 1997, 18:889-897.
34. Oakley RA, Tosney KW: Contact-mediated mechanisms of
motor axon segmentation. J Neurosci 1993, 13:3773-3792.
35. Mathis C, Collin L, Borrelli E: Oligodendrocyte ablation impairs
cerebellum development. Development 2003, 130:4709-4718.

13. Berlot J, Goodman CS: Guidance of peripheral pioneer neurons
in the grasshopper: Adhesive hierarchy of epithelial and
neuronal surfaces. Science 1984, 223:493-496.

36. Meyer D, Birchmeier C: Multiple essential functions of
neuregulin in development. Nature 1995, 378:386-390.

14. Klose M, Bentley D: Transient pioneer neurons are essential for
formation of an embryonic peripheral nerve. Science 1989,
245:982-984.

37. Lin W, Sanchez HB, Deerinck T, Morris JK, Ellisman M, Lee KF:
Aberrant development of motor axons and neuromuscular
synapses in erbb2-deficient mice. Proc Natl Acad Sci U S A
2000, 97:1299-1304.

15. Jay DG, Keshishian H: Laser inactivation of fasciclin i disrupts
axon adhesion of grasshopper pioneer neurons. Nature 1990,
348:548-550.
16. Lin DM, Auld VJ, Goodman CS: Targeted neuronal cell ablation
in the drosophila embryo: Pathfinding by follower growth
cones in the absence of pioneers. Neuron 1995, 14:707-715.

38. Weiss P: In vitro experiments on the factors determining the
course of the outgrowing nerve fiber. J Exp Zool 1934,
68:393-448.
39. Whitlock KE, Westerfield M: A transient population of neurons
pioneers the olfactory pathway in the zebrafish. J Neurosci
1998, 18:8919-8927.

17. Raper JA, Bastiani MJ, Goodman CS: Guidance of neuronal
growth cones: Selective fasciculation in the grasshopper
embryo. Cold Spring Harb Symp Quant Biol 1983, 48(Pt 2):
587-598.

40. Bak M, Fraser SE: Axon fasciculation and differences in midline
kinetics between pioneer and follower axons within
commissural fascicles. Development 2003, 130:4999-5008.

18. Imai T, Sakano H: Axon–axon interactions in neuronal circuit
assembly: lessons from olfactory map formation. Eur J
Neurosci 2011, 34:1647-1654.

41. Pierrot-Deseilligny E, Burke D: The Circuitry of the Spinal Cord: Its
Role in Motor Control and Movement Disorders. Cambridge
University Press; 2005.

19. Feldheim DA, O’Leary DD: Visual map development:
Bidirectional signaling, bifunctional guidance molecules, and
competition. Cold Spring Harb Perspect Biol 2010, 2:a001768.

42. Lopez-Bendito G, Molnar Z: Thalamocortical development:
how are we going to get there? Nat Rev Neurosci 2003,
4:276-289.

20. Zipursky SL, Sanes JR: Chemoaffinity revisited: Dscams,
protocadherins, and neural circuit assembly. Cell 2010,
143:343-353.

43. Landmesser L: The development of motor projection patterns
in the chick hind limb. J Physiol 1978, 284:391-414.

21. Raper J, Mason C: Cellular strategies of axonal pathfinding.
Cold Spring Harb Perspect Biol 2010, 2:a001933.
Current Opinion in Neurobiology 2013, 23:974–982

44. Tosney KW, Landmesser LT: Development of the major
pathways for neurite outgrowth in the chick hindlimb. Dev Biol
1985, 109:193-214.
www.sciencedirect.com

Axon–axon signaling in neural circuit assembly Wang and Marquardt 981

45. Wang L, Klein R, Zheng B, Marquardt T: Anatomical coupling of
 sensory and motor nerve trajectory via axon tracking. Neuron
2011, 71:263-277.
This study, together with [27], provided the first mechanistic principles
underlying the oldest in vivo-model for axon–axon interactions and one of
the few instances were the underlying molecular and cellular mechanisms
were studied simultanously. The studies provide evidence that peripheral
nerve assembly relies on sequential repulsive and attractive signaling
elicited by a temporal switch in bi-directional EphA/ephrin-A signaling.
46. Westerfield M, Eisen JS: Neuromuscular specificity: pathfinding
by identified motor growth cones in a vertebrate embryo.
Trends Neurosci 1988, 11:18-22.
47. Dasen JS: Transcriptional networks in the early development
of sensory-motor circuits. Curr Top Dev Biol 2009, 87:119-148.
48. Bonanomi D, Pfaff SL: Motor axon pathfinding. Cold Spring Harb
Perspect Biol 2010, 2:a001735.
49. Smith CL, Frank E: Peripheral specification of sensory neurons
transplanted to novel locations along the neuraxis. J Neurosci
1987, 7:1537-1549.
50. Ladle DR, Pecho-Vrieseling E, Arber S: Assembly of motor
circuits in the spinal cord: driven to function by genetic and
experience-dependent mechanisms. Neuron 2007,
56:270-283.
51. Wang L, Marquardt T: Live monitoring of heterotypic axonal
interactions in vitro. Nat Protoc 2012.
52. Hevner RF, Miyashita-Lin E, Rubenstein JL: Cortical and thalamic
axon pathfinding defects in tbr1, gbx2, and pax6 mutant mice:
evidence that cortical and thalamic axons interact and guide
each other. J Comp Neurol 2002, 447:8-17.
53. Deck M, Lokmane L, Chauvet S, Mailhes C, Keita M, Niquille M,
 Yoshida M, Yoshida Y, Lebrand C, Mann F, Grove EA et al.:
Pathfinding of corticothalamic axons relies on a rendezvous
with thalamic projections. Neuron 2013, 77:472-484.
This study provides a mechanism for how extrinsic, non-axonal signals at
axonal choice points can regulate the timing of axon extension and thus
facilitate heterotypic selective fasciculation required for the establishment
of a major white matter tract.
54. Wu CS, Zhu J, Wager-Miller J, Wang S, O’Leary D, Monory K,
Lutz B, Mackie K, Lu HC: Requirement of cannabinoid cb(1)

receptors in cortical pyramidal neurons for appropriate
development of corticothalamic and thalamocortical
projections. Eur J Neurosci 2010, 32:693-706.
This study proposes a novel mechanism of heterotypic axon–axon
interactions by providing evidence that the heterotypic selective fascicultion of cortical along thalamocortical axons relies on cannabinoid signaling.
55. Lin DM, Goodman CS: Ectopic and increased expression of
fasciclin ii alters motoneuron growth cone guidance. Neuron
1994, 13:507-523.
56. Grenningloh G, Rehm EJ, Goodman CS: Genetic analysis of
growth cone guidance in drosophila: fasciclin ii functions as a
neuronal recognition molecule. Cell 1991, 67:45-57.
57. Steimel A, Wong L, Najarro EH, Ackley BD, Garriga G, Hutter H:
The flamingo ortholog fmi-1 controls pioneer-dependent

navigation of follower axons in C. elegans. Development 2010,
137:3663-3673.
This study provides insights how cadherin-based adhesion can play
major role in the selective fasciculation during etablishment of major
axon tracts.
58. Treubert-Zimmermann U, Heyers D, Redies C: Targeting axons
to specific fiber tracts in vivo by altering cadherin expression.
J Neurosci 2002, 22:7617-7626.
59. Tang J, Landmesser L, Rutishauser U: Polysialic acid influences
specific pathfinding by avian motoneurons. Neuron 1992,
8:1031-1044.
60. Tang J, Rutishauser U, Landmesser L: Polysialic acid regulates
growth cone behavior during sorting of motor axons in the
plexus region. Neuron 1994, 13:405-414.
61. Yu HH, Huang AS, Kolodkin AL: Semaphorin-1a acts in concert
with the cell adhesion molecules fasciclin ii and connectin to
www.sciencedirect.com

regulate axon fasciculation in drosophila. Genetics 2000,
156:723-731.
62. Stoker AW: Axon guidance: motor-way madness. Curr Biol
1996, 6:794-797.
63. Desai CJ, Gindhart JG Jr, Goldstein LS, Zinn K: Receptor
tyrosine phosphatases are required for motor axon guidance
in the drosophila embryo. Cell 1996, 84:599-609.
64. Yang T, Terman JR: Regulating small g protein signaling to
coordinate axon adhesion and repulsion. Small GTPases 2013,

4:34-41.
This study proposes a mechanism for how the regulation of fasciculation
by repulsive signaling can be integrated with adhesive signaling
to facilitate eventual reinstation of axon–axon and axon–sustrate
adhesion.
65. Huber AB, Kania A, Tran TS, Gu C, De Marco Garcia N, Lieberam I,
Johnson D, Jessell TM, Ginty DD, Kolodkin AL: Distinct roles for
secreted semaphorin signaling in spinal motor axon guidance.
Neuron 2005, 48:949-964.
66. Huettl RE, Soellner H, Bianchi E, Novitch BG, Huber AB: Npn-1
contributes to axon–axon interactions that differentially
control sensory and motor innervation of the limb. PLoS Biol
2011, 9:e1001020.
67. Taniguchi M, Yuasa S, Fujisawa H, Naruse I, Saga S, Mishina M,
Yagi T: Disruption of semaphorin iii/d gene causes severe
abnormality in peripheral nerve projection. Neuron 1997,
19:519-530.
68. Bagnard D, Chounlamountri N, Puschel AW, Bolz J: Axonal
surface molecules act in combination with semaphorin 3a
during the establishment of corticothalamic projections.
Cereb Cortex 2001, 11:278-285.
69. Jaworski A, Tessier-Lavigne M: Autocrine/juxtaparacrine

regulation of axon fasciculation by slit-robo signaling. Nat
Neurosci 2012, 15:367-369.
This study provides evidence that the degree of motor axon fasciculation
is regulated via repulsive auto or juxtaparacrine action of co-expressed
secreted Slit and its receptors Robo1/2; and that this mechanism influences the behavior of motor axons in culture and in vivo.
70. McLachlan EM, Janig W, Devor M, Michaelis M: Peripheral nerve
injury triggers noradrenergic sprouting within dorsal root
ganglia. Nature 1993, 363:543-546.
71. Honig MG, Frase PA, Camilli SJ: The spatial relationships
among cutaneous, muscle sensory and motoneuron axons
during development of the chick hindlimb. Development 1998,
125:995-1004.
72. Nishikimi M, Oishi K, Tabata H, Torii K, Nakajima K: Segregation
and pathfinding of callosal axons through epha3 signaling. J

Neurosci 2011, 31:16251-16260.
This study shows that, similar to sensory and motor axons in the
peripheral nerve [27], callosal axons engange in EphA3-dependent heterotypic repulsive axon–axon interactions that segregate axons extending from different cortical regions. Mechanisms like this could contribute
to the organization of white matter tracts in general.
73. Komiyama T, Luo L: Development of wiring specificity in the
olfactory system. Curr Opin Neurobiol 2006, 16:67-73.
74. Luo L, Flanagan JG: Development of continuous and discrete
neural maps. Neuron 2007, 56:284-300.
75. Ma Q: Labeled lines meet and talk: population coding of
somatic sensations. J Clin Invest 2010, 120:3773-3778.
76. Feinstein P, Mombaerts P: A contextual model for axonal
sorting into glomeruli in the mouse olfactory system. Cell 2004,
117:817-831.
77. Ebrahimi FA, Chess A: Olfactory neurons are interdependent
in maintaining axonal projections. Curr Biol 2000, 10:
219-222.
78. Imai T, Yamazaki T, Kobayakawa R, Kobayakawa K, Abe T,
 Suzuki M, Sakano H: Pre-target axon sorting establishes the
neural map topography. Science 2009, 325:585-590.
This study shows that repulsive axon axon interactions, provided by
gradient Semaphorin signaling, can contribute to the self-organization of
Current Opinion in Neurobiology 2013, 23:974–982

982 Development of neurons and glia

axons into orderly array during estabishment of topographic projection
maps. Together with [83] these data provide mechanistic concepts for
how large arrays of axonal identities can be generated that engage in
selective axon–axon interactions underlying key aspects of neural circuit
assembly.
79. Scholes JH: Nerve fibre topography in the retinal projection to
the tectum. Nature 1979, 278:620-624.
80. Walsh C, Guillery RW: Age-related fiber order in the optic tract
of the ferret. J Neurosci 1985, 5:3061-3069.
81. Leung KM, Taylor JS, Chan SO: Enzymatic removal of chondroitin
sulphates abolishes the age-related axon order in the optic tract
of mouse embryos. Eur J Neurosci 2003, 17:1755-1767.
82. Serizawa S, Miyamichi K, Takeuchi H, Yamagishi Y, Suzuki M,
Sakano H: A neuronal identity code for the odorant receptorspecific and activity-dependent axon sorting. Cell 2006,
127:1057-1069.
83. Lattemann M, Zierau A, Schulte C, Seidl S, Kuhlmann B,
Hummel T: Semaphorin-1a controls receptor neuron-specific
axonal convergence in the primary olfactory center of
drosophila. Neuron 2007, 53:169-184.
84. Sweeney LB, Couto A, Chou YH, Berdnik D, Dickson BJ, Luo L,
Komiyama T: Temporal target restriction of olfactory receptor
neurons by semaphorin-1a/plexina-mediated axon–axon
interactions. Neuron 2007, 53:185-200.
85. Kaneko-Goto T, Yoshihara S, Miyazaki H, Yoshihara Y: Big-2
mediates olfactory axon convergence to target glomeruli.
Neuron 2008, 57:834-846.
86. Hasegawa R, Takami S, Nishiyama F: Immunoelectron
microscopic analysis of the distribution of tyrosine kinase
receptor b in olfactory axons. Anat Sci Int 2008,
83:186-194.
87. Plazas PV, Nicol X, Spitzer NC: Activity-dependent competition
regulates motor neuron axon pathfinding via plexina3. Proc
Natl Acad Sci U S A 2013, 110:1524-1529.
88. Cao L, Dhilla A, Mukai J, Blazeski R, Lodovichi C, Mason CA,
Gogos JA: Genetic modulation of bdnf signaling affects the
outcome of axonal competition in vivo. Curr Biol 2007,
17:911-921.
89. Pfeiffenberger C, Cutforth T, Woods G, Yamada J, Renteria RC,
Copenhagen DR, Flanagan JG, Feldheim DA: Ephrin-as and neural
activity are required for eye-specific patterning during
retinogeniculate mapping. Nat Neurosci 2005, 8:1022-1027.
90. Triplett JW, Pfeiffenberger C, Yamada J, Stafford BK,
Sweeney NT, Litke AM, Sher A, Koulakov AA, Feldheim DA:
Competition is a driving force in topographic mapping. Proc
Natl Acad Sci U S A 2011, 108:19060-19065.

93. Senti KA, Usui T, Boucke K, Greber U, Uemura T, Dickson BJ:
Flamingo regulates r8 axon–axon and axon–target
interactions in the drosophila visual system. Curr Biol 2003,
13:828-832.
94. Millard SS, Flanagan JJ, Pappu KS, Wu W, Zipursky SL: Dscam2
mediates axonal tiling in the drosophila visual system. Nature
2007, 447:720-724.
95. Ferguson K, Long H, Cameron S, Chang WT, Rao Y: The

conserved ig superfamily member turtle mediates axonal tiling
in drosophila. J Neurosci 2009, 29:14151-14159.
This study, together with other previous work [87,93,94,96], provides
insights into the identities of the molecules driving isotypic repulsive
axon-axon interactions underlying axon competition and tiling during
establishment of accurate connectivity in the developing visual system
of Drosophila.
96. Ting CY, Herman T, Yonekura S, Gao S, Wang J, Serpe M,
O’Connor MB, Zipursky SL, Lee CH: Tiling of r7 axons in the
drosophila visual system is mediated both by transduction of
an activin signal to the nucleus and by mutual repulsion.
Neuron 2007, 56:793-806.
97. Wang J, Zugates CT, Liang IH, Lee CH, Lee T: Drosophila dscam
is required for divergent segregation of sister branches and
suppresses ectopic bifurcation of axons. Neuron 2002, 33:
559-571.
98. McLaughlin T, O’Leary DD: Molecular gradients and
development of retinotopic maps. Annu Rev Neurosci 2005,
28:327-355.
99. Brown A, Yates PA, Burrola P, Ortuno D, Vaidya A, Jessell TM,
Pfaff SL, O’Leary DD, Lemke G: Topographic mapping from
the retina to the midbrain is controlled by relative but not
absolute levels of epha receptor signaling. Cell 2000,
102:77-88.
100. Reber M, Burrola P, Lemke G: A relative signalling model for the
formation of a topographic neural map. Nature 2004, 431:
847-853.
101. Gosse NJ, Nevin LM, Baier H: Retinotopic order in the absence
of axon competition. Nature 2008, 452:892-895.
102. Raper JA, Grunewald EB: Temporal retinal growth cones
collapse on contact with nasal retinal axons. Exp Neurol 1990,
109:70-74.
103. Tessier-Lavigne M, Goodman CS: The molecular biology of axon
guidance. Science 1996, 274:1123-1133.
104. Bai G, Chivatakarn O, Bonanomi D, Lettieri K, Franco L, Xia C,
Stein E, Ma L, Lewcock JW, Pfaff SL: Presenilin-dependent
receptor processing is required for axon guidance. Cell 2011,
144:106-118.

91. Sanes JR, Zipursky SL: Design principles of insect and
vertebrate visual systems. Neuron 2010, 66:15-36.

105. Wong PC, Zheng H, Chen H, Becher MW, Sirinathsinghji DJ,
Trumbauer ME, Chen HY, Price DL, Van der Ploeg LH, Sisodia SS:
Presenilin 1 is required for notch1 and dii1 expression in the
paraxial mesoderm. Nature 1997, 387:288-292.

92. Tomasi T, Hakeda-Suzuki S, Ohler S, Schleiffer A, Suzuki T: The
transmembrane protein golden goal regulates r8
photoreceptor axon–axon and axon–target interactions.
Neuron 2008, 57:691-704.

106. Cutforth T, Moring L, Mendelsohn M, Nemes A, Shah NM,
Kim MM, Frisen J, Axel R: Axonal ephrin-as and odorant
receptors: coordinate determination of the olfactory sensory
map. Cell 2003, 114:311-322.

Current Opinion in Neurobiology 2013, 23:974–982

www.sciencedirect.com

