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Abstract
Organization of Retinal Ganglion Cell Axons in the
Developing Mouse Retinogeniculate Pathway
Austen Sitko
Appropriately organized synaptic connections are essential for proper neural circuit function. Prior
to forming and reﬁning synaptic connections, axons of projection neurons must ﬁrst navigate long
distances to their targets. Research in the axon guidance ﬁeld has generated a great deal of knowledge about how axons successfully navigate through intermediate choice points and form initial
connections with their synaptic targets. One aspect of neural circuit development that has been
less well studied is whether axons are organized within their tracts. Axons could be highly ordered,
or arranged haphazardly, to be sorted out within their destination target zone.
Findings from several systems indicate that axon tracts are organized and, furthermore, that pretarget organization is important for accurate targeting. Chapter 1 will survey these ﬁndings as an
introduction to my thesis. The remaining chapters present my research in the mouse retinogeniculate
pathway, in which I examine three aspects of pre-target axon organization: the organization of
cohorts of retinal ganglion cell (RGC) axons in the optic nerve and tract; the role of axon selfassociation in tract organization; and the relationship between tract order and targeting.
RGC axons project either ipsi- or contralaterally at the optic chiasm. In the ﬁrst thalamic target,
the dorsal lateral geniculate nucleus (dLGN), RGC axon terminals are organized based on retinotopy
and laterality (i.e., into ipsi- and contralateral zones). Chapter 2 presents my ﬁndings on the
organization of ipsilateral (ipsi) and contralateral (contra) RGC axons in the optic nerve and tract.
Ipsilateral RGC axons cluster together in the optic nerve, are less tightly bundled in the optic chiasm,
and once in the optic tract, again bundle together and are segregated from contralateral axons.
Topographic and ipsi/contra axon order in the optic tract are largely in register, although ipsi- and
contralateral axons from the same topographic region maintain distinct ipsi/contra segregation in
the tract.

Chapter 3 explores one potential mechanism involved in creating the organization between ipsi
and contra RGC axons in the tract: diﬀerential fasciculation behavior between RGC axon cohorts. I
used in vitro retinal explant culture systems to test the hypothesis that ipsilateral RGC axons have
a greater preference to self-fasciculate than contralateral axons. Ipsilateral neurites display greater
self-association/fasciculation than contralateral neurites, indicating an axon-intrinsic mechanism of
ipsilateral-speciﬁc self-association.
Chapter 4 examines tract organization and fasciculation in the EphB1 mutant retinogeniculate
pathway. EphB1 is expressed exclusively by ipsilateral RGCs, and loss of EphB1 leads to a reduced
ipsilateral projection and increased contralateral projection. However, aberrantly crossing axons
project to the ipsilateral zone in the dLGN. Given its combination of an aberrant decussation
phenotype with a grossly normal targeting phenotype, I used this mutant to explore the relationship
between midline choice, tract organization, and targeting. First, remaining ipsilateral axons in the
EphB1-/- optic tract largely retain their position in the lateral optic tract, but appear splayed
apart, suggestive of aberrant fasciculation. In vitro, EphB1-/- ipsilateral neurites still bundle more
than EphB1-/- contralateral neurites, although the magnitude of this diﬀerence is less striking than
in wild-type retinal explants. Thus, EphB1 may be involved in preferential ipsilateral RGC axon
fasciculation. In vivo, the aberrantly crossing axons in the EphB1 mutant grossly maintain their
position in the ipsilateral zone of the optic tract (i.e., the lateral aspect), indicating a preservation
of ipsilateral segregation in the tract. This is in line with a model in which bundling partners in
the tract may help guide axons to the correct zone in the target.
The data presented in this thesis detail two organizational modes of RGC axons in the developing
optic nerve and tract, eye-speciﬁc (typographic) and topographic, and suggest that axon-intrinsic
factors mediate ipsilateral-speciﬁc self-association. Axon-intrinsic factors likely act alongside extrinsic cellular and molecular cues in the developing retinogeniculate pathway to facilitate pre-target
axon organization, which may in turn facilitate accurate formation of synaptic connections in the
dLGN.
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Chapter 1

Introduction
1.1

Forming an Accurate Neural Circuit

Since the identiﬁcation of growth cones by Santiago Ramón y Cajal and the introduction of the
chemoaﬃnity hypothesis by Roger Sperry (Sperry, 1963), developmental neurobiologists have made
great strides in understanding how the brain forms during embryogenesis and early postnatal development. A guiding principle across the many sensory systems used as models to study neural
development and axon guidance has been the correspondence between the organization of neuron
cell bodies and their axon projections. In the visual system, for instance, retinal ganglion cells
(RGCs) in the retina relay a map of visual space to the visual targets in the thalamus, which in
turn relay this spatial information to the visual cortex. Even in thalamocortical and non-sensory
systems, such as the cortico-cortical projections of the corpus callosum, axon terminals innervate
their targets homotopically.
In understanding how axons make the journey to those targets, a host of molecular gradients
and cues have been identiﬁed in intermediate and ﬁnal target regions that help establish orderly
connections between projection neurons and their targets. With an emphasis on source-target
correspondence, however, the ﬁeld has focused less attention on axons within developing tracts,
leaving several questions: what, if any, deﬁned axon order exists prior to target entry; through what
molecular environments do axons navigate in their tracts; and what interactions occur between
axons and the tract environment, and between and within cohorts of axons? Furthermore, is pretarget axon organization a crucial step in the formation of accurate synaptic connections in the ﬁnal
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target, or are cues within the target suﬃcient to establish accurate circuitry, leaving tract order
largely incidental?
Although his contributions to the ﬁeld have been credited for the emphasis on chemoaﬃnitydriven axon-target interactions, Sperry himself suggested that axons are organized, or at least
guided, by chemical cues along the pathway: “Not only the details of synaptic association within
terminal centers, but also the routes by which the ﬁbers reach their synaptic zones would seem to be
subject to regulation during growth by diﬀerential chemical aﬃnities” (Attardi and Sperry, 1963).
Sperry’s contemporaries, too, hinted at the possibility of pre-target axon guidance cues in the tract.
Barnard and Woolsey (1956), for instance, wrote that “mechanical factors may play an insigniﬁcant
role in determining how and where a growing nerve ﬁber shall end,” but “more subtle forces are at
work, forces whose basic mechanisms are almost totally unknown at the present time.”
In the more than half-century since this work, researchers have identiﬁed numerous chemoattractive and chemorepulsive sources and gradients that guide axons within their targets or through
intermediate choice points, such as the central nervous system (CNS) midline at the optic chiasm
or spinal cord ﬂoorplate. Concurrent with research on intermediate and ﬁnal targets, some investigators also explored the organization of axons within developing tracts. Reports from the late
1970s, for instance, identiﬁed pre-target axon order in the developing visual pathway of ﬁsh (Cook
and Horder, 1977; Scholes, 1979). Scholes (1979) even argued that “common sense” dictated the
importance of ﬁber-ﬁber interactions and pre-target sorting in the formation of developing pathways.

1.2

Modes of Organization in Axon Tracts

Since these early hints and speculations, the question of how axons are arranged in their tracts has
continued to gain traction. In the last few decades, three main modes of tract order have been
identiﬁed in the visual, olfactory, auditory, sensorimotor, callosal, and thalamocortical systems.
These common modes of axon organization fall into one of following three categories, which are
illustrated in Figure 1.1:
• Topography, which is based on the topographic or spatial arrangement of the neurons. This
is the most common organizational feature found in neural circuits.
• Typography, in which axon order is based on neuron subtype, or molecularly similar cohorts.
2
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• Chronotopy, in which axon age is the organizing principle, such that younger axons grow along
older axons in a sequentially additive fashion.

Axon Tract

Topography

Neurons

Early
Born

Target

Target

Late
Born

Chronotopy

Typography

Target

Figure 1.1: Three modes of axon organization in tracts. From top to bottom: topography, based on spatial positioning; typography, based on subtype or molecular identity; and
chronotopy, or age-related order.

These three modes are well conserved across systems. Recent studies have utilized advanced molecular genetic and selective labeling techniques to directly probe whether pre-target axon order within
tracts is required for accurate target innervation. Experiments in the olfactory system, corpus
callosum, and auditory brainstem all provide compelling evidence that maintaining appropriate organization of axons along their paths is a crucial aspect of forming an accurate functional circuit
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(Imai et al., 2009; Zhou et al., 2013; Michalski et al., 2013). The relationship between pre-target
tract organization and targeting will be discussed in more detail later in this chapter, in Section 1.4.
In the following section, I review the current knowledge of topographic, typographic, and chronotopic organization in the axon tracts of a variety of sensory and central neural circuits. This paves
the way for a discussion in Section 1.3 of common molecular mechanisms leading to axon organization in tracts, which are broadly categorized into axon-extrinsic and axon-intrinsic mechanisms.

1.2.1

Topography

Topographic order is the most common organizational principle in neural circuits. This can be most
intuitively appreciated in the visual and sensorimotor systems, in which visual and body space,
respectively, are mapped in the brain in a spatially ordered fashion, providing a logical transmission
of these two sensory modalities. In the visual system, RGCs are the only projection neurons that
exit the retina and connect to central brain targets in a hallmark retinotopic manner, with a clear
topographic correspondence between RGC position in the retina and terminals in the brain (Lund
et al., 1974). In the sensorimotor system, somatotopy, the representation of the body map, must be
contained in both motor eﬀerents projecting to speciﬁc muscle ﬁbers and sensory aﬀerents conveying
touch and pain information from the periphery, and can be easily appreciated, for example, in the
barrel ﬁelds representing the vibrissae of rodents (Woolsey and Van der Loos, 1970).
Having established topographic correspondence between neuron and target, a handful of researchers in the 1970s turned their attention to the question of whether axons maintain similar
topographic organization along the length of their tracts. Hypotheses on the extent and signiﬁcance
of such organization fell along a continuum between two extremes. At one extreme, precise maintenance of neighbor relationships would be preserved along the length of a tract, from cell bodies
to axon terminations. In this hypothetical instance, mechanical forces between neighboring axons
would theoretically serve a guidance role as axons grew to the correct part of the topographically
organized target. At the other extreme of the hypothetical spectrum, simple chemoaﬃnity within
the target would be suﬃcient to organize incoming axons, and axon order in the tract would either be non-existent or inconsequential to subsequent targeting. In other words, as long as axons
grossly reach the correct target, any organization within the tract would be irrelevant for targeting
decisions.
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In support of the ﬁrst of these hypotheses, RGC axons were observed to bundle into fascicles as
they navigate toward the optic disc within the developing chick retina (Goldberg and Coulombre,
1972). It was suggested that this preponderance of fasciculating ﬁbers prior to exiting the retina
helped maintain order along the remainder of the developing visual pathway. When technical
advances allowed for closer examination, however, a remarkable extent of splitting and crossing over
of axons between fascicles was observed in both the retina (Simon and O’Leary, 1991) and optic
stalk (Williams and Rakic, 1985; Simon and O’Leary, 1991). Thus, one-to-one neighbor relationships
are not preserved between RGC axons upon entry into the optic nerve, undermining the simplest
interpretation of the hypothesis that axons are organized in their tracts.
Further studies using classical tracing methods and electrophysiology revealed that RGC axons
maintain a rough retinotopic arrangement as they exit the eye and enter the optic nerve. This
coarse retinotopy is gradually, though not entirely, lost as the axons extend within the optic nerve
towards the optic chiasm. Such progressive scattering of retinotopic order along the length of the
nerve has been described in frog (Montgomery et al., 1998), chick (Ehrlich and Mark, 1984), mouse
(Chan and Chung, 1999; Plas et al., 2005), rat (Simon and O’Leary, 1991; Chan and Guillery, 1994),
ferret (Reese and Baker, 1993), cat (Horton et al., 1979; Naito, 1986), and monkey (Naito, 1994).
These studies of retinotopic axon order in the optic nerve reiterate the lack of one-to-one neighbor
relationships, but all support a consistent, if coarse, organization within the nerve. Indeed, despite
ﬁnding that axon order in the cat optic nerve is not a simple reﬂection of retinal coordinates, Horton
et al. “do not conclude that the ﬁbres are arranged haphazardly.” Instead, the authors speculate:
“once the ﬁbres diverge quickly in the initial portion of the nerve, they tend to maintain a more
constant disposition, hinting that the scatter is somehow controlled” (Horton et al., 1979). Thus,
though it may still be unclear how, axon organization in the nerve might serve as a functional
prelude to successful navigation of later guidance cues or targeting steps.
Once RGC axons are in the optic chiasm, the midline choice point in which ipsi- and contralateral
retinal projections diverge, topographic order appears largely, though not completely lost. RGC
axons unbundle from their more tightly organized nerve fascicles, spread out across and through
the depth of the chiasm, and then enter into the optic tract, as they extend to the dorsal lateral
geniculate nucleus (dLGN), superior colliculus (SC), and other non-image-forming targets. Once in
the optic tract, RGC axons re-sort into orderly arrangements, again coarsely reﬂecting retinotopic
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order (Torrealba et al., 1982; Reh et al., 1983; Reese and Baker, 1993; Chan and Guillery, 1994;
Chan and Chung, 1999; Plas et al., 2005). The details of topographic organization in the optic tract
will be discussed in more detail in Section 2.1.2.
Similar to retinotopy in the visual system, a coarse somatotopy has been identiﬁed in the sensorimotor pathways (Barnard and Woolsey, 1956; Maslany et al., 1991; Milner et al., 1998). Many
details of the axon organization within the descending and ascending tracts in the spinal cord remain largely undeﬁned, but what is known recapitulates the general ﬁndings from studies of the
retinofugal tracts: coarse topography is maintained in tracts, but one-to-one neighbor relationships
between axons are not. In the chick, for instance, motor neuron axons destined for a speciﬁc muscle
course together in distinct bundles, but do not preserve strict neighbor relationship along their path
to the muscle (Lance-Jones and Landmesser, 1981). Instead, axons rearrange along the path and
sort out within the limb plexus into discrete fascicles bound for speciﬁc muscles. This ﬁnding led the
authors to suggest that active mechanisms of pre-target axon sorting form the circuit rather than
either passive maintenance of neighbor relationships or exuberant, disorganized growth followed by
pruning (Lance-Jones and Landmesser, 1981). More recent retrograde labeling studies tracked motor axon fascicles through the peripheral sciatic-tibial nerve in rats and found somatotopy preserved
along the length of the nerve (Badia et al., 2010), conﬁrming the maintenance of topographic order
in motor axon tracts. What is perhaps better understood than somatotopic organization in sensory
and motor axon tracts is the relationship between the two tracts and modality-speciﬁc organization
within them, which will be discussed in the following section (Section 1.2.3).
Topographic organization is a deﬁning factor in the auditory and olfactory systems, despite the
fact that these two sensory modalities do not directly relate to three-dimensional space. In the auditory system, sound frequencies are transduced along the tonotopically organized basilar membrane
in the cochlea. This tonotopic organization is maintained throughout the brainstem and central
auditory nuclei (Sando, 1965, and reviewed in Appler and Goodrich, 2011). Tonotopic organization at each auditory brain target develops precisely before the onset of hearing and processing of
acoustic information (Rubel and Fritzsch, 2002; Appler and Goodrich, 2011). Though it has yet
to be directly tested, preservation of tonotopy among axons within the auditory nerve and tracts
connecting auditory brain centers could be a means of establishing precise tonotopy in each auditory
target early in development.
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At least one portion of the auditory pathway maintains an incredibly precise tonotopic map
through its tract. Axons in the crossed dorsal cochlear tract (XDCT) connecting the nucleus
magnocellularis (NM) and nucleus laminaris (NL) in the chick auditory brainstem are arranged in
strict correspondence with their positions in both NM and NL (Kashima et al., 2013). Multicellular
labeling of regions in the NM in two areas along the tonotopic axis shows a clear correspondence
between the position of groups of neurons in the NM and their axons in the XDCT. The authors
also followed axons from individually labeled NM cells and found a strikingly linear relationship
between the position of the soma in the NM and their respective axons in the XDCT (Kashima
et al., 2013). To date, this study is one of the highest resolution in any system, tracing individual
axons as they project through the tract to their synaptic targets.
The olfactory system encodes chemical cues, which lack inherent spatial or topographic information. However, even this system utilizes topographic organization in both the sense organ, the olfactory epithelium (OE), and the ﬁrst olfactory target, the olfactory bulb (OB). Topographic correspondence between the OE and OB was ﬁrst identiﬁed over a half century ago, using degeneration studies
in the rabbit olfactory system (Clark, 1951). Subsequent anatomical and physiological studies conﬁrmed a correspondence of the dorsal-ventral and medial-lateral axes in the OE to the same axes
in the OB, but little to no rostral-caudal correspondence between the two structures (Land, 1973;
Costanzo and O’Connell, 1978; Saucier and Astic, 1986). Development of more advanced genetic
tools revealed further topographic subdivisions in the OE, with olfactory sensory neurons (OSNs)
expressing speciﬁc olfactory receptors (ORs), restricted to particular zones within the OE (Ressler
et al., 1993; Vassar et al., 1993). This conﬂuence of topographic and typographic (i.e., based on
OR-expression or OSN subtype) organizational principles is a theme common to other systems,
which will be discussed further in Section 1.2.3.
Topographic arrangements of OSN axons in the olfactory nerve have not been directly examined,
but the typographic order that has been studied may be embedded in a broader topographic organization. Studies examining higher order olfactory targets beyond the OB have noted that central
olfactory regions fail to maintain topographic correspondence to the OB (Luskin and Price, 1982;
Sosulski et al., 2011). Topographic order of OB eﬀerents are only found in the earliest portion of the
lateral olfactory tract (LOT), and axon order reﬂecting spatial information of the OB is presumably
lost along the length of the LOT (Price and Sprich, 1975).
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Similar to tracts in the spinal, visual, and auditory pathways, topography is evident in all cortical
tracts that have been studied. In both rodents and primates, there is a topographic correspondence
between primary thalamic nuclei and target regions in the cortex (Caviness and Frost, 1980; HöhlAbrahão and Creutzfeldt, 1991). An early study of the thalamocortical tract used anterograde tract
labeling in ex vivo slice preparations of mouse brain to examine the projection from the ventrobasal
complex in the thalamus to the primary sensory cortex (Bernardo and Woolsey, 1987). Though the
order of speciﬁc subsets of axons within the tract was not examined, the authors found that axons
diverged from their neighbors and rejoined other fascicles at numerous points along their path,
again demonstrating the principle that one-to-one neighbor relationships are not preserved in axon
tracts. The patterns of axon rearrangements were consistent from animal to animal, indicating that
while neighbor relationships between thalamocortical axons (TCAs) are not maintained, there is an
underlying orderliness in the ﬁber bundling patterns along the thalamocortical tract. Subsequent
studies demonstrated that TCAs are topographically ordered as they course through the IC and
approach the pallial/subpallial boundary (PSPB), before entering the cortex (Molnár et al., 1998).
Reciprocal contralaterally projecting cortico-cortical axons make up another major white matter
tract in the cortex, the corpus callosum (CC). Structural studies identiﬁed an anterior-posterior
distribution of ﬁbers within the human CC based on axon diameter (Aboitiz et al., 1992). There
is coarse topographic correspondence between a neuron’s regional location in the cortex and its
axon position in the CC of mice (Ozaki and Wahlsten, 1992), cats (Nakamura and Kanaseki, 1989),
and humans (De Lacoste et al., 1985). Diﬀusion tensor imaging in human subjects conﬁrmed the
topographic correspondence of cortical brain regions across the anterior-posterior axis of the CC
in greater detail (Hofer and Frahm, 2006). Histological analyses in both macaques and human
subjects also show anterior-posterior order in the CC of axon bundles corresponding to diﬀerent
cortical regions (Caminiti et al., 2013). Furthermore, anterograde and retrograde labeling studies
in the cat visual cortex show that sub-region topographic maps are contained within the gross
topography along the rostral-caudal axis of the CC (Payne and Siwek, 1991).
The development of genetic tools and advanced labeling techniques has provided higher resolution views of axon order in the CC. Axons of Layer II/III sensory and motor cortical neurons in
the mouse are topographically ordered as they traverse the CC to innervate the contralateral cortex
(Zhou et al., 2013). There is a clear correspondence between neuron position in one hemisphere,
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axon position in the CC, and targeting position in the contralateral hemisphere. Speciﬁcally, the
medial-lateral axis is mirrored between the two hemispheres and maps onto the dorsal-ventral axis
of the CC. This is true of axons arising from separate sensory and motor cortical areas as well as
axons arising from discrete medial-lateral positions within each cortical area (Zhou et al., 2013).

1.2.2

Chronotopy

A second commonly identiﬁed mode of axon organization in tracts is based on axon age and/or
timing of entry into the tract. This principle is partially evident in the choreographed timing of
corticothalamic and thalamocortical axons at the pallial/subpallial boundary (PSPB), where the
arrival time of each axonal cohort into that region is an important step in the formation of a
functional thalamocortical circuit (reviewed in Leyva-Díaz and López-Bendito, 2013).
However, chronotopy is more often considered in the way it was ﬁrst described in the optic
tract of the frog. Backlabelling a portion of the optic tract resulted in an annular retrograde label
in the retina, denoting a cohort of RGCs born at the same time (Reh et al., 1983; Fawcett et
al., 1984). The annular backlabeling pattern reﬂects the additive retinogenesis pattern in frogs
and ﬁsh: as the animal grows, RGCs are added in concentric rings at the periphery of the retina.
Furthermore, axons are topographically ordered within age-related bundles, where dorsal and ventral
RGCs extend axons laterally and medially, respectively, while nasal and temporal RGC axons are
mixed together across much of the tract. Reh et al. (1983) propose that chronotopic order likely
stems from passive mechanisms related to space constraints on incoming axons exiting the optic
chiasm, while topographic arrangement of axons are a result of active reordering mechanisms in the
optic tract.
The mammalian optic tract also display chronotopic axon order, with younger axons running
along the glial endfeet-lined pial surface, displacing older axons progressively deeper in the tract
(Walsh and Guillery, 1985; Reese, 1987; Reese and Cowey, 1990; Colello and Guillery, 1992; Reese
et al., 1997). Interestingly, while there appears to be little to no chronotopic order in much of the
nerve, growth cones cluster nearer the pial surface as they approach the chiasm. Age-related axon
order is then again largely lost within the chiasm itself, only to reappear in the tract (Reese, 1987;
Colello and Guillery, 1992; Colello and Guillery, 1998).
Chronotopic order of axons in the optic tract may reﬂect segregation of functional subtypes of
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RGCs. In the cortex, timing of neuronal diﬀerentiation is critical for establishing neuronal subtype
identity and laminar position (Molyneaux et al., 2007), a principle that appears to be true of RGCs
in the visual system as well. RGCs of diﬀering soma diameter, an early proxy for identifying RGC
subtypes, are generated at diﬀerent times in the retina (Reese et al., 1994; Rapaport et al., 1995),
and birthdate of RGC subtypes correlates to target matching strategies in the developing SC and
dLGN (Osterhout et al., 2014). Furthermore, timing is particularly important for the appropriate
diﬀerentiation of ipsilateral RGCs (Bhansali et al., 2014). These recent studies, therefore, align well
with earlier ﬁndings of segregation based on axon diameter in the optic tract (Guillery et al., 1982;
Torrealba et al., 1982; Reese, 1987; Reese and Cowey, 1990).
In the olfactory system, studies failed to ﬁnd topographic order in all but the earliest portion
of the lateral olfactory tract (LOT) (Price and Sprich, 1975). Central olfactory regions also fail
to maintain a clear topographic correspondence to the spatial organization of glomeruli in the OB
(Luskin and Price, 1982; Sosulski et al., 2011). However, chronotopic order has been identiﬁed
among the OB eﬀerents in the LOT, such that, similar to chronotopy in the optic tract, younger
axons exiting the OB course nearer the pial surface, with older axons running more deeply in the
tract (Yamatani et al., 2004). This ﬁnding highlights the fact that lack of evidence of one mode of
axon organization does not necessarily mean a lack of organization overall. Finally, chronotopy is
also found in the chick spinal cord: younger axons, i.e. those that have more recently entered the
tract, grow along older ones, contributing to the orderly arrangement of ascending and descending
sensorimotor axon tracts (Nornes et al., 1980).

1.2.3

Typography

Typographic order has also been identiﬁed in many axon tracts. In this organizational paradigm,
axons arising from functionally and/or molecularly distinct neuronal cohorts are sorted in their
tracts. The olfactory system is perhaps the clearest example of this principle. In the OB, OSN axon
terminals are organized typographically, where OSNs of the same type, i.e. expressing the same
OR, coalesce into distinct, bilaterally symmetric glomeruli in the OB, creating what Ressler et al.
term an “epitope map” of olfactory stimuli in the OB (Ressler et al., 1994; Vassar et al., 1994). This
epitope, or glomerular, map in the OB is remarkably consistent across animals, demonstrating a
highly stereotyped typographic map of ORs in the OB (Ressler et al., 1994; Vassar et al., 1994).
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It is thought that the sorting of OSN axons into glomeruli in the the OB occurs, at least in
part, via homotypic axon-axon interactions based on OR expression (Feinstein and Mombaerts,
2004). However, OSN axons achieve broadly speciﬁc targeting into protoglomeruli prior to ORspeciﬁc glomerulus formation (Taku et al., 2016). Furthermore, pre-target ordering of axons in the
olfactory nerve may serve a preliminary role in establishing the olfactory sensory circuit (Miller et
al., 2010). In Xenopus tadpoles, relative expression levels of Neuropilin (Nrp) and Plexin, both
receptors to Semaphorins (Semas), label two subpopulations of OSNs (Satoda et al., 1995). These
two cohorts of axons, while intermingled early in the olfactory nerve, become increasingly sorted
as they project to the OB. In the distal olfactory nerve, there is a sharp border between the two
bundles of axons, the segregation of which is reﬂected in their ﬁnal segregation within the OB
(Satoda et al., 1995). Similarly, Nrp1 and Sema3A demarcate subpopulations of OSN axons in the
mouse olfactory nerve that exit the OE in overlapping swathes of axons. These two subpopulations
become increasingly ordered along the nerve, until there is a very clear segregation of axon cohorts
prior to entry into the inner nerve layer of the OB (Imai et al., 2009; Miller et al., 2010). Thus, OSN
axons may undergo a series of organizational steps before their ﬁnal convergence into OR-speciﬁc
glomeruli in the OB.
In the visual system, RGCs are classiﬁed by functional subtypes. The number of such functional
subtypes is growing as new methods identify increasingly speciﬁc functional and genetic programs
that deﬁne RGC subtypes (e.g., Rivlin-Etzion et al., 2011; Baden et al., 2016). However, no study to
date has examined the organization of axons extending from any of these distinct subtypes in any of
the retinofugal tracts. Before there were reliable genetic tools to classify RGC subtypes, histological
studies used axon diameter and cell morphology as proxies of functional identity. Based on these
anatomical criteria, subsets of RGC axons are segregated in the optic tract of rodents (Reese, 1987),
cats (Guillery et al., 1982; Torrealba et al., 1982), and monkeys (Reese and Cowey, 1990). Future
studies may use new reporter mouse lines to examine the axon organization of genetically-deﬁned
RGC subtypes in the optic nerve and tract.
One major classiﬁcation of RGC subtype is based on axon behavior at the midline choice point
of the optic chiasm — i.e., ipsilaterally- and contralaterally-projecting RGCs. Only one study has
examined ipsilateral and contralateral RGC axon position in the optic tract, and only in a limited
fashion (Godement et al., 1984). Brieﬂy, Godement et al. (1984) concluded that ipsilateral RGC
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axons localize to the superﬁcial optic tract, while contralateral RGC axons occupy the entire tract.
I will discuss these ﬁndings in more detail in the following chapter, prior to presenting my own
ﬁndings on ipsi- and contralateral RGC axon organization in the mouse retinogeniculate pathway.
Typographic order is also evident in the subtype organization of axons in the spinal tracts. Motor
neuron axons innervating fast and slow muscle ﬁbers in the chick hindlimb fasciculate separately
from each other starting in the proximal regions of the limb, well before reaching their target muscles
(Milner et al., 1998). However, motor axons projecting to diﬀerent parts of fast muscle ﬁbers remain
intermingled en route to the muscle, suggesting that a second step of axon sorting occurs within
the target to organize this subset of inputs (Milner et al., 1998). Additionally, mechanosensory
and proprioceptive sensory aﬀerents segregate along the medial-lateral axis in the dorsal column of
the mouse spinal cord. Notably, axons are arranged somatotopically within this typographic order
(Niu et al., 2013), revealing a layering of modes of axon organization. Given that these aﬀerents
terminate in a modality-speciﬁc manner in the medulla, pre-target typographic order of the axons
may be functionally important in establishing modality-based targeting patterns (Niu et al., 2013).
In both the sensorimotor and thalamocortical tracts, consistent typographic order exists between
heterotypic axon cohorts. Take, for instance, the tight relationship between motor and sensory
axon fascicles, which run alongside each other in peripheral nerves (Honig et al., 1998). During the
earliest phases of axon extension, motor neuron axons enter peripheral nerve tracts, displaying a high
degree of speciﬁcity in their initial trajectory, followed by sensory aﬀerents, which use motor axon
fascicles as a tracking system to lead them to their respective targets (Landmesser and Honig, 1986;
Huettl et al., 2011; Wang and Marquardt, 2013; Wang et al., 2014). Motor and sensory axons are
closely associated but segregated — indeed their segregation can be recapitulated in vitro (Gallarda
et al., 2008) — and have a hierarchical dependence on each other, such that sympathetic eﬀerents
rely on sensory aﬀerents, which in turn rely on motor eﬀerents to project to their respective targets
(Wang et al., 2014).
Similarly, there are distinct spatial and temporal relationships between the reciprocal projections
of thalamocortical (TCAs) and corticothalamic axons (CTAs) in their tract. The meeting of CTAs
and TCAs at the pallial-subpallial boundary (PSPB) is temporally regulated: CTAs extend into the
PSPB ﬁrst and then wait for the arrival of TCAs (reviewed in Leyva-Díaz and López-Bendito, 2013).
This interaction is required for the proper guidance of both cohorts and was dubbed the “handshake
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hypothesis” (Molnár and Blakemore, 1995). Similar to the temporal regulation of motor and sensory
axons in the spinal cord, this sequence of axon extension and the ensuing relationship between the
two axon cohorts are key elements guiding the development of the reciprocal connections between
cortex and thalamus. The mechanisms and purpose of the TCA waiting period below the cortex
remain unclear, but recent evidence suggests that ascending TCAs require descending CTAs in order
to cross the PSPB and innervate the cortex (Chen et al., 2012). The relationship between these
reciprocal axon cohorts is quite distinct. Anterograde labeling of small populations of cortical and
thalamic projection neurons shows axons from each population running alongside each other in the
same fascicles, rather than two separate tracts of TCA and CTA bundles (Molnár et al., 1998). These
data suggest that ascending and descending axons in this tract are both topographically ordered
and course in close association with each other, an indication of their cohort-speciﬁc organization.

1.2.4

Summary

In this section, I described three common modes of axon order in various central and peripheral axon
tracts. While strict neighbor relationships do not persist in axon tracts (with the possible exception
of the auditory brainstem XDCT, see Kashima et al., 2013), coarse topography has been identiﬁed in
nearly all axon tracts studied. Additionally, typography is notable in many systems, and chronotopy
also appears in some axon tracts. These diﬀerent organizational modes can be challenging to fully
synthesize into a comprehensive overview of tract organization. For one, not all axon organizational
modes are apparent in all systems — reﬂecting either a true lack of certain organizational modes in
certain tracts, or simply a lack of evidence of such modes in a particular system. One organizational
mode might be obscured by another, making it more diﬃcult to identify in that particular tract.
Similarly, failure to ﬁnd a certain type of axon order at points along a pathway does not necessarily
demonstrate a lack of order altogether. This is demonstrated well in the LOT, which was thought to
lack order altogether (Price and Sprich, 1975), but in fact displays chronotopic axon order (Yamatani
et al., 2004). It is possible that within chrontopically ordered axon bundles in the LOT, topographic
or typographic organization may occur, but remain unidentiﬁed.
Secondly, it is unclear if there is a hierarchy among the organizational principles, with some
modes serving a greater purpose in a certain tract, and others arising in a more incidental fashion.
For instance, as Reh et al. (1983) propose, chronotopic axon order may be a relatively simple
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consequence of space constraints as new axons enter a developing tract. Topographic order, which
must be preserved within the target for appropriate function of the circuit, might be maintained in
the tract by more active organizational elements (Reh et al., 1983). To this end, more molecular
mechanisms have been identiﬁed in organizing axons based on topography or typography, while
fewer mechanisms have been identiﬁed that establish chronotopic order. The following section
summarizes common mechanisms underlying the organization within axon tracts.

1.3

Mechanisms of Tract Order

The known and hypothesized mechanisms guiding pre-target axon organization in developing axon
tracts can be broadly divided into axon-extrinsic and axon-intrinsic mechanisms. These two categorizations can be further subdivided as follows. The ﬁrst set of axon-extrinsic mechanisms are
guidepost cells, intermediate targets, and/or choice points along axon tracts. Midline choice points,
particularly the optic chiasm, have been well studied over the last few decades, and we have learned
a great deal about growth cone dynamics and behavior as they navigate a variety of choice points.
The second set of axon-extrinsic mechanism are cues arising from the extracellular matrix and glia
positioned in and around developing tracts.
Fasciculation is the most classic axon-intrinsic mechanism, although it can also be mediated
by extrinsic cues creating surround-repulsion. Despite this caveat, I will consider both heterotypic
and homotypic fasciculation and axon-axon interactions in the ﬁrst subdivision of axon-intrinsic
organizational mechanisms. Finally, the second subdivision of axon-intrinsic mechanisms deals with
neural activity, which plays a role in axon guidance. There is also evidence that it can aﬀect
axon organization in tracts. Figure 1.2 summarizes the axon-extrinsic and -intrinsic mechanisms
mediating axon organization.

1.3.1
1.3.1.1

Axon-Extrinsic Cues and Mechanisms
Intermediate Targets, Choice Points, and Guideposts

A common feature of developing axon tracts is the presence of choice points and/or intermediate
target zones that axons traverse as they navigate towards their ﬁnal targets. Choice points and
intermediate targets provide crucial cues that axons need to make appropriate decisions to, for
14
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Axon-Extrinsic Mechanisms

Axon-Intrinsic Mechanisms

A

C

D

E
B

Figure 1.2: Common mechanisms of axon organization in tracts. Combinations of axonextrinsic and axon-intrinsic mechanisms establish axon organization in tracts.

Axon-

extrinsic mechanisms include (A) molecular gradients in a tract, or in a choice point or
intermediate target region, and/or (B) glia and extracellular matrix cues in and around the
tract. Axon-intrinsic mechanisms include (C) homotypic, (D) grossly heterotypic, and (E)
finely heterotypic fasciculation and axon-axon interactions.
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instance, cross or not cross the midline, or branch oﬀ from the main tract. The structure and cues
provided by many such choice points have been described in several systems, especially at the CNS
midline.
Midline radial glia in the ventral diencephalon and a raft of early-born neurons caudal to the
midline glial palisade provide guidance cues at the optic chiasm (reviewed in Petros et al., 2008;
Erskine and Herrera, 2014) that direct the crossing of contralateral RGC axons (Charron et al., 2003;
Williams et al., 2006; Erskine et al., 2011; Kuwajima et al., 2012) and the repulsion of ipsilateral
RGC axons (Williams et al., 2003; Petros et al., 2009b; Petros et al., 2010). Similarly, a transient
neuronal population at the cortical midline called the subcallosal sling is important for guiding
axons across the callosal midline during CC development (Suárez et al., 2014). Subcallosal sling
neurons express Sema3C, which attracts Nrp1-expressing pioneer cingulate cortical axons (Niquille
et al., 2009; Piper et al., 2009). In addition to their guidance role, these two molecules are also
important for establishing the dorsal-ventral organization of callosal axons within the CC (Zhou et
al., 2013).
In another midline system, the developing ventral spinal cord, a host of molecular mechanisms
guide axons to, through, and out of the ﬂoor plate, which contains radial neuroepithelial cells
(reviewed in Neuhaus-Follini and Bashaw, 2015). In the chick ﬂoorplate, crossing the midline leads
to a change in surface cell adhesion molecule (CAM) expression on commissural and motor neuron
axons, from TAG-1 to L1 (Dodd et al., 1988). This change in surface protein expression on axons and
their growth cones is thought to be a common mechanism guiding midline-crossing axons through
and beyond the choice point into the continuation of their tracts. Midline-induced changes in surface
CAM expression could lead to speciﬁc bundling and organizational behaviors of post-midline axons
in their developing tracts. This has yet to be directly tested in the visual system, but a change
in surface CAM expression on ipsilateral and/or contralateral RGC axons could aﬀect interactions
between the two axon cohorts or between one group of axons and the tract environment.
In systems where axon tracts navigate across a midline choice point, it is challenging to disentangle the molecular mechanisms at the choice point from later organizational mechanisms at
play within the tract or target. In other words, it is diﬃcult to identify whether post-midline organizational events are consequences of events occurring at the choice point (e.g., changes in CAM
expression on axons), or are independently tract-speciﬁc. This question is experimentally challeng16
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ing, given the diﬃculty in isolating molecular events in the tract from those at the midline or at
the target, especially in systems where the same guidance molecules are present at multiple steps
in the pathway.
Work in the thalamocortical system demonstrates how a non-midline intermediate target region
can inﬂuence axon order in a tract. As described earlier, TCAs are topographically ordered as they
pass through the developing striatum and IC (Garel and López-Bendito, 2014). A population of
migrating guidepost cells creates a permissive corridor for extending TCAs in an otherwise growthprohibitive environment (López-Bendito et al., 2006; Bielle et al., 2011). Perturbing the development
of the corridor region leads to disordered TCA topography, and subsequent failure of a subset of
TCAs to reach the cortex (Garel et al., 2002). The evidence that topography of incoming TCAs
relies on cues in the corridor region spurred a series of studies that has deﬁned many cues present
along the thalamocortical pathway in the subpallium.
Graded expression of Slit1 by corridor cells contributes to the organization of intermediate
and rostral TCAs in the subpallium (Bielle et al., 2011). In addition to Slit1-expressing corridor
cells, there are several gradients of guidance cues across the rostral-caudal axis of the striatum at
the time of TCA extension through the region. Subsets of thalamic projection neurons express
speciﬁc combinations of guidance receptors and CAMs that correspondingly interact with gradients
of guidance cues in the subpallium, leading to topographic organization of TCAs (reviewed in
Molnár et al., 2012; Garel and López-Bendito, 2014). Diﬀerential expression of EphA3, 4, and 7 on
TCAs mediates their interaction with a rostral-low to caudal-high ephrin-A5 gradient in the corridor
and subpallium (Dufour et al., 2003), and TCAs expressing EphB1 and B2 receptors are repelled
from the ventrolateral telencephalon by ephrin-B1 (Robichaux et al., 2014). Responsiveness to the
rostral-high caudal-low netrin-1 gradient in the developing striatum is mediated by diﬀerential TCA
expression of DCC and Unc5 (Powell et al., 2008), Robo1, and its coreceptor FLRT3 (Leyva-Díaz et
al., 2014). Finally, neurogenin2 guides TCA responsiveness to subpallium cues (Seibt et al., 2003);
and NrCAM mediates responsiveness to Sema3F in the subpallium (Demyanenko et al., 2011).
The CTA waiting period in the subpallium, a necessary step in the “handshake” with TCAs,
required for mutual guidance, is regulated by transient expression of Plexin-D1 on pioneer CTAs.
PlexinD1 binds to Sema3E on radial glia near the PSPB in the intermediate target region of the
pathway, mediating a growth-inhibition response (Deck et al., 2013). This waiting period is essential
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for the correct projection of CTAs because it temporally positions them to engage in necessary
interactions with reciprocal TCAs. A waiting period has also been described for TCAs, which cluster
and pause below the cortical plate before entering the cortex and navigating to the appropriate
cortical regions (Lund and Mustari, 1977; Ghosh and Shatz, 1992; Leyva-Díaz and López-Bendito,
2013).
1.3.1.2

Glia and Extracellular Matrix Cues In and Along Tracts

Glia and extracellular matrix (ECM) elements have been described in and surrounding many axon
tracts, and evidence for their role in axon organization within tracts is growing. At midline choice
points, glia provide cues for decussation and other axon segregation events, and they, along with
transient neuronal populations, also create physical and chemorepellent barriers that are essential
for the overall formation of the midline tracts (Raper and Mason, 2010; Suárez et al., 2014). For
instance, as discussed above, radial glia at the optic chiasm direct midline decussation of RGCs
while a transient neuronal population provides a barrier behind the chiasm (Petros et al., 2008;
Raper and Mason, 2010).
Likewise, glia are essential in the development of the CC, where a glial wedge provides a physical
and chemorepellent boundary at the ventromedial boundary, indusium griseum glia form a dorsomedial boundary, and midline zipper glia provide a ventromedial boundary (reviewed in Suárez et
al., 2014). Although glial structures and the transient neuronal populations in the subcallosal sling
of the CC are important in the formation of the midline tracts and the guidance of axons across the
midline (Gobius et al., 2016), it is not known whether these glial populations contribute to axon
organization within the CC.
Outside of midline choice points, glia and ECM elements support early axon outgrowth. They
specify boundaries by surrounding developing tracts (Marcus and Easter, 1995) and provide growthpermissive substrates essential for pioneer axon extension (reviewed in Raper and Mason, 2010). For
example, expression of growth cone-collapsing glycosaminoglycans in the chick hindlimb delineates
growth-permissive corridors for axons extending into the limb (Tosney and Landmesser, 1985).
Molecules expressed by glia or in the ECM may be integral for organizing axons within tracts.
In the ferret visual system, for instance, radial glia-associated chondroitin sulfate proteoglycans
(CSPGs) are distributed asymmetrically in the optic tract. CSPGs are more densely localized to the
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deep part of the tract, opposite the superﬁcial aspect where the youngest RGC axons chronotopically
extend (Reese et al., 1997). Enzymatic removal of CSPGs abolishes chronotopy, as young axons,
no longer inhibited by the CSPG border, run throughout the entire width of the tract (Leung et
al., 2003). Heparan sulfate proteoglycans (HSPGs) also contribute extra-axonal cues to organize
axons in their tracts. In the zebraﬁsh retinotectal system, HSPGs act non-cell-autonomously on
RGC axons to correct naturally occurring pathﬁnding errors prior to axon entry into the tectum
(Poulain and Chien, 2013).
Other evidence supporting a role for glia in organizing axons within tracts remains largely
circumstantial. For example, in ferrets, interfascicular glia predominate in the optic nerve, radial
glia in the optic chiasm, and in the post-chiasm optic tract, glia cluster along the pia (Guillery and
Walsh, 1987; Colello and Guillery, 1992). The changing glial proﬁles are presumed to be involved
in the diﬀerent modes of axon organization at each step of the pathway. Guillery and Walsh (1987)
suggest that age-related order in the mouse optic tract arises from radial glia at the chiasm guiding
growth cones to the pial surface, whereas the relative lack of age-related axon order in the optic
nerve may be due to the preponderance of interfascicular glia found there. Similarly, in ﬁsh, the
optic nerve/optic tract boundary is demarcated by a sharp change in glia morphology and molecular
proﬁle: glia in the nerve express a vimentin-like protein and those in the tract express glial ﬁbrillary
acidic protein (GFAP). This change in glial proﬁle spatially coincides with a marked re-sorting of
retinal axons into their ﬁnal topographic order, again providing circumstantial evidence that the
change in glial environment is involved these axon rearrangements (Maggs and Scholes, 1986). Thus,
though it has yet to be directly demonstrated, glia are well positioned to be providing organizational
cues to axons within their tracts.
Additionally, in the antennal lobe of the moth Manduca sexta, glia play a role in organizing OSN
axons. Direct eﬀects of sorting zone glia on OSN axons have been demonstrated in vitro (Tucker
et al., 2004), and electron microscopy analysis shows a close association between OSN axon growth
cones and glia in the glial-rich sorting region where axons rearrange prior to glomerulus entry (Oland
et al., 1998). Subsequent experiments demonstrated the necessity of glia in this sorting region, as
OSN axons in glia-deﬁcient moths fail to correctly fasciculate or target glomeruli appropriately
(Rössler et al., 1999).
In the vertebrate olfactory system, olfactory ensheathing glia (OEG) are positioned favor19
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ably to play a similar organizational role as glia do in the insect antennal lobe (reviewed in
Tolbert et al., 2004). OEG surround OSN axons and extend cytoplasmic processes in between
axon fascicles, heterogeneously expressing several guidance molecules, including ephrin-B2, NCAM,
GAP-43, laminin, HSPGs, Sema3A, and a host of growth factors (reviewed in Chuah and West,
2002).

Furthermore, OEG precede OSN axon fascicles growing into the OB, and could thus

provide guidance or organizational cues to leading OSN growth cones (Chuah and West, 2002;
Tolbert et al., 2004).
Loss of function studies in Sema3A mutant mice speciﬁcally implicate OEG in pre-target organization of olfactory axons. Sema3A is expressed by OEG in the developing mouse olfactory system,
and Nrp1-expressing OSN axons misroute and mistarget in Sema3A knockout mice (Schwarting et
al., 2000). Axon-axon interactions are also implicated in this scenario, as Nrp1 negative axons, i.e.,
those that do not respond to Sema3A, also suﬀer misrouting defects in the OB in Sema3A mutants
(Schwarting et al., 2000).
Recently, microglia have been implicated in tract formation and organization, raising the possibility of an entirely new and non-canonical function for these immune cells. Perturbing microglia
activity leads to marked defasciculation of callosal axons and subsequent disturbance in the dorsalventral order in the CC (Pont-Lezica et al., 2014). Strikingly, microglia in the embryonic mouse
brain at E14.5 cluster at decision points of axon tracts, displaying a distinctly diﬀerent distribution than at E12.5 or postnatally, when microglia are more evenly spread throughout the brain
(Squarzoni et al., 2014). Furthermore, eliminating or immune-inactivating microglia in the embryonic brain produces wiring defects in dopaminergic axon outgrowth and positioning of neocortical
interneurons (Squarzoni et al., 2014). These two studies provide compelling evidence for a novel
role of microglia in tract formation and axon organization.
The evidence argues that ECM and glia could provide far more organizational cues to axons in
their tracts than have so far been identiﬁed. In many tracts, the expression proﬁle of glia within
and surrounding the tract is completely unknown, and similarly little is known about the ECM
of many tracts. Additionally, we have yet to fully separate eﬀects of guidance molecules within
choice points/intermediate targets and within tracts themselves. More knowledge of the molecular
expression proﬁles of cells in choice points and within tracts will help us probe how those cells aﬀect
axon organization at diﬀerent stages along their navigation to their targets.
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1.3.2
1.3.2.1

Axon-Intrinsic Cues and Mechanisms
Axon-Axon Interactions and Fasciculation

Axon-intrinsic mechanisms contributing to pre-target organization of axons in their tracts include
fasciculation, or axon-axon interactions, and neural activity. While it has largely been studied in
the context of synaptic reﬁnement, neural activity also contributes to axon guidance and, at least
in the few cases studied, to organization of axons in their tracts. I will address these ﬁndings in
Section 1.3.2.2. First, I will explore the diﬀerent types of fasciculation involved in axon organization
in the next two sub-sections.
Despite the fact that fasciculation is considered a fundamental mechanism of neural circuit development (reviewed in Raper and Mason, 2010; Wang and Marquardt, 2013), our understanding of
the mechanisms involved in axon-axon interactions, and especially how they contribute to sorting of
axons in tracts, remains limited. In a review of axon-axon interactions, Wang and Marquardt (2013)
oﬀer an insightful distinction between homotypic and heterotypic axon fasciculation, which I will
adopt for this overview of axon-axon interactions involved in pre-target axon organization. Homotypic fasciculation of like axons, i.e., those of the same source or subset, can be mediated by adhesive
forces joining axons together and/or surround repulsion corralling homotypic axons together. Heterotypic fasciculation can occur between two diﬀerent axon cohorts arising from separate sources
(grossly heterotypic), or between cohorts of axons arising from subsets of neurons in the same source
(ﬁnely heterotypic).
Homotypic Fasciculation
Fasciculation of homotypic axons has been studied in the pioneer-follower model of early tract
formation, the classic paradigm in which younger axons fasciculate along pioneer axons that trailblazed the initial pathway (e.g., Raper et al., 1983; Tosney and Landmesser, 1985, and reviewed
in Raper and Mason, 2010; Wang and Marquardt, 2013). Pioneer-follower fasciculation and other instances of homotypic fasciculation can be mediated by adhesive interactions between axons (Van Vactor, 1998). Indeed, early studies of neurite-neurite interactions made important progress in identifying CAMs involved in fasciculation and axon guidance (e.g., Rutishauser et al., 1978; Rathjen
et al., 1987). Additionally, several early in vitro experiments demonstrated that axons need a substrate on which to extend (Hammarback et al., 1988), and that guidance decisions are made at
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the growth cone, which interpret attractive and repulsive signals (Raper and Grunewald, 1990;
Fan and Raper, 1995).
Homotypic fasciculation of follower axons along pioneers is an important step in neural circuit formation. Loss of pioneer axons often disturbs tract formation, sometimes even resulting in
complete failure of the tract to form (reviewed in Raper and Mason, 2010). An elegant set of
experiments in the developing zebraﬁsh retinotectal system provides a case in which pioneer RGC
axons are both necessary and suﬃcient for leading later-born RGC axons along the correct path to
the optic tectum (Pittman et al., 2008). The results of this study also imply that pioneer-follower
RGC axon-axon interactions trump extra-axonal cues along the tract. Transplanting mutant pioneer RGCs from zebraﬁsh lacking the Slit receptor Robo2 into wild-type retinae caused wild-type
axons to make routing errors alongside transplanted mutant pioneers. Conversely, transplanting
wild-type pioneer RGCs into mutant retinae rescued many host axons from making pathﬁnding
errors (Pittman et al., 2008). Slit and Robo are also involved in motor axon fasciculation in the
mouse, where Slit2 directly promotes fasciculation via interactions with Robo1 and Robo2 by an
autocrine/juxtaparacrine mechanism (Jaworski and Tessier-Lavigne, 2012).
However, in many experiments that disrupt the generation of pioneer axons, other axons are
capable of taking on the pioneering role and navigating, sometimes with errors or delays, to the
target (reviewed in Raper and Mason, 2010). Thus, it is not necessarily that pioneer axons are
endowed with a special ability or identity, but rather that following axons are capable of utilizing
the ﬁrst-extending axons as a scaﬀold, highlighting the importance of direct axon-axon interactions
in generating organized axon tracts. Indeed, axons prefer to grow along other axons both in vivo
(Raper et al., 1983; Tosney and Landmesser, 1985) and in vitro (Bonhoeﬀer and Huf, 1985).
Surround repulsion can also lead to homotypic fasciculation by corralling like axons together
away from external repulsive signals. For instance, motor axons expressing Nrp1 fasciculate via
surround repulsion from Sema3A in the mouse forelimb. In the absence of Sema3A, motor axons
defasciculate and subsequently make errors in dorsal-ventral pathﬁnding in the limb plexus region
(Huber et al., 2005). On the other hand, Sema3F-Nrp2 interactions do not aﬀect fasciculation of
motor axons in the limb (Huber et al., 2005). Sema-Nrp interactions do, however, drive fasciculation
of vomeronasal axons in the murine accessory olfactory system, although they are not involved in
pathﬁnding in this system (Cloutier et al., 2002).
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The Eph/ephrin family of cell surface proteins is also involved in mediating selective homotypic
fasciculation of axon cohorts via selective surround repulsion. EphB2-expressing sensory and motor
axons fasciculate via surround repulsion from ephrin-B1 produced in the limb bud mesenchyme
(Luxey et al., 2013). Ephrin-B1 expression on sensory axons indicates a more complicated interaction may be involved in addition to the surround-repulsion from the mesenchyme (Luxey et al.,
2013). Loss of ephrin-B1 in mice leads to defasciculation of axon tracts, especially the oculomotor
nerve (Davy et al., 2004); and in double knockout mutants lacking both EphB2 and EphB3, axons
extending from the habenular nuclei extensively defasciculate (Orioli et al., 1996). Fasciculation is
normal, however, in each single knockout mutant (Orioli et al., 1996). Whether appropriate maintenance of homotypic fasciculation is necessary for appropriate innervation and synaptogenesis in the
target remains to be more fully elucidated, but in several cases, defasciculation can lead to aberrant
pathﬁnding and targeting.
It is important to note that surround repulsion mechanisms of tract fasciculation are not unique
to homotypic fasciculation scenarios. Indeed, surround repulsion is critical for the formation of
tracts, deﬁning boundaries and corridors by hemming heterotypic populations of axons into a deﬁned
region. For instance, the optic chiasm in Slit1/2 double knockout mice is defasciculated and a
secondary chiasm structure forms anterior to the normal chiasm (Plump et al., 2002). Slit1 and
2 normally deﬁne zones surrounding the optic chiasm that are inhibitory to RGC axon growth,
and in their absence, RGC axons are no longer penned into the appropriate area as they navigate
the midline (Plump et al., 2002). Other examples of this type of surround repulsion that aﬀects
heterotypic groups of axons were discussed previously in the context organizational cues from glia
or ECM (Section 1.3.1.2). As such, the following section discussing heterotypic fasciculation will
not discuss surround repulsion much further.
Heterotypic Fasciculation
Heterotypic fasciculation occurs between axon cohorts that are grossly or ﬁnely heterotypic.
This section will ﬁrst consider grossly heterotypic axon-axon interactions, where two cohorts from
diﬀerent sources run segregated from each other in a tract containing reciprocal projections. Prime
examples of these sorts of reciprocal projections include TCAs and CTAs in the thalamocortical
tract, and sensory and motor spinal axons in the periphery. Finely heterotypic axon-axon interactions are those occurring between subsets of axons arising from the same source but representing
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diﬀerent molecularly deﬁned neuronal subtypes; these cases will be considered at the end of this section. Common guidance molecules participate in both types of heterotypic axon-axon interactions,
including the Eph:ephrin family, Semas, Plexins, and Neuropilins.
In the peripheral nerve tracts, motor axons extend before sensory axons, which in turn rely
on motor axons to form correct patterns of connections (Wang and Marquardt, 2013). While
these two heterotypic axon cohorts run closely together, sensorimotor function requires appropriate
segregation of sensory and motor axons. In the axial nerves, this segregation depends on repulsive
trans-axonal signaling between motor axon EphA3/EphA4 receptors and sensory axon ephrin-A
ligands. Perturbing ephrinA-EphA forward signaling results in severe wiring defects in the peripheral
nerves (Gallarda et al., 2008). EphA3/4 and ephrin-As are also required for sensory axons to
track along preformed motor axon pathways in the limb (Wang et al., 2011). This dual action of
EphAs/ephrin-As relies on the forward and reverse signaling capabilities of the binding partners;
namely, segregation of motor and sensory axons results from forward signaling and sensory axon
tracking along motor axons utilizes reverse signaling (Wang et al., 2011). The reliance on motor
axons for sensory axon pathﬁnding was further demonstrated by assessing the sensory axon routes
taken in two mouse strains that display motor axon pathﬁnding errors (EphA4 and Ret mutants).
In both cases, as well as in analogous zebraﬁsh mutants, sensory axons mimicked the pathﬁnding
errors made by motor axons (Wang et al., 2014).
The reciprocal projections comprising the thalamocortical pathway are another prime example of
grossly heterotypic axon-axon interactions in developing tracts. Recent work demonstrates a mutual
reliance of TCAs and CTAs on each other for successful tract organization and navigation to their
respective targets (e.g., Chen et al., 2012; Deck et al., 2013), and some of the molecules involved
in these axon-axon interactions have been identiﬁed. The CTA waiting period, discussed previously (see Section 1.3.1.1), is governed by Sema3E/Plexin-D1 interactions. If Sema3E/Plexin-D1
signaling is perturbed, all corticofugal axons pass the pallial/subpallial boundary (PSPB) prematurely, bypassing their waiting period and therefor also bypassing their encounter with TCAs. CTAs
subsequently take a cortico-subcerebral trajectory, rather than dividing into the appropriate corticothalamic and cortico-subcerebral paths (Deck et al., 2013). This ﬁnding highlights the necessity
of the subpallial “handshake” between thalamic and cortical axons.
In the converse scenario, when CTA outgrowth is prevented, TCAs are rendered incapable
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of navigating across the PSPB and into the cortex (Chen et al., 2012). This mutual reliance is
suggestive of heterotypic axon-axon interactions or fasciculation occurring in the PSPB and along
the tract. Curiously, TCAs and CTAs collapse upon contact with each other in vitro, and thus are
not intrinsically inclined to co-fasciculate (Bagnard et al., 2001). Thus, the “handshake” between
TCAs and CTAs is likely mediated by axon-extrinsic cues in the surrounding ventral telencephalon,
which may in turn aﬀect direct axon-axon interactions between the two axon populations. The
intimate association between thalamic and cortical axons in the internal capsule (IC) and along
the tract (Molnár et al., 1998) suggests cofasciculation between these heterotypic axon cohorts.
Likewise, their codependency on each other for guidance, and the fact that a subset of CTAs track
along misrouted TCAs in EphB1/2 double knockout mice (Robichaux et al., 2014), provides further
support to a model in which direct axon-axon interactions are involved in organization and guidance
of these axonal cohorts.
The Eph/ephrin family may be involved in such an interaction. In the primary olfactory nerve
of the moth Manduca sexta, Eph receptors and ephrins are diﬀerentially expressed among glomeruli
and are candidates for mediating OSN axon sorting prior to glomerulus innervation (Kaneko and
Nighorn, 2003). Importantly, there is no detectable Eph or ephrin expression intrinsic to the OSN
axons’ target, the antennal lobe, signifying that Eph-ephrin repulsive signaling involved in sorting
axons would necessarily occur via direct axon-axon interactions and not via axon-target signaling
(Kaneko and Nighorn, 2003).
Eph/ephrin mediated sorting of moth OSN axons involves a diﬀerent kind of heterotypy than has
been considered thus far. As opposed to the grossly heterotypic interactions of reciprocal projections
in the spinal cord or thalamocortical tract, ﬁnely heterotypic axon-axon interactions mediate the
segregation of axons originating from the same source into appropriate sub-fascicles representing
diﬀerent neuronal subtypes or diﬀerent sub-regions of a target. Sorting of axons into sub-fascicles
in a tract is thought to occur by selective inhibition of fasciculation, such that individual cohorts
can separate from a larger group and select the correct trajectory to the appropriate target. An
example comes from the chick spinal cord marginal zone, where intermediate and medial longitudinal
commissural (ILc and MLc) axons run parallel in the lateral and ventral funiculi, respectively (Sakai
et al., 2012). ILc axons express Robo, which is thought to inhibit N-cadherin-driven fasciculation
in order to separate ILc axons away from the MLc fascicle. Accordingly, loss of Robo function leads
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to ILc axons aberrantly coursing alongside MLc axons in the ventral funiculus and subsequently
mistargeting in the brain (Sakai et al., 2012).
Semas and their Nrp and Plexin receptors are also involved in sorting ﬁnely heterotypic axons
within tracts. In the mouse OE, diﬀerent populations of OSN axons express Sema3A and Nrp1 in
a roughly regionally deﬁned manner (Imai et al., 2009). These OSN axons are likewise segregated
from each other in the olfactory nerve. Selectively deleting either Nrp1 or Sema3A in OSNs leads to
a blurring of pre-target axon order and shifts in glomerular position in the OB (Imai et al., 2009).
Because these eﬀects are found in conditional mutants that only aﬀect subsets of OSNs, they occur
independently of Sema3A surround expression by OEG. Given this result, axon-axon interactions
are critical for establishing pre-target axon organization in the olfactory nerve (Imai et al., 2009).
Sema3A and Nrp1 are also implicated in establishing the dorsal-ventral segregation of axons
in the CC (Zhou et al., 2013). This order reﬂects a medial-high to lateral-low gradient of Nrp1
expression in the cortex and a reciprocal, though broader, expression of Sema3A, which is slightly
higher in the lateral cortex. Disrupting these molecular gradients perturbs both axon position in
the CC and the position of axon terminations in the contralateral cortex. The authors propose
that both axon-extrinsic and axon-axon interactions are at play in the CC (Zhou et al., 2013). It
is intriguing to speculate that Sema/Nrp interactions may be a conserved mechanism in mediating
axon sorting across other systems, as they are a recurring molecular theme in studies of pre-target
axon sorting in multiple systems.
1.3.2.2

Activity-Driven Axon Interactions

Neural activity, both spontaneous and activity-dependent, is a known factor in synaptic maturation
and reﬁnement of axonal projections in their targets (reviewed in Zhang and Poo, 2001), but it may
also play a role in the development and organization of axon tracts. In vitro experiments demonstrate
that neuronal ﬁring patterns regulate expression levels of CAMs in dorsal root ganglion neurons (Itoh
et al., 1997). In the olfactory system, single-cell microarrays of OSNs showed that OR-driven cyclic
adenosine monophosphate (cAMP) levels complementarily regulate Nrp1 and Sema3A expression
(Imai et al., 2006), two key players in modulating OSN axon organization in the olfactory nerve
(Imai et al., 2009). Furthermore, both pre-target axon order in the olfactory nerve and glomerular
patterning in the OB are perturbed in mice lacking adenylyl cyclase 3, a key enzyme involved in
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the production of cAMP (Miller et al., 2010).
A series of studies in the chick spinal cord demonstrated the relationship between spontaneous
bursting activity and both pathﬁnding decisions and axon fasciculation (reviewed in Hanson et
al., 2008). Pharmacological blockade of neurotransmitters governing early bursting activity leads
to dorsal-ventral pathﬁnding errors of spinal motor axons, while slight increases in bursting rate
disrupt motor neuron pool speciﬁc fasciculation and targeting choices. Again, these eﬀects are likely
mediated by activity-dependent changes in guidance molecule expression patterns. While blocking
evoked synaptic transmission during development aﬀects neither the pre-target axon topography
nor subsequent targeting of TCAs (Molnár et al., 2002), spontaneous activity in thalamic neurons
mediates TCA growth rates via transcriptional regulation of Robo1 (Mire et al., 2012). Thus,
diﬀerent types of neuronal activity may have highly speciﬁc eﬀects on the expression of guidance
molecules and thereby inﬂuence speciﬁc aspects of organization in axon tracts.

1.4

Relevance of Tract Order to Circuit Formation

The ﬁndings described in the previous sections represent a growing body of work that ﬁrstly, demonstrates that axons are consistently organized in their tracts, and secondly, reveals several conserved
mechanisms involved in establishing axon order. Several questions arise from this work. Is tract
organization an independent, tract-speciﬁc phenomenon, or merely a result of axons responding to
long-range signals from their eventual targets? Perhaps more importantly, does tract organization
matter for the development of a functional neural circuit? Or, so long as axons reach their target, is
any organization along the way purely incidental? While the consistency found in pre-target axon
organization argues indirectly for the relevance of axon organization in tracts — rarely is a conserved biological phenomenon irrelevant to the function of an organism — a handful of studies have
attempted to more directly address these questions. Collectively, these studies provide evidence
that axons are organized in their tracts independently of long-range target-derived cues, and that
maintaining proper organization in the tract is crucial for making correct targeting decisions.
One way of testing whether axon organization in a tract occurs independently of the target is
to remove the target early in development and assess whether the axon tract maintains its organizational structure. This type of experiment has been conducted in several ways in the olfactory
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system, where a coarse topographic and typographic organization occurs among axons in the olfactory nerve. Whether the OB, the target of growing OSN axons, is surgically removed (Graziadei et
al., 1978), genetically ablated (St John et al., 2003), or lacks a subset of target cells (Bulfone et al.,
1998), OSN axons still sort normally within the olfactory nerve and form OR-speciﬁc glomerulus-like
bundles. These target-ablation experiments provide compelling evidence of active and independent
pre-sorting mechanisms within the olfactory nerve. Moreover, in the normally developing mouse
olfactory system, pre-target sorting of axons in the olfactory nerve is apparent by E12, at least 72
hours prior to onset of synaptogenesis in the OB (Miller et al., 2010). This observation, too, argues
in favor of target-independent organizational mechanisms, rather than long-distance sorting cues
originating from the target.
Similar to OB-ablation experiments in the mouse, surgical removal of the Xenopus optic tectum
early in development does not aﬀect retinotopy in the optic nerve or optic tract (Reh et al., 1983).
Other evidence that tract organization occurs independently of target-derived cues in the visual
system is more circumstantial. For instance, in the cichlid ﬁsh optic tract, topographic order
is maintained among retinal axon fascicles until very near the optic tectum, at which point the
fascicles rearrange as they enter the appropriate tectal region (Scholes, 1979). Presumably the
axons maintain an order based on ﬁber-ﬁber interactions and/or environmental cues in the tract
and only respond to target-derived cues once in close proximity or contact with the target.
Along these lines, the remarkably precise tonotopy maintained in the auditory brainstem tract
(Kashima et al., 2013) corresponds to a precise tonotopic wiring in central auditory nuclei that
is evident prior to onset of hearing and acoustic processing (Appler and Goodrich, 2011). The
degree of tonotopy in this brainstem auditory tract appears far more precise than any axon order so
far described in the retinotectal or olfactory systems, in which axons are more coarsely organized.
This raises the compelling question of whether the higher degree of precision found in the auditory
brainstem tract corresponds to a more precise initial mapping of axon terminations in the target
relative to other systems. In other words, does the NL rely less upon activity-driven reﬁnement
of axon terminals than does, for instance, the dLGN in the visual system? There is a relationship
between degree of pre-target axon order and accuracy of initial target innervation across species
in the visual system, where, relative to mammals, ﬁsh and frogs display greater order in the nerve
and tract and greater initial accuracy of terminals in the target (Simon and O’Leary, 1991). Based
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on this correlation in the visual system, it is reasonable to hypothesize that the auditory system
exhibits a greater degree of precision in its early circuit formation than do other sensory systems. If
there is a linear relationship between degree of tract organization and precision of initial targeting,
then axon organization in tracts very likely plays a key role in the development of neural circuits.
In vitro experiments have added to the mounting evidence that tract organization occurs independently of target-derived cues, and that tract organization is important for axons to ﬁnd their
correct targets. Thalamic explants, for instance, innervate cortical slices promiscuously in vitro,
regardless of whether the cortical slice is from the appropriate region for the thalamic explant to
target (Molnár and Blakemore, 1991), suggesting that chemotropic cues in the cortex are insuﬃcient
to organize TCAs. The robust topographic organization of TCAs as they course through the IC
and approach the PSPB (Molnár et al., 1998), may therefore be a necessary step in TCAs entering
the appropriate region of the cortex.
The OB and optic tectum ablation experiments, correlation between precision of tract order
and precision of initial targeting, and in vitro evidence from thalamic-cortical co-cultures all argue
that pre-target axon order occurs independently of target-derived cues. That is, axons are actively
ordered within their tracts, and organization occurs without cues from their targets. However, the
functional relevance of pre-target tract organization in circuit formation is still unclear, speciﬁcally
whether or not tract order is necessary for appropriately speciﬁc synaptic connections of terminals
in their targets. Experiments in the olfactory system and CC have attempted to directly address
that issue.
In the olfactory system, selectively perturbing Nrp1 or Sema3A expression in a subset of OSNs
disrupts axon order in consistent directions along the central-peripheral axis of the olfactory nerve
and produces concomitant shifts in glomerular position in the OB (Imai et al., 2009). Similarly,
in the CC, constitutive knockout of Sema3A or selective knockout of Nrp1 in the motor cortex
both lead to a blurring of dorsal-ventral axon segregation in the CC (Zhou et al., 2013). More
strikingly, there is a linear relationship between dorsal-ventral position of an axon in the CC and
its subsequent medial-lateral position in the target contralateral cortex. This linear relationship
between tract position and targeting is true both in the wild-type and in experimental manipulations
of CC axon order, leading to the conclusion that axon position in the tract is a determining factor
in establishing correct terminations within the target. Importantly, postnatal reﬁnement is largely
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unable to correct mistargeted axons in the contralateral cortex, underscoring the signiﬁcance of
early axon targeting decisions even in systems with known reﬁnement mechanisms (Zhou et al.,
2013).
Findings from other systems also support the importance of pre-target axon order for ﬁdelity
of axon targeting. Blocking Robo1 signaling in chick spinocerebellar neurons causes their axons to
aberrantly fasciculate with other ascending spinal axons in the medial rather than lateral funiculus of
the spinal cord marginal zone. This incorrect positioning in the tract results in the axons bypassing
the cerebellum and misprojecting instead to other hindbrain targets (Sakai et al., 2012). In the chick
retinotectal system, blocking NCAM expression in focal subsets of RGCs causes aﬀected axons to
run in ectopically diﬀuse positions in the optic nerve and tract. While roughly 15% of these ectopic
axons are able to make dramatic course corrections to reach the appropriate location once in the
tectum, the rest project incorrectly (Thanos et al., 1984).
More direct evidence comes from the thalamocortical tract, where many cues within the subpallium organize ascending TCAs. Selectively perturbing subpallium development blurs the topography
of extending TCAs, leading to similarly blurred topography of the axon terminals in the somatosensory cortex. An elegant set of control experiments substantiates the conclusion that the targeting
defects are a direct result of defective pre-target axon order, rather than aberrant cues in either the
thalamus or cortex (Lokmane et al., 2013). All of these experiments provide compelling evidence
that axon organization in a tract, which includes axon position in the tract and appropriate fasciculation or bundling partners, is critical, and perhaps instructive, for successful innervation of the
ﬁnal target.
On the other hand, not all studies corroborate the importance of axon pre-sorting for accuracy
of target innervation. For one, plasticity is a hallmark of developing neural circuits, so pre-target
errors may be correctable once axons invade the target. Disrupted HSPG synthesis in the zebraﬁsh
optic tract, for instance, leads to axon disorganization in the optic tract, but RGC axons still
appear to innervate the optic tectum in topographically correct positions (Lee et al., 2004). In
the mouse periphery, loss of ephrin-B1 leads to defasciculation of motor and sensory axons, but
motor axons innervate the limb in grossly normal patterns (Luxey et al., 2013). Furthermore, while
much evidence in the thalamocortical system supports a role for axon pre-sorting in establishing
accurate connections, cues within the cortex also drive guidance and targeting behavior (reviewed
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in Garel and López-Bendito, 2014). When the arealization of the cortex is perturbed, for example,
TCAs retain a normal topography in the subpallium but undergo extensive rearrangements within
the cortex in order to innervate the appropriate target region (Shimogori and Grove, 2005). It is
worth noting, however, that this study assessed gross targeting outcomes but not maturation of
synaptic connections. Thus, while the TCAs innervating a disorganized cortex grossly ﬁnd their
correct targets, defects may persist at the synaptic level.
Recent work in the auditory system demonstrates that pathﬁnding perturbations can have subtle
but signiﬁcant consequences at later stages of circuit formation (Michalski et al., 2013). Conditional
knockout of Robo3 from contralaterally projecting ventral cochlear nucleus neurons causes their axons to misroute ipsilaterally. The misrouted axons innervate their appropriate target, the medial
nucleus of the trapezoid body, in the correct subregion, but with incorrect laterality. While axon
targeting appeared grossly normal, aside from the altered laterality, closer structural and physiological examination revealed serious failures in synaptic maturation and function. It is unlikely that
Robo3 is directly involved in synaptic development in this case, as it is downregulated immediately
after the axons decussate in wild-type mice. Furthermore, temporally controlled conditional knockdown of Robo3 after decussation showed no eﬀect on synaptic development (Michalski et al., 2013).
The authors conclude that the act of decussation at the midline conditions the axons of ventral
cochlear nucleus neurons for appropriate synaptic development. Hence, while this study does not
examine axon order in the post-decussation tract, it underscores the idea that individual events
along a pathway, such as interaction with the choice point or intermediate target, can have subtle
but important eﬀects on subsequent steps in the developing circuit.

1.5

How Are RGC Axons Organized in the Developing Retinogeniculate Circuit?

The previous sections demonstrated that axons in central and peripheral tracts adhere to common
organizational modes, which are governed by extrinsic and intrinsic cues. Organization within axon
tracts occurs independently of the target and is important for targeting synapse formation. My
thesis centers around the organization of axons in the mouse retinogeniculate pathway, speciﬁcally
examining organization of ipsi- and contralateral RGC axons in the optic nerve and tract.
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The mouse visual system is a classic model system for studying axon guidance and neural development. Even prior to Sperry’s seminal work in the frog visual system formalizing the chemoaﬃnity
hypothesis (Sperry, 1963), Santiago Ramón y Cajal proposed the foundational ideas of chemoaﬃnity and growth cones after studying, among other systems, the visual system. The binocular visual
system, in particular, has proven incredibly useful for studying the molecules and growth cone
dynamics involved in navigating a midline decision point.
In the binocular visual system, transcriptional programs underlying ipsilateral and contralateral
identity have been partially worked out, with Zic2 guiding the ipsilateral program and Isl2 guiding
the contralateral program (Herrera et al., 2003; Pak et al., 2004; García-Frigola et al., 2008). Other
transcription factors are likely involved and work is ongoing to fully identify the ipsilateral and
contralateral transcriptional programs (reviewed in part by Erskine and Herrera, 2014). The optic
chiasm, the midline choice point of the retinogeniculate pathway, has garnered a signiﬁcant amount
attention, resulting in great progress in dissecting the molecular mechanisms of RGC axon behavior
at the midline (reviewed in Petros et al., 2008; Erskine and Herrera, 2014). The receptor tyrosine
kinase EphB1, and its repulsive interaction with ephrin-B2 at the optic chiasm is largely responsible
for mediating the ipsilateral turn away from the chiasm (Nakagawa et al., 2000; Williams et al., 2003;
Petros et al., 2009b). Sonic hedgehog (Shh) signaling with its receptor Boc, expressed by ipsilateral
RGCs is also involved in ipsilateral navigation of the chiasm (Fabre et al., 2010). Meanwhile, NrCAM
and PlexinA1 interactions with NrCAM, Sema6D, and PlexinA1; and Nrp1 interactions with VEGFA at the midline guide contralateral RGC axons across the optic chiasm (Williams et al., 2006;
Erskine et al., 2011; Kuwajima et al., 2012).
Finally, the molecular patterning and reﬁnement mechanisms underlying targeting within the
two thalamic targets, the dLGN and superior colliculus (SC), have been another major area of
focus. Ephs and ephrins are largely responsible for creating the topographic map in the dLGN and
SC (reviewed in Feldheim and O’Leary, 2010; Erskine and Herrera, 2014), but it is still unclear
what attracts ipsilateral RGC axons to their target zone within the dLGN and SC. Even though
activity-dependent synaptic reﬁnement is considered largely responsible for the reﬁnement of eyespeciﬁc zones in the targets (reviewed in Feller, 2009), it appears that ipsilateral RGC axons roughly
navigate to their dorsal-medial location in the developing dLGN early on, before reﬁnement occurs
in the target (Jaubert-Miazza et al., 2005). Indeed, even when activity-based synaptic reﬁnement is
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selectively blocked in ipsilateral RGCs, ipsilateral terminals still cluster together in the correct zone
in the dLGN (Koch et al., 2011). In this conditional mutant, the ipsilateral terminals fail to block
the invasion of contralateral terminals in the ipsi zone of the dLGN, but this faulty reﬁnement does
not grossly perturb their overall position or clustering (Koch et al., 2011). Thus, ipsilateral RGC
axons appear to navigate to and cluster together within their zone independently of glutamate based
activity-dependent reﬁnement. The binocular projections to the dLGN have been a useful tool for
probing speciﬁc aspects of synaptic reﬁnement and recently this system has been a springboard for
the growing understanding of the role of glia in neural circuit development and synaptic reﬁnement
(e.g. Schafer et al., 2012; Chung et al., 2013).
What has been less well characterized, however, is the eye-speciﬁc organization of axons as they
project from the retina to their thalamic targets. Chapter 2 presents the ﬁrst part of my thesis, in
which I deﬁne the organization of ipsilateral and contralateral RGC axons in the developing mouse
optic nerve and tract. I also compare eye-speciﬁc, or typographic (i.e., ipsi- and contralateral)
axon order in the nerve and tract to topographic order, as previous reports on topography in the
tract suggested a conﬂict between these two modes of axon organization. In Chapter 3, I explore
homotypic fasciculation as a mechanism of creating or maintaining typographic order between ipsiand contralateral RGC axons. To do this, I used a retinal explant culture system and established a
reliable method of quantifying subtle diﬀerences in fasciculation between ipsilateral and contralateral
neurites. Chapter 4 presents in vivo and in vitro work on the EphB1 mutant, which I use a model
to address the role of EphB1 in ipsilateral homotypic fasciculation, and explore the relationship
between midline choice, tract organization, and targeting Results and conclusions from these three
portions of my thesis will be discussed further in Chapter 5, where I will also consider future
directions for this work and its implications for the ﬁeld.
The appendices cover work that is not directly a part of my thesis project. The ﬁrst Appendix
presents characterizations of the retinal projections and eye-speciﬁc axon organization in the optic
chiasm and tract of several mutants, including a mutant for the LRR receptor Islr2, which was part
of a publication in 2015 in Neural Development. The second Appendix presents the ClearT tissue
clearing method, developed by a former postdoctoral fellow in the lab, Dr. Takaaki Kuwajima. I
assisted in this work and performed imaging for publication of the method in Development in 2013.
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Chapter 2

Axon Organization in the Developing
Optic Nerve and Tract
2.1
2.1.1

Introduction
The Retinogeniculate Circuit

Retinal ganglion cells (RGCs) are the only retinal neurons that extend axons out of the retina.
RGC axons navigate to the optic disc at the back of the retina and then out of the retina into
the optic nerve. After extending along the length of the optic nerve, RGC axons next navigate
through the ventral diencephalon to form the optic chiasm, the midline choice point of the visual
system. In primates, whose eyes are located frontally on the head, roughly half of the RGC axons
cross the midline through the optic chiasm, and the other half are repelled away from the midline
and project ipsilaterally. This decussation in the optic chiasm is the basis for binocular vision
— each hemisphere of the brain receives input from both eyes. In animals with more laterally
positioned eyes, and therefore less binocular vision, more RGC axons project contralaterally at the
optic chiasm. In mice, which have relatively poor binocular vision, roughly 3-5% of RGCs project
ipsilaterally at the midline, leaving the vast majority to cross the midline and project contralaterally
(reviewed in Petros et al., 2008).
After navigating the optic chiasm, ipsilateral (ipsi) and contralateral (contra) RGC axons run in
the optic tract and project into the dorsal lateral geniculate nucleus (dLGN), and further dorsally
34

CHAPTER 2. AXON ORGANIZATION IN THE DEVELOPING OPTIC NERVE AND TRACT

dLGN

Thalamus

ct

ra
cT

ti
Op

Optic
Chiasm
D
Optic Nerve
Contra

N

RGCs

T

Ipsi
V

Figure 2.1: The mouse retinogeniculate system. Schematic is shown in the frontal plane, with
the cortex in dashed lines for context. Contralateral RGC axons (contra, magenta) cross at
the optic chiasm and ipsilateral RGC axons (ipsi, green), which arise in the ventrotemporal
(VT) retina only, turn away from the chiasm.
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and caudally, into the superior colliculus (SC). Relay neurons in the dLGN and SC project to the
visual cortex for higher order visual processing. In addition to the dLGN and SC, subsets of RGC
axons extend to non-vision-forming targets. My thesis focused only on the projection of RGC axons
to the dLGN, which comprises the majority of the optic tract. Additionally, the axon projections
to non-vision-forming are poorly characterized. The retinogeniculate pathway is schematized in
Figure 2.1, with ipsi RGC axons colored in green and contra in magenta. This color scheme will
be used throughout the thesis for consistency. While eye-speciﬁc zones in primates and carnivorous
mammals are organized into laminae, the mouse dLGN has a center-surround organization of ipsi
and contra zones. These eye-speciﬁc zones are reﬁned from coarsely targeted axon terminals in the
ﬁrst two weeks of postnatal life, largely by activity-dependent mechanisms (reviewed in Huberman
et al., 2008; Feldheim and O’Leary, 2010).
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Figure 2.2: Three phases of axon outgrowth from the mouse retina. In the early phase of
RGC axon outgrowth, at left, ipsi and contra RGCs arise from the central retina. RGC
differentiation continues in a center-to-periphery wave. During the peak phase of axon
outgrowth, the ventrotemporal (VT) retina produces predominantly ipsi RGCs, with contra
RGCs arising predominantly from non-VT retina. Finally, at right, during the late phase of
axon outgrowth, VT retina produces both ipsi and contra RGCs.

As shown in Figure 2.2, RGC axon outgrowth from the retina occurs in three phases during
embryogenesis. In the early phase, from embryonic day (E) 11 or 12 to E14, the central retina
36

CHAPTER 2. AXON ORGANIZATION IN THE DEVELOPING OPTIC NERVE AND TRACT
produces both ipsi and contra RGCs. This population of early-born ipsi RGCs, however, is transient
(Drager, 1985; Colello and Guillery, 1990; Soares and Mason, 2015). E14-16 marks the peak phase
of RGC axon outgrowth from the retina (Drager, 1985; Petros et al., 2008). While the VT retina
produces predominantly ipsi RGCs during this period, the extent of heterogeneity of ipsi/contra
RGC diﬀerentiation in the VT retina is still unclear, and details are currently being more closely
examined (Marcucci and Mason, unpublished). In the late phase of axon outgrowth, from E17
to birth, the VT retina produces both ipsi and contra RGCs (Drager, 1985; Petros et al., 2008).
The late-born VT contra RGCs target the dorsal tip of the dLGN (not shown in Figure 2.2), in a
markedly diﬀerent position than their VT ipsi RGC counterparts, which all cluster in the central
zone of the dLGN.

2.1.2

Axon Order in the Optic Nerve and Tract

As discussed in Chapter 1, the pre-target organization of retinal axons projecting from the eye to
their thalamic targets, the dLGN and SC, has been studied in a variety of species. While subsets
of RGC axons extend to other non-image-processing targets (e.g., the suprachiasmatic nucleus and
ventral lateral geniculate nucleus), tracts projecting to these regions and retinotopy therein have
been largely unstudied. Instead, pre-target axon sorting has been examined along two segments of
the retino-thalamic pathway: the pre-chiasmatic optic nerve and the post-chiasmatic optic tract.
This work has almost exclusively focused on topographic and chronotopic organization, which I will
summarize below.
The literature on axon organization in the optic nerve, chiasm, and tract, while extensive, is
often in disagreement. In a review of the literature in 1983, disagreement was already apparent,
with disparate claims about the degree of retinotopy in the axon tracts (Martin and Perry, 1983).
Unfortunately, the inconsistencies have largely persisted in studies published since 1983. This can
be accounted for in part by the fact that a wide variety of model organisms were used, from monkeys
to sheep, cats, ferrets, rabbits, and a variety of rodents, including hyraxes, rats, and mice (Martin
and Perry, 1983). But most of the disagreement in the literature likely stems from the diverse
technical approaches employed to assess the degree of retinotopic axon order in the optic nerve
and tract: silver stains of cut and degenerating axons, anterograde and retrograde labeling with
horseradish peroxidase (HRP) or one of several other tracers, and electrophysiological recordings
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from axons were all utilized. Furthermore, most of these studies were performed in adult animals,
and as such, shed little light on the developmental processes leading to axon organization. Perhaps
most importantly, diﬀering and often unconventional planes of section were used by diﬀerent groups,
rendering comparisons across studies challenging at best. That is, true frontal and horizontal planes
were often eschewed in favor of non-standard planes that might better obtain true cross-section
samples of the optic nerves and tracts, structures that hug the curvature of the lateral perimeter
of the thalamus. As such, what one group refers to as a rostral-caudal segregation may or may not
agree with what another group refers to as ventral-dorsal segregation.
Despite these caveats, some general, if fuzzy, conclusions emerge from the literature. As mentioned in Chapter 1, RGC axons maintain a coarse topography in the proximal optic nerve of both
mammalian (Horton et al., 1979; Naito, 1986; Simon and O’Leary, 1991; Reese and Baker, 1993;
Chan and Guillery, 1994; Naito, 1994; Chan and Chung, 1999; Plas et al., 2005) and non-mammalian
species (Ehrlich and Mark, 1984; Montgomery et al., 1998), but this order is blurred as axons approach the optic chiasm. The fascicular composition of RGC axons then changes entirely within
the optic chiasm, as axons from one eye split into many separate fascicles that cross contralateral
axon bundles from the opposite eye at right angles, forming a braid-like conﬁguration at the midline
(Colello and Guillery, 1998).
While several cues determining whether or not an axon crosses the midline have been identiﬁed
(Erskine and Herrera, 2014), much of the logic underlying RGC axon organization in the chiasm remains unclear, especially with regard to topography (i.e., retinotopy). In both rats and mice, anterograde labeling of retinal quadrants shows considerable blurring of retinotopy within the chiasm region itself, followed by reappearance of topographic order in the optic tract (Chan and Guillery, 1994;
Chan and Chung, 1999). The mechanisms responsible for reestablishing topographic organization
in the optic tract are unknown, but coarse topographic order is found in the optic tract of many
species. It is entirely possible that a conserved, logical organization of axons exists within the chiasm region, but has so far eluded detection. As demonstrated by work in the lateral olfactory tract
(see Section 1.2.2 and Yamatani et al., 2004), one mode of organization may obscure another mode
in a particular tract or region, leading investigators to erroneously conclude that order does not
exist. Therefore, technical approaches used thus far may lack a level of sophistication and precision
necessary to detect axon organization in complex areas like the optic chiasm.
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Once in the optic tract, topographic organization of RGC axons, including both ipsi and contra
populations, becomes apparent again. Anterograde labeling of retinal quadrants reveals that dorsal
RGC axons course through the medial optic tract, and ventral RGC axons through the lateral
tract (Torrealba et al., 1982; Reh et al., 1983; Reese and Cowey, 1990; Reese and Baker, 1993;
Chan and Guillery, 1994; Chan and Chung, 1999; Plas et al., 2005). It is noteworthy that in studies
that directly examined the topographic order of retinal axons in the tract, in both mammalian (Reese
and Baker, 1993; Chan and Guillery, 1994; Plas et al., 2005) and non-mammalian species (Reh et
al., 1983; Thanos and Bonhoeﬀer, 1983; Ehrlich and Mark, 1984; Montgomery et al., 1998), most
conclude that the segregation between dorsal and ventral retinal axons is more distinct compared
to that between nasal or temporal retinal axons, which are often described as being positioned
adjacent, mixed, or otherwise overlapping in the tract.
In ﬁsh and frogs, which continue to add new RGCs as the animal grows, topographic order can
be found within the chronotopically ordered axon bundles in the optic tract. Within age-related
axon bundles, dorsal and ventral RGCs axons are positioned laterally and medially, respectively,
while nasal and temporal RGC axons are mixed together across much of the tract (Reh et al., 1983).
Interestingly, this arrangement diﬀers from the topographic order in mammalian tracts described
above, in which dorsal and ventral RGC axons run in the medial and lateral tracts, respectively.
As mentioned in Chapter 1, RGC axons are also chronotopically ordered in the mammalian optic
tract, with younger axons added to the lateral edge of the tract, where they grow alongside the
pia (Walsh and Guillery, 1985; Reese, 1987; Reese and Cowey, 1990; Colello and Guillery, 1992;
Reese et al., 1997). Again, as with retinotopic order, attempts to ﬁnd age-related order within the
optic chiasm have failed (Colello and Guillery, 1998).

2.1.3

What is the Extent of Eye-Specific RGC Axon Order in the Retinogeniculate Pathway?

Chronotopic organization in the optic tract may reﬂect elements of RGC subtype identity and
organization. As discussed in Chapter 1 (Sections 1.2.2 and 1.2.3), RGC soma and axon diameter
were used as early proxies of RGC subtype, and diﬀerent sized RGCs are produced at diﬀerent times
during retinogenesis (Reese et al., 1994; Rapaport et al., 1995). Newer genetic tools aﬀord highly
speciﬁc identiﬁcation of RGC subtype-speciﬁc markers (e.g. Blackshaw et al., 2004; Rivlin-Etzion
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et al., 2011; Sanes and Masland, 2015; Baden et al., 2016), which could be used to more directly
test whether or not RGC subtypes are typographically organized in the optic nerve and tract.
Perhaps the simplest classiﬁcations of RGC subtype in binocular organisms is based on trajectory choice at the optic chiasm. Relative to topographic and chronotopic axon order, typographic
organization between ipsi and contra RGC axons, also referred to as eye-speciﬁc order, has not been
well examined. Retrogradely labeling RGC axons from the optic tract in adult rats and hamsters
showed that order exists early in the nerve between ipsi- and contralaterally projecting RGC axons,
but is progressively lost as the axons near the chiasm (Baker and Jeﬀery, 1989). A similar study
in embryonic mice also showed that axons in the optic nerve ipsilateral to the labeled optic tract
clustered in the lateral portion of the early optic nerve, but were scattered closer to the chiasm
(Colello and Guillery, 1990). Despite gross clustering of ipsilateral axons in the optic nerve closest
to the retina, ipsilateral axons were found in many diﬀerent fascicles, including some positioned in
the medial nerve (Colello and Guillery, 1990). Thus, it was concluded that ipsilateral RGC axon
sorting prior to the optic chiasm is relatively coarse.
Whether eye-speciﬁc order exists in the optic tract is even less clear. One study in cats found a
moderate segregation of ipsi- and contralateral axon cohorts in the optic tract using a combination of
degeneration and dye tracing experiments (Torrealba et al., 1982). Only the most dorsal-medial (in
a frontal view) portion of the tract is free of ipsilateral ﬁbers, with ipsi ﬁbers scattered throughout
the rest of the tract (Torrealba et al., 1982). However, Torrealba et al. (1982) propose that the
retinotopic and eye-speciﬁc maps in the tract are mainly a result of age-related entry into the
tract, rather than active topographic or typographic organization. Whether or not this conclusion
is accurate, as opposed to a model in which topography, chronotopy, and typography contribute
more equally to tract organization, is still unclear. An analysis using HRP intraocular labeling and
autoradiography in the developing ferret reported slightly more clear eye-speciﬁc axon organization
in the optic tract (Linden et al., 1981) than that reported by Torrealba et al. (1982) in the cat.
Speciﬁcally, ipsi/contra axon organization in the ferret optic tract increases during early postnatal
development, with a crescent of the medial optic tract free of ipsi axons (Linden et al., 1981).
Only one study has examined post-chiasmatic eye-speciﬁc axon order in the murine optic tract
(Godement et al., 1984). Intraocular HRP injections were performed in one eye of late embryonic
and early neonatal mice in order to assess the projection patterns of ipsi and contra RGCs into the
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dLGN and SC. While the focus of this paper was the timing of ipsi and contra axon ingrowth to the
dLGN and SC, some observations on the distribution of ipsi and contra ﬁbers in the optic tract were
also made. Speciﬁcally, contra axons spread across the entire optic tract, while ipsi axons are more
constrained to the anterior-lateral edge of the tract, but become more uniformly spread through
the tract nearer the dLGN (Godement et al., 1984). This study is limited by the fact that only one
eye was labeled, rendering direct ipsi/contra comparisons within the same hemisphere impossible.
Two-color tracing studies have improved our understanding of the time course of ipsi/contra axon
ingrowth and reﬁnement in the dLGN and SC (e.g., Jaubert-Miazza et al., 2005), but have not bee
used to examine eye-speciﬁc RGC axon organization in the tract.
In this chapter, I provide a more detailed assessment of the eye-speciﬁc RGC axon organization
in the optic nerve and tract of the developing mouse. Only one section of the optic tract at two
postnatal ages following intraocular injection of HRP was shown by Godement et al. (1984). Thus
our understanding of eye-speciﬁc axon organization in the tract during development and throughout
the full extent of the tract remain incomplete. A clearer view of how eye-speciﬁc axons are ordered
relative to each other, and to the topographic map in the optic nerve and tract, is necessary in
order to study organizational mechanisms and explore the relationship between tract organization
and targeting.
Thus, I ﬁrst describe my use of a genetic reporter line to trace ipsilateral RGC axons in the
optic nerve, chiasm, and tract. In the second section, I present my ﬁndings using more classical
labeling approaches, aided by higher resolution imaging, to directly compare ipsi and contra RGC
axon cohorts in the optic tract. Finally, I report on a series of labeling experiments to directly
compare topographic organization in the optic tract with the eye-speciﬁc map identiﬁed in the ﬁrst
two sets of experiments.

2.2
2.2.1

Results
Genetic Labeling of Ipsilateral RGC Axons Reveals Their Organization
in the Optic Nerve, Chiasm, and Tract

Given the identiﬁcation of ipsilateral RGC-speciﬁc markers the best way to trace ipsi axons in the
mouse retinogeniculate pathway would be with a genetic reporter line. Because the transcription
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factor Zic2 regulates the ipsilateral RGC projection (Herrera et al., 2003; Williams et al., 2003), a
Zic2 reporter mouse would be ideal to genetically trace the ipsi RGC axon cohort. A BAC-transgenic
Zic2 reporter mouse exists (Tg(Zic2-EGFP)HT146Gsat), but analysis of this mouse by a former lab
member indicated that the green ﬂuorescent protein (GFP) signal was not faithful to endogenous
Zic2 expression (Wang, 2013; Marcucci, 2016). Speciﬁcally, GFP is expressed by some but not
all Zic2+ cells, and is also expressed by some Zic2- cells (Wang, 2013), rendering it unreliable for
labeling the ipsi RGC population and its axonal projections.
Zic2, however, directly regulates expression of the serotonin transporter (SERT) (Figure 2.3A)
(García-Frigola and Herrera, 2010). SERT is important for eye-speciﬁc segregation in the dLGN
and SC, but is not involved in the midline choice of ipsi RGC axons at the optic chiasm (Upton et
al., 1999; Salichon et al., 2001; García-Frigola and Herrera, 2010). A report using the ET33 SERTCre line from GENSAT to study eye-speciﬁc axon reﬁnement in the dLGN conﬁrmed the speciﬁc
expression of Cre in ipsi RGC axon terminals in the dLGN (Koch et al., 2011). This mouse line is
useful not only because of the reliability and speciﬁcity aﬀorded by genetics, but because it provides
the clearest view of ipsilateral axon organization in the optic nerve. Anterograde labeling cannot
distinguish ipsi and contra axons in the nerve, prior to their sorting at the midline optic chiasm;
and retrograde labeling experiments (such as in Colello and Guillery, 1990), may not reliably label
the entire ipsilateral cohort. This section will present my analysis of ipsi RGC axon organization in
the retinogeniculate pathway utilizing zsgreen expression in SERT-Cre:zsgreen mice.
SERT-Cre::zsgreen mice have robust zsgreen expression restricted to the ventrotemporal (VT)
retina, the source of ipsi RGCs (Figure 2.3B). This expression pattern is consistent with the SERTCre expression pattern shown by Koch et al., (2011) and SERT mRNA expression shown by GarcíaFrigola & Herrera (2010), which corresponds to Zic2 mRNA expression. The expression of zsgreen,
seen in a frontal section of the retina, is restricted to the RGC layer, and zsgreen+ RGC axons can
be traced as they exit the retina and enter the ventral portion of the optic nerve (Figure 2.4A).
Once in the optic nerve, zsgreen+ axons cluster predominantly in a ventrolateral position, although
there is a secondary cluster of zsgreen+ axons in the medial optic nerve (Figure 2.4B1 ). This second
cluster of zsgreen+ axons appears more loosely bundled than the larger set of zsgreen+ axons in the
ventrolateral nerve. As the optic nerve nears the optic chiasm, labeled axons appear progressively
less well ordered and less tightly bundled together (Figure 2.4B2-4 ). This observation is in line with
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Figure 2.3: SERT is a marker of ipsi RGCs. A) Known (solid lines) and hypothesized
(dashed lines) transcriptional regulation in ipsi (green) and contra (magenta) RGCs. The
ipsi-specific transcription factor Zic2 drives expression of the serotonin transporter SERT
(García-Frigola and Herrera, 2010). SERT is a direct target of Zic2, and regulation of
SERT by Zic2 occurs independently of EphB1. B) A flat-mounted retina from a postnatal
day (P)0 ET33 SERT-Cre:zsgreen mouse shows zsgreen+ cells largely restricted to the VT
retina, similar to descriptions by García-Frigola and Herrera, 2010; Koch et al., 2011. Retina
is representative of multiple samples from four litters. D=dorsal, V=ventral, T=temporal,
N=nasal. Scale=500 µm.
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previous reports based on retrograde labeling from the optic tract (Colello and Guillery, 1990).
Within the optic chiasm, zsgreen+ axons can be seen across nearly the full dorsal-ventral extent
of the chiasm (vertical lines in Figure 2.4C). The images shown in Figure 2.4 are from a P0 mouse.
The majority of ipsi RGC axons have turned away from and extended beyond the optic chiasm at
this age, hence the predominant zsgreen signal at either side of the midline. However, the axons from
the latest-born ipsi RGCs are still navigating the chiasm at P0, and these are likely the zsgreen+
axons seen more sparsely in the middle of the micrographs in Figure 2.4C.
Zsgreen+ RGC axons in the optic tract are loosely bundled just caudal to the chiasm (Figure 2.4D1 ) and become increasingly well bundled the farther they extend into the tract (Figure 2.4D2-3 ). This progression in extent of bundling is similar to that seen in the optic nerve
(Figure 2.4B1-4 ), but in reverse (i.e., from less to more bundled along the rostral-caudal axis). Farther distally, near the dLGN, zsgreen+ RGC axons remain clustered to the lateral edge of the optic
tract (Figure 2.5). The clustering of zsgreen+ axons to the lateral edge of the optic tract does not
appear to change along the length of the tract, even as axons approach the dLGN.

2.2.2

Ipsilateral RGC Axons Are Segregated From Contralateral Axons in the
Optic Tract

In order to more directly compare the position of ipsi and contra RGC axons in the optic tract, I
used classic anterograde tracing with the carbocyanine lipophilic dye tracer DiI and its red-shifted
analog DiD (Molecular Probes, Inc., more details in Methods Section). DiI and DiD, when placed
directly onto the optic nerve head of a ﬁxed head with the eyecup removed, completely or nearcompletely label the RGC projection from the labeled eye. Thus, by labeling the right optic nerve
head with DiI and the left optic nerve head with DiD, I acquired two-color images of the optic
tract to analyze the relative position of ipsi and contra RGC axons in the tract (schematized in
Figure 2.6A).
I performed two-color labeling on a series of embryonic and early postnatal samples from wildtype C57BL/6J mice and collected 75 µm thick sections through the entire optic tract in both
frontal and horizontal sections. Figure 2.6 shows representative sections in the horizontal plane of
the optic tract from E15, E16, E18, P0, and P2 mice. Horizontal sections most clearly illustrate
the eye-speciﬁc axon segregation, although segregation can also be appreciated in the frontal view
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Figure 2.4: SERT-Cre:zsgreen axons in the optic nerve, chiasm, and tract. 25 µm frontal
cryosections in a P0 SERT-Cre:zsgreen mouse, immunostained for zsgreen (green, SERTCre:zsgreen axons), and neurofilament (NF, magenta, all axons). Sections are representative
of 6 samples from 3 litters. A) Zsgreen+ cells are visible in the RGC layer of a frontal section
through the temporal retina (top). Higher magnification at the optic nerve head (bottom)
shows zsgreen+ axons exiting the retina (arrow). Bracket indicates width of optic nerve.
Zsgreen+ axons exit the retina ventrally. B-D) Numbers at left (in µm) indicate position
relative to chiasm (0 µm). Negative values are rostral to the chiasm (nearer the retina),
positive values are caudal to chiasm. B) Zsgreen+ axons are clustered in the ventrolateral
proximal optic nerve (B1-2 ), with a secondary, loosely organized bundle in the medial nerve.
Axons become progressively less well bundled as they approach the optic chiasm (B3-4 ).
C) Zsgreen+ axons interact with most of the dorsal-ventral extent of the midline (vertical
lines). D) Zsgreen+ axons rebundle caudal to the chiasm, in the lateral tract. D=dorsal,
V=ventral, M=medial, L=lateral. Scale bars=200 µm.
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Figure 2.5: SERT-Cre:zsgreen axons in the optic tract and dLGN. 25 µm frontal cryosections
from the same P0 SERT-Cre:zsgreen mouse as shown in Figure 2.4, immunostained for
zsgreen (green) to label SERT-Cre:zsgreen axons, and neurofilament (NF, magenta) to label
all axons. Sections shown are representative of 6 samples collected from 3 litters. A-B)
Zsgreen+ axons cluster to the lateral of edge of the optic tract along its full extent. A is
1250 µm caudal to the optic chiasm and B is another 100 µm caudal to A. C) Zsgreen+ axons
in the dLGN are shown magnified in C1 and with NF label in C2 . D=dorsal, V=ventral,
M=medial, L=lateral. Scale=200 µm.
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Figure 2.6: Ipsi and contra RGC axons are segregated in the developing optic tract. A)
Cartoon depicting the labeling scheme. DiI and DiD crystals were placed onto the optic
nerve head of the right and left eyes, respectively, of fixed embryonic or postnatal heads.
After lipophilic dye transport was complete, 75 µm horizontal sections were taken through
the tract. B) Horizontal sections taken ∼150 µm dorsal to the optic chiasm illustrate
ipsi/contra RGC axon segregation in the optic tract across embryonic and early postnatal
development. Sections shown are representative of 5 or more samples from 3 or more litters
at each age. Ipsi RGC axons are labeled with DiD (pseudocolored green), contra RGC axons
with DiI (pseudocolored magenta). R=rostral, C=caudal, M=medial, L=lateral. Scale=100
µm.
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(data not shown). At E15 and E16, ipsi axons from the VT retina have just begun to enter the tract
and cluster to the lateral edge of the tract. Other ipsi RGC axons are more sparsely positioned in
the medial optic tract. These spares, medially-positioned axons disappear by later embryonic ages
and are likely from the earliest-born ipsi RGCs in the dorsal-central retina, a transient population
(Drager, 1985) whose axons have been shown to course in the medial optic tract (Soares and Mason,
2015).
Later, at E18, the crispness of ipsi/contra segregation is more apparent, as increasing numbers of
VT-ipsi RGC axons make their way into the tract. The segregation of ipsi axons to the lateral tract,
and the avoidance of the lateral tract by contra axons is most striking at P0, and continues through
P2, when most, if not all, RGC axons have reached the optic tract. Moreover, this organization
is maintained throughout the full length of the tract, even as the tract as a whole changes shape,
widening and ﬂattening slightly as it nears the geniculate (Figures 2.7 & 2.8). Figure 2.7 shows every
third serial section through a P0 tract, illustrating the consistency of eye-speciﬁc axon segregation
through the tract’s full extent. In the nascent dLGN itself (second and third sections from the left
in Figure 2.7), ipsi axons only barely start to enter into the target, while proportionally more contra
axons have done so.
Figure 2.8 shows a tiled image of a cleared, slightly ﬂattened wholemounted P0 optic tract. The
wholemount is from a hemisected brain with the cortex removed (see Figure 2.9A for a diagram of
the wholemount preparation). The full structure of the optic tract as it curves around the perimeter
of the thalamus can be appreciated in Figure 2.8. The curvature in this view is less pronounced
than it is in actuality, because the wholemount was partially ﬂattened for imaging. Figure 2.8A
shows the maximum projection of the image stack, acquired from the lateral to medial aspect. The
optic chiasm is positioned to the right of the image (out of the ﬁeld of view), and the ﬁbers of the
tract can be seen spreading progressively wider as they near and spread around the outside of the
dLGN. Figure 2.8B shows the individual optical sections from the maximum projection image, in
which it is clear that the ipsi RGC axons (green) are situated in the lateral aspect of the tract.
Additionally, the ipsi axons are most well bundled in the middle of the rostral-caudal axis of the
tract, with some less tightly bundled ipsi axons along the caudal portion of the tract.
I acquired high resolution images of an intact, wholemounted optic tract at P0, labeled as before
with DiI in the right retina and DiD in the left retina (Figure 2.9). Using a multiphoton confocal
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Figure 2.7: Ipsi and contra RGC axons are segregated throughout the optic tract. Every
third section through the optic tract of a P0 wild-type mouse is shown, cut 75 µm thick
in the horizontal plane, same as shown in Figure 2.6. From left to right, the sections are
ordered dorsally (the dLGN) to ventrally (near the optic chiasm). Ipsi RGC axons maintain
their position in the lateral edge of the optic tract throughout. As the tract nears the
LGN, it widens along the lateral side of the thalamus, and ipsi axons continue to cluster in
the lateral-most aspect. Ipsi RGC axons are labeled with DiD (pseudocolored green) and
contra RGC axons are labeled with DiI (pseudocolored magenta). R=rostral, C=caudal,
M=medial, L=lateral. Scale=100 µm.
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Figure 2.8: Wholemounted intact optic tract. Low resolution tiled confocal image stack
of a cleared, flattened wholemount of the optic tract labeled with DiI (contra RGC axons,
magenta) and DiD (ipsi RGC axons, green). A) Maximum projection of the full image
stack. B) Single optical sections of the image stack (optical slice=9.11 µm), progressing
from medial (1) to lateral (16). 16 of 24 total optical sections shown. R=rostral, C=caudal,
D=dorsal, V=ventral. dLGN=dorsal lateral geniculate nucleus. Scale=200 µm.
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microscope with a 40X objective (see Methods Section for more detail) to image cleared wholemount
samples allowed a tremendously detailed view of the optic tract. In the single optical slices shown
in Figure 2.9B-C of the proximal and distal optic tract, respectively, ipsi and contra axons can be
seen bundling together to varying extents, with some large bundles of each type visible, but also
single axons of diﬀerent types mingling in close proximity to each other. The orthogonal views
provide an overview of the tract for each image. The change in shape of the tract from the proximal
to distal aspect can be seen here, with the distal tract ﬂattening out (Figure 2.9C) as it nears
the dLGN, compared with the more rounded proximal tract (Figure 2.9B). The important element
to appreciate in the orthogonal views is the overall degree of segregation between ipsi and contra
RGC axons: while instances of individual ipsi and contra ﬁbers commingling are apparent in the
optical slices shown, on the population level (seen in the orthogonal views), the two axon cohorts
are well segregated. Furthermore, there appear to distinct fascicles, of varying sizes, that are ipsiand contra-speciﬁc — these can be seen as diﬀerent sized puncta in the orthogonal images.
Given that ipsi RGCs originate from a topographically restricted area in the retina (the VT
retinal crescent), one could argue that the segregation of ipsi and contra axons is merely a result
of their topographic origins in the retina, rather than true typographic organization. However, the
developmental progression of the retina provides a way to directly distinguish between topographic
and typographic order. As illustrated in Figure 2.2, there are three phases of retinal development. In
the late stage of RGC axon outgrowth, from approximately E17 until birth, the VT retina produces
both ipsi and contra RGCs (Drager, 1985).
Thus, both ipsi and contra RGCs can be labeled within the same restricted topographic zone,
allowing us to determine if a typographic map exists within the topographic map. If the results
shown in Figures 2.6 & 2.7 were merely a reﬂection of topography in the optic tract, then labeling
the VT retina of both eyes would theoretically lead to overlapping labeling in the tract. If however,
a typographic map of eye-speciﬁc RGC projections exists independently of or within a topographic
map in the tract, a VT-speciﬁc label in both retinae would lead to largely non-overlapping labeling
in the optic tract. This experimental design and its results are shown in Figure 2.10A and B-C,
respectively.
At P0 and P2, most if not all of the late-born VT contra and VT ipsi axons have entered the
optic tract. While there is a small degree of overlap between the ipsi and contra VT labels, the two
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Figure 2.9: High resolution wholemount views of ipsi and contra RGC axons in the P0 optic
tract. A) Cartoon showing wholemount tract preparation. After labeling with DiI and DiD,
the brain is removed and the cortex peeled away from the thalamus. The cortex-free sample
is hemisected or kept intact and cleared to enhance imaging. The wholemount sample is
positioned with the microscope objective viewing the tract directly along the perimeter of
the thalamus. The z-dimension progresses from lateral (superficial) to medial (deep). B-C)
One optical slice and corresponding orthogonal view of the proximal (B) and distal (C)
optic tract. Contra and ipsi RGC axons pseudocolored magenta and green, respectively.
V=ventral, D=dorsal, R=rostral, C=caudal, M=medial, L=lateral. Scale=100 µm.
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populations are largely segregated from each other, demonstrating, as did the whole-eye labeling,
the lateral position of ipsi RGC axons in the optic tract. Because focal anterograde labeling of the
retina is inherently variable, I show in Figure 2.10C the labeled retinae and both hemispheres of
optic tract from another P0 sample for further examination. Segregation of ipsi VT axons from
contra VT axons is apparent in each hemisphere and when comparing the two hemispheres in each
single-channel image.

2.2.3

Eye-Specific Axon Organization is Shifted Laterally Relative to the Topographic Map in the Optic Tract

The results from the VT/VT anterograde labeling experiment raise the question of whether the
eye-speciﬁc typographic map is out of register with the topographic map in the mouse optic tract.
While the literature on topographic organization of RGC axons in the optic nerve and tract is fairly
extensive, it is also hindered by disagreements regarding the extent and details of organization among
retinofugal axons. Only a few of these reports studied the mouse, more often favoring the visual
systems of the cat, ferret, hamster, rat, or marsupials. Furthermore, none of the studies directly
compared topographic and eye-speciﬁc order in the nerve and tract. Thus, to directly address the
extent to which the topographic (i.e., retinotopic) and eye-speciﬁc maps in the optic tract are in
register, and to clarify some of the inconsistencies in the existing literature, I performed a series of
DiI/DiD two-color labeling experiments on diﬀerent combinations of topographic coordinates in the
retina at P0.
In the ﬁrst set of these experiments, I labeled the dorsal (D) and ventral (V), or the nasal (N) and
temporal (T) hemiretinae of ﬁxed P0 wild-type pups. The results from this anterograde tracing,
shown in Figure 2.11, clearly show topographic organization within the optic tract. Dorsal and
ventral axons run through the caudal and rostral aspects of the optic tract, respectively, with dorsal
axons biased medially and ventral axons biased slightly laterally (Figure 2.11B1 ). Temporal and
nasal axons also appear organized across the rostral-caudal axis of the optic tract, with temporal
axons coursing through the caudal tract and nasal axons in the rostral tract (Figure 2.11C1 ).
I next performed similar but more focal labeling of retinal quadrants in P0 samples (Figure 2.12).
In these samples, I imaged both hemispheres of horizontal sections through the tract in order to
directly compare the ipsi and contra projections from each retinal region. Figure 2.12A shows
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Figure 2.10: Ipsi and contra RGC axons from the same topographic region are segregated
in the optic tract. A) Cartoon depicting the labeling scheme: DiI and DiD crystals were
placed onto the ventrotemporal (VT) retina of right and left intact retinae, respectively, of
fixed postnatal heads. B) Horizontal sections taken ∼150 µm dorsal to the optic chiasm
illustrate segregation of VT-ipsi and VT-contra RGC axons in the optic tract. Sections
shown are representative of 6 samples. Ipsi RGC axons are labeled with DiD (pseudocolored
green) and contra RGC axons are labeled with DiI (pseudocolored magenta). C) Another
sample showing ipsi/contra segregation of axons from VT retina at P0. Labeled retinas
are shown at top, followed by a section ∼150 µm dorsal to the optic chiasm showing the
ipsi and contra projections from both retinae. R=rostral, C=caudal, M=medial, L=lateral,
D=dorsal, V=ventral, T=temporal. Scale=100 µm in B, 500 µm in C.
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Figure 2.11: Topographic organization of RGC axons in the optic tract. A) Cartoon depicting the labeling scheme. One retina in a fixed P0 WT head was labeled with DiI and
DiD in opposite retinal poles: D/V or N/T, and sectioned horizontally 75 µm thick. B1 -C1 )
Every third serial section from a single optic tract contralateral to the labeled retina. Sections progress from ventral at right, nearest the optic chiasm, to dorsal at left, toward the
dLGN and SC. Samples shown are representative of 6 or more pups from 3 or more litters,
per labeling scheme. B) Dorsal hemiretina labeled with DiD (magenta), ventral hemiretina
labeled with DiI (green). B1 ) Dorsal RGC axons course through the medial-caudal optic
tract and ventral axons course through the rostral tract, with a slight bias laterally relative
to dorsal axons. C) Temporal hemiretina labeled with DiD (yellow), nasal hemiretina labeled with DiI (cyan). C1 ) Temporal RGC axons are positioned caudally, and nasal axons
rostrally in the optic. D=dorsal, V=ventral, N=nasal, T=temporal, R=rostral, C=caudal,
M=medial, L=lateral. Scale=500 µm for B, C; Scale=100 µm for B1 , C1 .
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a dorsal (magenta) and ventral (green) label, with noticeably fewer axons labeled than in the
corresponding hemiretina sample shown in Figure 2.11. (Note that while a large swathe of the
peripheral retina is labeled Figure 2.12A, the fraction of axons labeled is best judged by viewing the
axon bundles nearer the optic disc.) In the contralateral tract, as before, the dorsal axons run in
the caudal tract, largely segregated from the ventral axons, which run in the rostral tract. A direct
comparison between the ipsi and contra tracts of the ventral retina label demonstrates a lateral shift
in the ipsi population relative to the contra cohort. Moreover, an area of weaker ﬂuorescent signal
is evident in the lateral portion of the ventral axon cohort on the contralateral side, corresponding
to the location of the ventral axons in the ipsi tract.
Similarly, in Figure 2.12B, axons arising from the nasal (magenta) and temporal (green) retinal
ﬁelds are segregated along a roughly rostral-caudal axis in the tract. Temporal axons in the ipsi tract
appear in largely the same region as temporal axons in the contra tract, again with a slight lateral
bias. Finally, labeling the neighboring ventral and temporal retinal quadrants (Figure 2.12C) reveals
a rostal-lateral to caudal-medial segregation of ventral (magenta) and temporal (green) axons in the
tract. The ipsi projections from the same regions are largely in register with the topographic map
seen on the contra side, but with small lateral shifts. Similar to Figure 2.12A, there is an apparent
“gap” in the ventral label in the contra tract — presumably where ipsi ventral axons run. There is
a less obvious area of lower signal in the temporal cohort in the contra tract, suggesting that the
lateral shift of ipsi axons in the tract corresponds mostly to the ventral topographic aspect and less
so to the temporal topographic aspect.
Figure 2.13 summarizes the results presented in this section of the relationship between the eyespeciﬁc and topographic maps in the optic tract. Dorsal axons (magenta) are largely segregated to
the medial, slightly caudal aspect of the tract. Nasal axons (orange) run in the rostral and slightly
medial portion of the tract. Ventral axons (green) are positioned in the lateral and slightly rostral
tract, while temporal axons (cyan) are in the lateral-caudal tract. The ipsilateral cohort of ventral
and temporal axons (lighter shades of green and cyan, respectively) are in register with, but shifted
laterally and slightly caudally relative to their contralateral topographic partners.
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Figure 2.12: Comparison of ipsi and contra projections from each topographic quadrant.
Focal DiI/DiD labeling in the right retinae of fixed P0 wild-type pups. Representative
images are shown from 3 or more samples from 2 or more litters for each labeling scheme
Labeled retinae shown at left, representative 75 µm-thick horizontal section at right, ∼150
µm dorsal to the chiasm. Sections include the optic tract contra- (left) and ipsilateral
(right) to the labeled eye. The midline and lateral edge of the thalamus are indicated by
dashed lines. A) D/V labeling confirms their segregation to the medial-caudal and anteriorlateral contra tract. Ipsi V axons are positioned farther laterally than contra V axons. B)
N/T labeling shows a rostral to caudal segregation in the contra tract. Ipsi T axons are
positioned caudally and laterally to contra T axons. C) Labeling neighboring V and T
retinal quadrants shows rostral-lateral to caudal-medial organization in the contra tract.
They are similarly segregated in the ipsi tract, but biased laterally. D=dorsal, V=ventral,

57Scale=500 µm.
N=nasal, T=temporal, R=rostral, C=caudal.
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Figure 2.13: Summary of eye-specific and topographic mapping in the optic tract, drawn
from comparisons of two-color labeling experiments, overlaying ipsi and contra axon projections. Dorsal RGC axons (magenta) are positioned in the medial, slightly caudal tract;
ventral axons (green) in the lateral tract; nasal axons (orange) in the rostral tract; temporal axons (cyan) in the caudal-lateral tract. Ipsi axons from the ventral and temporal
retina (light green and light cyan, respectively) are in register with their contra topographic
counterparts, but shifted slightly laterally and caudally. R=rostral, C=caudal, M=medial,
L=lateral.
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2.3

Discussion

Using genetic labeling and classic dye tracing approaches, I demonstrated that the ipsilateral RGC
projection is segregated throughout the retinogeniculate pathway, and that the eye-speciﬁc and
topographic maps of RGC axon in the optic tract are largely in alignment. These experiments
provide the most comprehensive view of axon organization in the retinogeniculate pathway to date.
I will discuss the technical limitations of these experiments, which while minor, should be taken
into account when interpreting the results presented in this chapter. Subsequently, I will summarize
ﬁrst the eye-speciﬁc and then the topographic ﬁndings and situate them in the context of the existing
literature on the axon organization in the retinogeniculate pathway.

2.3.1

Technical Considerations

I used genetic labeling of SERT to track the ipsi RGC population through the optic nerve and tract
based on the robust evidence and accepted conclusion that SERT is speciﬁc to ipsi RGCs (Upton
et al., 1999; García-Frigola and Herrera, 2010; Koch et al., 2011). However, the possibility remains
that a small subset of contra RGCs also express SERT. This possibility is raised in part by the
expression pattern of SERT in the retina, which extends farther dorsally and nasally than the ipsispeciﬁc zone is thought to extend (Upton et al., 1999, and Figure 2.3B). Whether a subset of contra
RGCs, either within or outside of the VT retina, also express SERT has yet to be directly tested,
and as such, I cannot deﬁnitively state that all of the zsgreen+ axons analyzed in Section 2.2.1 are
indeed only ipsilateral RGC axons.
A former student in the Mason Lab used SERT along with Zic2 as ipsi-speciﬁc control genes in a
microarray comparing ipsi and contra RGCs at E16.5 (Wang et al., 2016). Her results show a strong
correlation between Zic2 and SERT enrichment in the ipsi RGC subpopulation. Additionally, there
is relatively little enrichment of either Zic2 and SERT in the contra RGC population, arguing that
SERT is indeed ipsi-speciﬁc. However, because these experiments were conducted at E16.5, they do
not contain any of the late-born VT contra RGCs in their analysis. As such, a subset of later-born
contra RGCs may express SERT. In a similar vein, it is also unclear if SERT is expressed by 100%
of ipsi RGCs, or some fraction of the ipsi population. It is generally thought that the majority of
ipsi RGCs express SERT (García-Frigola and Herrera, 2010; Koch et al., 2011), but the fraction
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of ipsi RGCs that do not express SERT is not known, nor is the signiﬁcance of such a possible
heterogeneity in SERT expression among ipsi RGCs.
To directly assess what proportion of ipsi, and possibly contra, RGCs express SERT, one could
retrogradely label RGC axons from the optic tract and analyze overlap of SERT expression and
backﬁlled RGCs in the ipsi and contra retinae. This experiment has yet to be reported in the
literature, likely because it is signiﬁcantly hampered by technical concerns pertaining to the onset
of reporter ﬂuorescence and the time at which a retrograde tracing can be successfully performed
from the optic tract. SERT mRNA is detectable in RGCs as early as E14.5 (García-Frigola and
Herrera, 2010) and SERT protein is detectable in axons as early as E15.5 (Upton et al., 1999),
but Cre-recombinase mediated expression of zsgreen creates a lag time between onset of SERT
expression and onset of zsgreen expression. Speciﬁcally, we ﬁnd that zsgreen expression is not
robust until E18.5-P0, whereas backlabeling RGCs from the optic tract tends to be unsuccessful
when performed later than E17.5. These two technical limitations make it incredibly challenging to
reliably determine if retrogradely labeled contra RGCs express SERT, or what fraction of the total
ipsi RGC population expresses SERT. One way of avoiding the timing issue between ﬂuorescent
reporter onset and the time of retrograde label would be to use immunohistochemistry to label
SERT. However, this too presents a technical challenge, as all three anti-SERT antibodies (two
commercial, one non-commercial, gift of R. Blakely) I tested do not work well in embryonic or
neonatal tissue.
While it is reasonable to use SERT as a reliable marker for ipsi RGCs, and indeed other studies
have done so (e.g., Koch et al., 2011; Wang et al., 2016), it is still important to interpret the results
presented in Figures 2.4 and 2.5 in the context of the caveats discussed above. Speciﬁcally, the
axons labeled by zsgreen shown in those images may contain a small number of contra RGC axons
and/or may not label all ipsi RGC axons. That being said, if the zsgreen+ axons in the optic nerve
and tract contain both ipsi and some contra RGC axons, the ipsi ﬁbers likely far outnumber the
contras. Likewise, if zsgreen+ axons do not represent the full ipsi population, it provides a reliable
indication of the tendency of the ipsi population. Thus, the observations and conclusions drawn
from these experiments are, at worst, a good approximation of ipsi RGC axon distribution in the
retinogeniculate pathway. If SERT is indeed expressed in a subset of contra RGCs, it is intriguing
to speculate that the smaller, more loosely bundled cohort of zsgreen+ axons in the medial optic
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nerve (Figure 2.4B).
The bulk of the experiments presented in this chapter utilized two-color anterograde tracing with
carbocyanine lipophilic dye tracers, which have been extensively used in developmental anatomical
analyses for decades (e.g., Godement et al., 1987; Honig and Hume, 1989; Gan et al., 2000). These
dyes are reliable and anterograde labeling from the optic nerve head labels the entire RGC axonal
projection from that retina. Variability in this approach arises in the focal labeling experiments
tracing the distribution of topographically-deﬁned axonal cohorts. There is no stereotaxic system
for the retina, and as such the results of these labeling experiments are limited by experimenter
variability. In order to reduce such variability, I performed several rounds of the topographic and
VT/VT labeling and found my results to be internally consistent. Experimenter variability in
dye placement should be a minor caveat, but bears mentioning. In addition to other limitations
mentioned previously regarding the existing literature on topographic axon organization in the optic
nerve and tract (e.g., diﬀering planes of section and tracing methods), consistency between research
groups in how the dorsal-ventral and nasal-temporal axes are deﬁned could be additional source of
discrepancy between various reports.

2.3.2

Ipsilateral RGC Axons are Pre-sorted in the Optic Nerve and Re-segregate
in the Optic Tract

Ipsilateral RGC axon organization appears dynamic along the length of the retinogeniculate pathway
(Figure 2.4). Using SERT expression as a marker of ipsi identity in the SERT-Cre:zsgreen mouse,
zsgreen+ axons can be seen exiting the retina and entering the ventral optic nerve. They continue
to be relatively well bundled through the proximal optic nerve and progressively splay apart as the
nerve approaches the optic chiasm. This is in line with previous reports indicating a progressive
loss of topopgraphic or eye-speciﬁc axon order in the nerve (Colello and Guillery, 1990; Chan and
Guillery, 1994; Chan and Chung, 1999), although my results indicate a greater degree of organization
in the nerve than previously thought (Baker and Jeﬀery, 1989; Colello and Guillery, 1990). The
presence of the secondary, more loosely bundled set of zsgreen+ axons in the medial optic nerve is
surprising, given the robust bundling of the majority of zsgreen+ axons to the ventrolateral aspect
of the nerve. This secondary bundle is consistently observable in all of the samples analyzed. Given
that the heterogeneity of the ipsi RGC population is still unclear, this secondary medial bundle
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of zsgreen+ axons could represent a speciﬁc subset of ipsi RGCs. Alternatively, if SERT is not as
speciﬁc to ipsi RGCs as has been thought (see Section 2.3.1), this secondary bundle could be yet a
diﬀerent subset of RGC axons altogether. If a Zic2 reporter mouse line is made, it could used to
trace the ipsi RGC projection more reliably. Such a study would clarify the questions surrounding
the appearance of a primary and secondary zsgreen+ axon bundle in the SERT-Cre:zsgreen line
used here.
Ipsi RGC axons are defasciculated and spread out within the optic chiasm (Figure 2.4). Previous
reports (Colello and Coleman, 1997) and unpublished observations (K.Y. Chung and C.A. Mason)
suggested that growth cones of ipsi axons only interact with the ventral-most portion of the midline
chiasm region. My observations of zsgreen+ axons in the SERT-Cre:zsgreen optic chiasm instead
suggest that ipsi axons scatter along the majority of the ventral-dorsal aspect of the chiasm (Figure 2.4C) as they interact with midline radial glia that provide cues for ipsi axons to turn away from
the midline. Higher resolution microscopy of genetically-labeled ipsi RGC axons in the optic chiasm
will further our understanding of the distribution of RGC axon cohorts within the complex chiasm
region. Past studies have used either electron microscopy (EM) of small regions of the chiasm or
epiﬂuorescent microscopy of sections or semi-intact preparations of the chiasm regions. Current
advances in both tissue clearing techniques (reviewed in Tainaka et al., 2015) and high-resolution
microscopy for large intact samples, like light-sheet microscopy (Keller and Ahrens, 2015), will soon
aﬀord more complete views of axons in this region than have previously been possible to acquire.
After exiting the chiasm region, ipsi RGC axons regroup in the early tract and are robustly
bundled in the lateral aspect of the tract for the rest of their journey to the dLGN and SC. Twocolor anterograde labeling shows a clear segregation of ipsi axons away from contra axons in the
tract (Figures 2.6, 2.7). Postnatally, some contra axons invade the lateral portion of the tract (the
“ipsi zone”), but the two populations remain largely separate along the lateral-medial axis of the
optic tract. The position of ipsi axons in the lateral optic tract, identiﬁed here either via SERTCre:zsgreen expression or with DiI and DiD, corresponds with the early report by Godement et al.
(1984). Direct comparison between ipsi and contra RGC axons presented in this chapter, however,
provides greater detail than was previously observed. While contra axons extend through much of
the optic tract, they are not uniformly distributed, as was concluded from single-eye HRP labeling
(Godement et al., 1984). Rather, contra axons seem to avoid the lateral region of the tract, where
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ipsi axons are bundled. This is especially apparent in late embryonic and newborn samples, where
there is a gap in the contra label corresponding to the highest density of ipsi label (Figure 2.6B).
Furthermore, eye-speciﬁc axon organization is stable throughout development, with ipsi axons
consistently positioned in the lateral optic tract. Early in tract development (E15-16), a small
number of ipsi axons are loosely spread in the medial tract (Figure 2.6B). These axons are no longer
visible by P0 and presumably extend from the transient population of early-born dorsocentral (DC)
RGCs (Drager, 1985; Soares and Mason, 2015). A recent study from our lab showed that axons
from the transient early-born ipsi RGCs are positioned in the medial aspect of the tract (Soares
and Mason, 2015). Thus the early-born DC ipsi RGC axons are in a markedly diﬀerent position in
the tract than the permanent ipsi axons that arise from RGCs in the VT retina and are situated
in the lateral optic tract. This is not necessarily surprising, given that the early-born transient ipsi
population is thought to be unique in other ways. For instance, they do not interact with the chiasm
like the permanent ipsi axons, but instead navigate far from the midline region, turning from the
distal optic nerve into the nascent ipsilateral tract (Godement et al., 1987; Godement et al., 1990;
Marcus and Mason, 1995).
Evidence from frogs and zebraﬁsh led to the hypothesis that early-born DC RGC axons are
pioneer axons (Holt, 1984; Pittman et al., 2008), but the fact that the early DC RGC ipsi and
contra axons segregate from each other in the optic tract (Soares and Mason, 2015) suggests that
the DC ipsi axons may not in fact serve as a pioneering substrate for contra axons. The segregation
noted between DC ipsi and contra RGC axons underscores the principle of typographic (eye-speciﬁc)
organization of RGC axons in the mouse optic tract. The position of DC ipsi RGC axons in the
medial tract also raises questions about the relationship between this transient ipsi RGC population
and the permanent ipsi RGCs in the VT retina. Perhaps their position in the medial tract relates
to their eventual failure to form permanent connections with the SC (Soares and Mason, 2015).
While VT ipsi RGC axons remain restricted to the lateral portion of the optic tract throughout
development, an increasing proportion of contra axons partially overlap the ipsi zone of the tract
postnatally (Figure 2.6B, P2). This subpopulation of contra axons running partially in the lateral
optic tract may arise from the VT retina. However, two-color anterograde tracing from the VT
region of both retinae (Figure 2.10) shows that ipsi and contra RGC axons arising from the same
topographic region (i.e., VT retina) are largely segregated. This underscores the existence of both
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topographic and typographic maps in the mouse optic tract.
Segregation of ipsi and contra axons is not complete — i.e., there are not two distinct bundles
in the tract, one of only ipsi axons and one of only contra axons. Rather, the tract is better
thought of as a spectrum, with ipsi axons more heavily distributed at the lateral end and contra
axons more heavily distributed at the medial end of a medial-lateral axis. Ipsi/contra distribution
and segregation is best appreciated in the high-resolution images of the cleared wholemount optic
tract shown in Figure 2.9B-C. In these images it is obvious that there is a combination of ipsiand contra-speciﬁc fascicular organization alongside generally loose bundling of both cohorts, with
some intermingling between the two. This spectrum-like distribution is suggestive of the presence
of a chemoattractive or chemorepulsive gradient within the optic tract. In this regard, however, the
optic tract remains a black box — we have a very limited understanding of the cells within and
around the tract and almost no information on the molecular expression of those cells.
Once RGC axons reach the dLGN, ipsi axons appear to remain in the tract and, relative to
contra axons, only a few ipsi ﬁbers enter into the dLGN (Figures 2.5 and 2.7). This is in line
with what has been seen in single-eye anterograde tracings in the E18.5 mouse (Godement et al.,
1984), and raises the question of whether the ipsi and contra RGC populations innervate the dLGN
in diﬀerent time courses. In cats, ferrets, and hamsters, ipsi RGC axons arrive at the dLGN after
contra axons (Frost et al., 1979; Linden et al., 1981; Shatz, 1983). However, single RGC axon
tracings in the mouse indicate that while there is a lag in ipsi axon arborization relative to contra
axons in the SC, the two populations elaborate their axon arbors along a similar timeline within
the dLGN (Dhande et al., 2011). Thus, what my experiments show and what has been reported in
the mouse dLGN previously (Godement et al., 1984) may reﬂect the large diﬀerence in population
size of ipsi and contra RGCs, rather than a delay in the ipsi population reaching the dLGN. That
is, while few ipsi axons have innervated the dLGN at P0, it may be proportionally equivalent to the
fraction of contra axons that have entered the target at the same time.

2.3.3

Topographic Axon Organization in the Optic Tract and Its Relationship
to Eye-Specific Axon Organization

I reassessed topographic organization of RGC axons in the optic tract to clarify the relationship
between the topographic and typographic (eye-speciﬁc) maps in the mouse optic tract. It was
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challenging to directly compare my data on eye-speciﬁc axon organization with existing reports
on topographic axon organization because of inconsistencies and ambiguities within the literature
describing topographic order in the optic tract. As such, I ﬁrst performed hemiretina labeling
of each topographic pole (Figure 2.11) followed by smaller labeling in opposite (D/V, N/T) and
adjacent (V/T) retinal quadrants, in which I directly compared the ipsi and contra projections from
each topographic region (Figure 2.12). This is the ﬁrst such direct comparison between the eyespeciﬁc and topographic projections of RGCs, providing a relatively comprehensive view of axon
organization in the optic tract. My analysis shows that the eye-speciﬁc map is in register with, but
shifted slightly laterally relative to the topographic map (Figure 2.13).
Previous studies concluded that there was an absence of organization between nasal and temporal
RGC axons in the optic tract (Reese and Baker, 1993; Chan and Guillery, 1994; Plas et al., 2005).
My results argue otherwise, demonstrating a coarse rostral-medial to caudal-lateral organization of
nasal and temporal axons. Previous reports may have overlooked this organization by analyzing
other planes of section, in which the rostral-caudal axis is less easily appreciated. My observations
generally agree with conclusions of dorsal and ventral RGC axon position in the tract from previous
reports, which found a dorsal RGC axon to medial tract and ventral RGC axon to lateral tract
organization (Torrealba et al., 1982; Reh et al., 1983; Reese and Cowey, 1990; Reese and Baker, 1993;
Chan and Guillery, 1994; Chan and Chung, 1999; Plas et al., 2005). I, too, observe this mediallateral organization, and additionally identify a slight caudal-rostral segregation between dorsal and
ventral axons in the tract.
The optic tract is a challenging structure in which to deﬁne axon organization, as descriptions
of rostral-caudal and medial-lateral axes must take into account both the curvature of the entire
tract around the outer limit of the thalamus, as well as the slight crescent shape of the tract itself
(when viewed in a horizontal plane). As such, much of the ambiguity in the previous literature is
understandable, especially as researchers often took unusual planes of section through the tract.
By using the standard frontal and horizontal planes of section throughout my studies shown here,
I have avoided this issue and in doing so, provided greater clarity than previously existed for such
analyses. As high-resolution imaging becomes more readily available for large intact samples, threedimensional reconstructions of the whole tract can be performed with diﬀerent retinal labels to
provide a more comprehensive view of the axon distribution within the tract.
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Since some of the ﬁrst reports on topographic axon organization in the optic nerve and tract,
researchers have speculated about the mechanisms giving rise to such order (e.g. Cook and Horder,
1977; Reh et al., 1983), but little headway has been made in this area. The favored hypothesis very
early on was based on mechanical forces and axon-axon interactions that maintained neighboring relationships between axons (Cook and Horder, 1977), and some evidence suggested that extracellular
tunnels and other structural alleys and paths were responsible for the orderly arrangement of axons
exiting the retina (Silver and Sidman, 1980). However, as increasing numbers of studies disagreed
about the degree of orderliness in the optic nerve and tract (Martin and Perry, 1983), alternative
explanations based on diﬀusible chemoattractive and repulsive cues became more popular (Reh et
al., 1983). Reh et al. (1983) hypothesize that in the frog, attractive cues along the dorsal neuraxis
could preferentially act on ventral RGC axons, leading to their orderly arrangement. This has yet
to be proven one way or the other.
Some studies have speculated that axons lack order in the nerve and tract, only to regain
retinotopic order near the dLGN, presumably based on local chemoaﬃnity in the dLGN (Horton
et al., 1979). While local cues in and near the targets are surely involved in the speciﬁcity of
early target innervation, ﬁndings of axon organization in the pathway (Martin and Perry, 1983;
Reese and Baker, 1993; Chan and Guillery, 1994; Chan and Chung, 1999; Plas et al., 2005), including
those presented here, suggest that tract-speciﬁc cues organize axons prior to their arrival at the
dLGN. Speciﬁcally, the re-establishment of both retinotopic and eye-speciﬁc axon organization
shortly caudal to the optic chiasm suggests that there are active cues — either inter-axonal or
diﬀusible cues inside the tract, or both — leading to and maintaining RGC axon organization in
the tract.
My data show SERT-Cre:zsgreen+ axons bundled in the early optic nerve, followed by a span of
loose bundling or unraveling through the chiasm, and subsequent regrouping into the lateral optic
tract (Figure 2.4). Likewise, many reports on the topographic axon order within the optic nerve
describe a progressive loss of axon order as axons approach the chiasm, followed by a reestablishment
of retinotopy within the tract (Horton et al., 1979; Ehrlich and Mark, 1984; Naito, 1986; Simon and
O’Leary, 1991; Reese and Baker, 1993; Chan and Guillery, 1994; Naito, 1994; Colello and Guillery,
1998; Montgomery et al., 1998; Chan and Chung, 1999; Plas et al., 2005). All of these ﬁndings point
to an active management of axon organization as they grow towards their targets, rather than a
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passive maintenance of organization, or an inconsequential or random order that is sorted out upon
arrival to the target zones.
The next chapter addresses one potential organizational mechanism of eye-speciﬁc axon order in
the retinogeniculate pathway, speciﬁcally axon-axon interactions and selective fasciculation. While,
as Reh et al. (1983) postulate, there are likely cues within the tract that act preferentially upon
diﬀerent topographic, eye-speciﬁc, or functional subtypes of RGC axons, we ﬁrst need a better
understanding of the molecular proﬁles of axon cohorts in the tract and of the tract itself, neither of which have been well studied. A microarray screen from our lab of E16.5 ipsi and contra
RGCs represents signiﬁcant progress in our understanding of ipsi and contra gene proﬁles (Wang
et al., 2016). This will serve as a good starting point to probe candidate binding partners between
RGC subtypes and cues in the tract. To most strategically approach this question, genetic and
proteomic proﬁling of cells in and around the tract should also be done. Whereas the radial glia
and immature neurons in the optic chiasm region that provide guidance cues to ipsi and contra
RGC axons have been explored (reviewed in Herrera and Garcia-Frigola, 2008; Petros et al., 2008;
Erskine and Herrera, 2014), little is known about the glia and other cells within the nerve tract
(Guillery and Walsh, 1987; Colello and Guillery, 1992).
Reciprocal Eph and ephrin gradients may exist in the tract, corresponding to the Eph/ephrin
gradients in the retina and acting in much the same way as they do in the thalamic targets to
modulate topographic position (McLaughlin and O’Leary, 2005; Flanagan, 2006; Feldheim and
O’Leary, 2010). However, given our very limited knowledge of the cells and putative cues within
the nerve and tract, questions regarding selective responsiveness by ipsi and contra RGC axons in
the tract to as yet unidentiﬁed cues are relatively intractable at this time. Because of this, and
anecdotal evidence in our lab regarding selective fasciculation behavior between ipsi and contra
RGC axons, I chose to ﬁrst examine whether the two cohorts of axons have diﬀerent fasciculation
behavior, and whether this behavior might contribute in part to their organization in the pathway.
Such an assessment is necessary in order to probe the extrinsic cues in the tract, as intrinsic and
extrinsic factors are synthesized together to form and maintain well-organized axon tracts.
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Chapter 3

Selective Fasciculation of Ipsilateral
RGC Axons
3.1

Introduction

Fasciculation, the bundling together of axons, is an important mechanism in axon guidance and
circuit formation, as nearly all axons grow along other axons as they extend towards their targets.
The exception to this is pioneer axons, the ﬁrst axons to traverse a pathway and set the stage for
subsequent axons to follow along speciﬁc paths (reviewed in Raper and Mason, 2010; Wang and
Marquardt, 2013). There have been many elegant experiments on the pioneer-follower paradigm of
fasciculation and the role and mechanisms of pioneer axons. These studies have provided a great
deal of knowledge regarding isotypic axon-axon adhesion and led to the discovery of many cell
adhesion molecules (CAMs) (reviewed in Raper and Mason, 2010; Wang and Marquardt, 2013).
Selective fasciculation is also involved in organizing developing axon tracts. It is this latter function
of fasciculation that is pertinent to the research presented in this dissertation. I will ﬁrst review some
of the work on fasciculation and axon-axon interactions within developing tracts before introducing
my work studying the fasciculation behaviors of ipsi and contra RGC axons.
Given the variety of forces involved in axon bundling, fasciculation can be a challenge to study.
First among these forces is axon-axon adhesion mediated by CAMs (reviewed in (Van Vactor, 1998;
Wang and Marquardt, 2013)). Recognition among axons also factors into fasciculation. Axons can
recognize similar and unlike axons in culture, leading to growth cone collapse upon meeting a neurite
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from an unlike explant (Fan and Raper, 1995; Raper and Grunewald, 1990), and forming tight
fascicles when near many unlike processes (Kapfhammer et al., 1986). Axons can also recognize self
and other identity within a given subtype - this speciﬁc self-identiﬁcation is what leads to precise
tiling of axonal (and dendritic) arbors (reviewed in Grueber and Sagasti, 2010). Recognition of
molecules on other axons or on intermediate target or guidepost cells or other surrounding substrata
can induce signaling cascades within the axon (reviewed in Bashaw and Klein, 2010; Wang and
Marquardt, 2013), which can in turn mediate changes in the axon’s response to surrounding signals.
Finally, external cues, including the permissiveness of the environment to growth, number of optional
paths for the axon to choose amongst, and glial interactions can all factor into the extent and nature
of axon fasciculation (Wang and Marquardt, 2013).
The extent to which fasciculation between axons occurs predominantly at the level of the growth
cone or along the axon shaft itself is unknown. Much work has focused on growth cone responses
to neurites of the same or diﬀerent type (e.g., Nakajima, 1965; Raper and Grunewald, 1990; Fan
and Raper, 1995), revealing important growth cone mediated behaviors that are critical in neural
development. However, the dynamics of fasciculation remain poorly understood and axons may
also express CAMs and other molecules along the shaft in addition to at the growth cone. Further
examination of axon-axon interactions along axon shafts distal to the growth cone will require better
labels for known guidance molecules and high resolution microscopy.

3.1.1

Selective Fasciculation is Important for Axon Organization

Studies on the fasciculation between sensory and motor axons in the peripheral nerves and limb buds
have identiﬁed guidance molecules that act both as guidance factors and eﬀectors of fasciculation.
Motor and sensory axons closely associate with each other but form separate axon bundles as they
extend in reciprocal directions — this segregation is even recapitulated in vitro (Gallarda et al.,
2008). Semaphorins (Semas) and Neuropilin (Nrp) are classic molecules involved in axon guidance,
which can also mediate fasciculation and defasciculation (reviewed in Raper, 2000; Bashaw and
Klein, 2010; Kolodkin and Tessier-Lavigne, 2011). Sema3A in the early limb bud drives fasciculation
of Nrp1-expressing lateral motor column (LMC) motor neuron (MN) axons by surround repulsion
(Huber et al., 2005). Perturbing Nrp1-Sema3A signaling causes the the motor axons to defasciculate,
which in turn leads to misrouting in the limb (Huber et al., 2005). In addition to the fasciculation
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of MN axons by surround repulsion from a local environmental cue, MN and sensory axons also
communicate with each other to mediate their organization. Both motor and sensory axons express
Nrp1, and selective ablation of Nrp1 from either population highlights the interdependence of the
two populations on each other (Huettl et al., 2011). Removal of Nrp1 from motor axons leads to
motor axon defasciculation and pathﬁnding errors, but largely spares sensory axons, which appear
to need minimal scaﬀolding from motor axons. However, removal of Nrp1 from sensory axons leads
to defasciculation of both sensory and motor axons (Huettl et al., 2011).
Nrp and Semas are also involved in axonal fasciculation and organization in the olfactory system.
Loss of Nrp2 causes vomeronasal sensory axons to defasciculate, likely through a Sema3F mediated
interaction (Cloutier et al., 2002). These defasciculated axons inappropriately enter the main olfactory bulb, rather than their correct target, the accessory olfactory bulb (Cloutier et al., 2002).
Nrp1 and Sema3A are also involved in axon-axon interactions between subsets of OSN axons in the
olfactory nerve (Imai et al., 2009). Conditional deletion of one molecule or the other in speciﬁc OSN
subpopulations perturbs the center-periphery organization of OSN axons in the olfactory nerve, and
leads to concomitant shifts in the glomerular positioning in the OB (Imai et al., 2009).
Ephs and ephrins, also canonical guidance molecules (Bashaw and Klein, 2010; Kolodkin and
Tessier-Lavigne, 2011) are involved in heterotypic axon fasciculation, in both the peripheral nerves
and the corpus callosum (CC). Trans-axonal interactions between sensory axons expressing ephrinA2 and -A5, and medial motor column (MMC) MN axons expressing EphA3 and A4, lead to their
segregated fasciculation in the developing limb (Gallarda et al., 2008). Perturbing ephrin-A:EphA
signaling leads to marked defasciculation and misrouting of motor axons into proximal sensory
pathways (Gallarda et al., 2008). Furthermore, properly patterned motor axons are necessary for
the appropriate extension of sensory axons, interactions which are mediated by ephrin-A:EphA
signaling between sensory and motor axons (Wang et al., 2011). EphA3 is also involved in the
dorsal-ventral segregation of medial and lateral cortical axons within the CC (Nishikimi et al.,
2011). This is presumably via a direct inter-axon signaling mechanism, as blocking EphA3 in cocultured medial and lateral cortical explants in vitro disrupts their segregation (Nishikimi et al.,
2011).
Class B Ephs and ephrins are also involved fasciculation and organization of developing sensory
and motor axons (Luxey et al., 2013). Ephrin-B1 is expressed in the limb bud mesenchyme and in
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sensory axons, while both sensory and motor axons express EphB2. A series of experiments demonstrated that ephrin-B1 mediates fasciculation of the two axonal cohorts via surround repulsion,
although motor axons still made correct dorsal-ventral guidance choices (Luxey et al., 2013). Defasciculation was more robust, however, in a full ephrin-B1 knocokout compared to a tissue-speciﬁc
knockout of ephrin-B1 in the limb bud mesenchyme, suggesting that there may be an axon-axon
interaction mediating selective fasciculation in addition to surround repulsion (Luxey et al., 2013).
Finally, Slit/Robo signaling controls fasciculation of motor axons (Jaworski and Tessier-Lavigne,
2012). Experiments in vitro showed that Slit2 is produced by the motor axons themselves and, via
Robo1 and 2, leads to their fasciculation in an autocrine and/or juxtaparacrine fashion (Jaworski
and Tessier-Lavigne, 2012). The authors speculate that Slit/Robo signaling may aﬀect cadherin
expression, thus mediating motor axon fasciculation in an indirect way as well, but this has yet to
be demonstrated.

3.1.2

Do Ipsilateral RGC Axons Self-Fasciculate More Than Contralateral Axons?

The studies described above represent some of the relatively recent progress made in understanding
selective fasciculation within axon tracts. Noticeably, a large fraction of that work has focused on the
role of fasciculation in maintaining heterotypic axon cohorts in reciprocal projections (e.g., sensory
and motor axons in the peripheral nerves). However, far less is known about the mechanics of and
molecules involved in selective homotypic or ﬁnely heterotypic fasciculation within a tract. It has
been suggested in both the visual (Weth et al., 2014) and olfactory systems (Ebrahimi and Chess,
2000; Imai and Sakano, 2011), that, in addition to axon-target interactions, axon-axon interactions
are also critical for appropriate targeting. Indeed, several studies in vitro show that neurites from
temporal and nasal retinal explants have clear preferences to grow along already-extended neurites
of the same type (Bonhoeﬀer and Huf, 1985), and growth cones translate recognition into attraction
or repulsion (Raper and Grunewald, 1990; Fan and Raper, 1995). Perhaps axon-axon interactions
within the tract also contribute to pre-target organization of axons, and subsequently, to their early
targeting decisions.
In Chapter 2, I showed that ipsi RGC axons segregate from contra RGC axons in the optic nerve
and tract. This organization is likely mediated by the combination of several molecular mechanisms,
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including ipsi/contra axon repulsion, possible gradients of attractive and repulsive cues with the
tract, and selective fasciculation of ipsi and contra axon cohorts. Qualitative anecdotes of greater
ipsi versus contra RGC axon fasciculation have been passed down in the oral history of the Mason
Lab, but nobody had yet directly tested or quantiﬁed this observation. Furthermore, a microarray
of ipsi and contra RGCs performed in our lab revealed over a dozen CAMs that are more highly
expressed by ipsi RGCs, as well as diﬀerential expression of other known axon guidance molecules
(Wang et al., 2016). These expression diﬀerences are in line with the hypothesis that ipsi axons
selectively self-fasciculate more than contra axons.
In order to test the hypothesis that diﬀerent cohorts of axons self-organize within their tract via,
at least in part, selective fasciculation behaviors, I ﬁrst needed to establish a reliable fasciculation
assay. Many fasciculation studies are relatively qualitative in nature and those that have quantiﬁed
the fasciculation of neurites in vitro are often comparing very large diﬀerences in fasciculation
behavior in diﬀerent conditions. For example, Jaworski and Tessier-Lavigne (2012) tested Slit/Robomediated fasciculation of neurites by quantifying the relative percent of neurite bundles thicker than
8 µm compared to control conditions (Jaworski and Tessier-Lavigne, 2012). This approach lacks
the detail necessary to discern more subtle diﬀerences in fasciculation, and it also fails to present a
comprehensive picture of the nature of fasciculation in a given condition. Thus, in order to assess
whether ipsi and contra RGC axons have diﬀerent fasciculation behaviors, I established three in
vitro assays of ipsi and contra RGC fasciculation. If there are diﬀerences between the ipsi and
contra cohorts, these in vitro assays can subsequently serve as platforms to test candidate molecules
involved selective fasciculation, such as CAMs upregulated in ipsi RGCs (Wang et al., 2016).

3.2
3.2.1

Results
Establishing a Reliable Assay for Fasciculation

In order to test the hypothesis that ipsi RGC axons self-fasciculate to a greater degree than contra
RGC axons, I wanted to develop an in vitro assay that could reliably identify potentially subtle
diﬀerences in fasciculation between the two populations. Retinal explant culture systems have
been used to address questions regarding axon outgrowth, growth cone attraction and repulsion,
target selection, and midline choice of retinal neurites (e.g., Bonhoeﬀer and Huf, 1985; Raper and
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Grunewald, 1990; Wang et al., 1996; Kuwajima et al., 2012). Our lab has optimized conditions for
serum-free culturing of E14.5 retinal explants in order to study neurite outgrowth (e.g., Wang et al.,
1996; Petros et al., 2010; Kuwajima et al., 2012). While the retinal explant system does not provide
a pure population of RGCs in vitro, RGCs are the only retinal cells that extend long neurites at
this developmental stage, and therefore we assume the neurite outgrowth being studied is largely,
if not completely, from RGCs.
In this chapter, I will present three ways that I adapted this retinal explant system to assess differential fasciculation behaviors and axon-axon interactions of ipsi and contra retinal neurites. In all
of the experimental conditions in this chapter, I used E14.5 ventrotemporal (VT) and dorsotemporal
(DT) retinal explants and refer to these, respectively, as ipsi and contra explants. While VT retina
is likely not 100% ipsilateral at any point in development, E14.5 represents the peak divergence of
ipsi and contra production — i.e., VT retina is not yet producing the late-born VT-contra RGCs
and appears to be primarily, if not exclusively, producing ipsi RGCs (Drager, 1985). Thus, while VT
retina may not be a pure population of ipsi retinal cells, it should be suﬃciently ipsi in its identity
to make sound ipsi/contra comparisons between VT and DT explants. While the use of VT and DT
explants to represent ipsi and contra RGCs in culture is standard practice (e.g., Petros et al., 2010;
Kuwajima et al., 2012), I also performed a control experiment to validate ipsi identity in VT explants. Immunostaining VT and DT explants at 4, 24, and 48 hours in vitro for the RGC marker,
Islet1/2, and the ipsi RGC marker, Zic2, showed suﬃciently high expression of Zic2 in the VT
explants and nearly zero Zic2 expression in DT explants (see Methods and Figure 6.1 for more
details).
I will ﬁrst describe an early attempt at creating an assay to study axon-axon interactions between
like and unlike pairs of ipsi and contra neurites in vitro. I refer to this assay as the en face assay.
The subsequent sections will cover the other two assays I developed, one of which, the bundle width
assay, has successfully shown diﬀerences in fasciculation, and the second, a novel Y-assay, is still in
development.

3.2.2

The En Face Assay of Fasciculation

The rationale behind the en face assay was to directly assess axon-axon interactions in a system
with relatively low axon outgrowth, so as to allow for more detailed analyses than those aﬀorded
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by explant cultures with robust outgrowth. While robust neurite outgrowth allows for qualitative
and often subjective assessments of neurite bundling or fasciculation, my goal was to analyze and
quantify individual axon-axon interactions. To do this, I used a lower concentration of laminin as a
permissive growth substrate than our lab typically employs (8 µg/ml laminin instead of the typical
10-20 µg/ml). I utilized ex vivo retinal electroporation (Petros et al., 2009a) to label the ventral or
dorsal hemiretina at E14.5 with either GFP or mCherry. After electroporation, each electroporated
retina, with lens removed, was dissected from the head and incubated overnight in serum free media
(SFM) (see Methods and Figure 3.1). The following day, VT or DT explants were dissected from the
labeled hemiretinae and plated on 8 µg/ml laminin in like (VT/VT or DT/DT) or unlike (VT/DT)
pairs, with the center of each explant 1.5mm apart from each other. Unlike pairs were balanced
between VT/DT placement and DT/VT placement, to control for any possible eﬀect of sidedness.
GFP and mCherry were similarly counterbalanced for side of placement and also for region — with
an equal number of dorsal and ventral injections for each ﬂuorescent protein. Explant pairs were
incubated overnight in SFM+0.4% methylcellulose and on the following day, ﬁxed with warm 4%
paraformaldehyde (PFA) and immunostained for neuroﬁlament (NF), GFP, and mCherry to label
all neurites and amplify the signal of the electroporated ﬂuorescent proteins.
The space between the two explants was then imaged and analyzed. I excluded explant pairs
that were ± 250 µm away from being 1.5mm apart from each other. The area between the two
explants was subsequently limited to the area between two parallel lines drawn 100 µm away from
the edge of the explant body (see Figure 3.2). I excluded the region closest to the explant body
from analysis in this way because the extreme density of neurite outgrowth and fasciculation nearest
the explant body renders quantiﬁcation challenging and unreliable. Thus, my analysis was limited
to an area where neurite growth was less dense, allowing me to more reliably discern individual
fasciculation events.
The original intention was to only analyze the neurite-neurite interactions between explant pairs
and assess relative frequency and length of fasciculation events between neurites from the same
or diﬀerent type. I hypothesized that VT/VT (ipsi/ipsi) neurites would fasciculate more (both
in frequency and length of fasciculation events) than DT/DT (contra/contra) neurite pairs, and
both of those pairs would fasciculate more than the unlike pairing between VT and DT explants.
However, in all cases, fasciculation events between explant pairs (inter-explant interactions) occurred
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GFP or mCherry
plasmid

+

-

Incubate
overnight

1.5mm

8μg/ml laminin
Explant VT or DT

Incubate
overnight

Fix, immunostain, analyze

Figure 3.1: Experimental design for the en face assay of neurite-neurite interaction. E14.5
embryos were harvested and decapitated. GFP or mCherry plasmid was injected via glass
micropipette into the subretinal space of either the dorsal or ventral retina, and heads were
electroporated. Labeled eyes were dissected out, the lens removed, and segregated into
left and right for both GFP and mCherry labels, before incubating in serum free media
(SFM) overnight. Dorsotemporal (DT) and ventrotemporal (VT) explants were dissected
from labeled hemiretinae and plated in like (VT/VT or DT/DT) or unlike (VT/DT) pairs
1.5mm apart on 8 µg/ml laminin, cultured overnight, before final processing.
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VT

DT

Ipsi intra-explant fasciculation
Contra intra-explant fasciculation
Inter-explant fasciculation

Ipsi neurite tip
Contra neurite tip

Figure 3.2: Analysis approach for the en face assay. Screenshot from Neurolucida demonstrating the analysis method, with dorsotemporal (DT, contra) explant at left and ventrotemporal (VT, ipsi) explant at right. Explants were immunostained for neurofilament
(NF, white), mCherry (DT explant in this case) and GFP (VT explant) to amplify electroporated fluorescent protein signal. Two parallel orange lines 100 µm away from each explant
body demarcate the area of analysis. Neurite tips are marked with x for the left explant and
+ for the right explant, in this case a contra and ipsi unlike pair. The same set-up is used
for like pairs of VT/VT and DT/DT. Cyan, pink, and orange lines are traced lengths of
neurite-neurite interactions: intra-explant interactions in cyan and pink, and inter-explant
interactions in orange (the latter has fewer instances, all of which are for short distances).

76

CHAPTER 3. SELECTIVE FASCICULATION OF IPSILATERAL RGC AXONS
infrequently. In a few cases (speciﬁcally, one pair from each like pairing and two pairs from unlike
pairings), the neurites from the two explants avoided each other altogether. This is not surprising,
as the en face setup forces growth cones to approach each other head-on, which is an unfavorable
interaction for growing neurites. Furthermore, it does not recapitulate a typical in vivo fasciculation
event, in which growth cones meet as they course along a similar trajectory and choose whether or
not to fasciculate as they grow relatively parallel to each other.
Given the infrequency of inter-explant neurite interactions, I adjusted my analysis to include
intra-explant neurite interactions — that is, within each explant of the pair, I analyzed the frequency
and length of neurite-neurite interactions, in addition to the inter-explant fasciculation events, if
there were any. Neurite interactions were quantiﬁed by manual tracing of fasciculation events and
marking of neurite tips in Neurolucida (v11, MBF Biosciences, Williston, VT, USA). A fasciculation
event was deﬁned as any time two neurites were observed joining together, and the length of the
interaction was traced until the neurites could be seen splitting apart or one or both neurites
ended. All discernable neurite endings, or tips, were marked. Thus, I was able to calculate two
aspects of both intra- and inter-explant neurite-neurite interactions: the frequency of fasciculation
events within an explant (the number of intra-explant fasciculation lengths measured divided by the
number of neurite tips), and the axon bundling index (ABI) (after Barry et al., 2010), a measure
of the average length of fasciculation events (Figure 3.3).
Figure 3.2 shows a representative example of a pair of explants in the en face assay, in this
case an unlike pairing between DT (left) and VT (right). The image is a screenshot showing the
analysis tracings in Neurolucida. I found that the frequency of (intra-explant) fasciculation events
was signiﬁcantly higher for VT explants as compared to DT explants. Figure 3.3A shows the
aggregate data of both pair conditions, and the data are shown split by pair condition in Figure 3.4.
Fasciculation frequency is signiﬁcantly greater in VT explants grown in like pairs, compared to
DT explants grown in like pairs. However, the diﬀerence failed to reach signiﬁcance for the unlike
pairings. Overall, though, these data support my hypothesis that ipsi RGC axons fasciculate more
than contra RGC axons, as measured by frequency of fasciculation events.
Using the ABI measurement, I assessed average length of fasciculation events in both intraand inter-explant situations. There was no diﬀerence in intra-explant ABI for DT and VT neurites
when they were grown in like pairs (Figure 3.3B, left two columns), nor when grown in unlike pairs
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Figure 3.3: Ipsi neurites self-fasciculate more frequently than contra neurites. A) Intraexplant fasciculation events are more frequent in VT than DT explants, measured by average
number of fasciculation events per neurite tip. n=25 explants (DT), 19 explants (VT), from
4 experiments. Calculation combines measures of intra-explant neurite-neurite interactions
in both like and unlike pairs (see Figure 3.4 for segregated data). **=p<0.01, 1 tailed t-test.
B-C) Axon bundling index (ABI) for neurite-neurite interactions within (B) and between
(C) explants. ABI measures average length of fasciculation event by dividing total length
of fasciculation events by number of neurite tips. B) In both like and unlike pairs, intraexplant fasciculation events of DT and VT explants are similar (failed to reach statistical
significance, Kruskal-Wallis Test). n=18 explants (9 pairs) for DT/DT, 12 explants (6 pairs)
for VT/VT, 7 explants each for VT and DT in DT/VT pairs (7 pairs). C) Inter-explant
fasciculation events, measured by ABI, are short (note difference in Y axis in B and C) in
all conditions, with no statistical differences between pair types (Kruskal-Wallis Test). n=8
explant pairs for DT/DT, 5 explant pairs for VT/VT, 5 explant pairs for DT/VT. One
pair from each like pairing, and two pairs from unlike pairings had no inter-explant neurite
interactions and were excluded from the analysis (intra-explant measurements were included
from those pairs). Error bars are standard error of the mean.
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interactions per neurite tip
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Figure 3.4: VT neurites fasciculate more frequently than DT neurites. Data from Figure 3.3A is shown here segregated by pair condition: like (left) and unlike pairs (right).
Fasciculation frequency is measured as average number of neurite interactions per neurite
tip. VT (ipsi) neurites self-fasciculate more frequently than DT neurites when grown in
like pairs (n=12 DT explants, n=18 VT explants; *=p<0.05, 1-tailed t-test). When grown
in unlike pairs, the difference between VT and DT fasciculation frequency failed to reach
significance (n=7 DT explants, n=7 VT explants, p=0.16, 1-tailed t-test). Data shown as
mean ± standard error of the mean.
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(Figure 3.3B, right two columns). In the unlike pairings, a divergence in ABI appeared between
VT and DT explants, but failed to reach statistical signiﬁcance (Kruskal-Wallis Test). Finally,
inter-explant ABI measurements (Figure 3.3C) show that neurite interactions between explants
were shorter on average than intra-explant interactions (Figure 3.3B). Within these shorter neurite
interactions, however, no diﬀerence was observed between pair type.
Overall, the data from the en face assay had an unsatisfactory signal to noise ratio. Additionally,
the ABI measurement, which only shows the average length of a neurite interaction might not
provide an accurate picture of the data, especially in light of the variability I observed in the raw
data. In order to address this concern, I categorized fasciculation events into three categories based
on length: crossings (<10 µm), interactions (10-100 µm), and long interactions (>100 µm), in order
to gain a more detailed representation of the data. This analysis did not show any diﬀerences in
intra-explant fasciculation events between ipsi and contra neurites (Figure 3.5A).
However, binning the data provided slightly more clarity to the inter-explant fasciculation events
(Figure 3.5B). Binning the fasciculation data based on length showed that inter-explant interactions
between unlike pairs tended to be shorter than those between either of the like pairs — i.e., when unlike neurites met in between the two explants, they more often crossed each other for short distances
rather than fasciculate together. Likewise, both like pairings had signiﬁcantly more intermediate
interactions (those between 10-100 µm in length) than the unlike pairs. Binning the data into even
smaller bins could potentially reveal more diﬀerences between the various conditions, but the data
are challenging to conﬁdently analyze given the few occurrences of inter-explant interactions.
Finally, I had concerns about the experimenter variability possible in manually identifying and
tracing fasciculation events in this assay. Tracing neurite interactions by hand might be inconsistent
between experimenters, something which I was unable to directly text because I performed all the
tracings and analyses independently. Regardless, this concern provided motivation to establish a
more reliable and objective assay that bypassed the other main shortcoming of the en face assay,
namely the unfavorable conditions for assessing inter-explant fasciculation. The next two sections
present two assays that largely overcome the weaknesses of the en face assay.
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Figure 3.5: Fasciculation events categorized by length. A) Binned data of intra-explant
fasciculation events based on length (crossings = <10 µm, interactions = 10-100 µm, long
interactions = >100 µm). At left is the combined data from like and unlike pairs. At right,
data from like and unlike pairs are shown separately. No statistically significant differences
exist between VT and DT explants in either condition, nor in the combined data. n=18
explants (9 pairs) for DT/DT, n=12 explants (6 pairs) for VT/VT, n=7 explants each
for VT and DT in DT/VT pairs (7 pairs). B) Binned data of inter-explant fasciculation
events based on length. No significant differences in any length category between DT/DT
and VT/VT pairings. There were significantly more inter-explant crossings (the shortest
fasciculation event) between unlike pairs (orange) than either like pair conditions (KruskalWallis test with Dunn’s post-test). Concurrently, there were significantly more inter-explant
interactions 10-100 µm long in the like pairs than in the unlike pairs (Kruskal-Wallis test
with Dunn’s post-test). n=8 explant pairs for DT/DT, n=5 explant pairs for VT/VT, n=5
explant pairs for DT/VT.
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3.2.3

The Bundle Width Assay Shows Ipsilateral RGC Neurites Form Thicker
Bundles In Vitro

Fasciculation is likely a dynamic process that can occur not only at the level of growth cones
but also potentially along axon shafts. Because of the potential dynamic nature of fasciculation,
measuring the length of fasciculation events in a ﬁxed snapshot provides a limited representation
of fasciculation behavior between neurites from two explants. Additionally, as discussed above, the
en face assay had other drawbacks relating to variability and subjectivity in the measurements. As
such, I turned to a simpler in vitro retinal explant setup to more reliably test whether ipsi and contra
RGC axons have intrinsic diﬀerences in their fasciculation behavior. In this assay, I used the width
of neurite bundles to assay the degree of fasciculation in VT and DT retinal explants. Measuring
the width of fascicles potentially provides a more meaningful assessment of degree of fasciculation,
and this width measurement has been used before, although only to test very large diﬀerences in
fasciculation (Jaworski and Tessier-Lavigne, 2012). I aimed to improve on this measurement so
that it would capture potentially subtle diﬀerences in degree of fasciculation, and not just large,
qualitatively obvious diﬀerences.
The ﬁrst attempt at measuring neurite bundle widths used automated measurements in Fiji
(a distribution of the open-source ImageJ software, Schindelin et al., 2012). I trained a rotation
student, Nick Gallerani, on the retinal explant culture system and he performed an automated Fijibased analysis of bundle widths on three rounds of explant cultures in which E14.5 VT and DT
explants were culture singly rather than in pairs. In order to perform the automated measurement
of bundle widths, the images needed to be thresholded. Unfortunately, the images of the explant
cultures have a very high dynamic range of pixel intensity, which rendered the thresholding process
unreliable. If the image thresholding prioritized maintaining visibility of single neurites, which
are thin and therefore less bright, it would heavily exaggerate the larger fascicles, making them
appear signiﬁcantly larger than they actually were. Conversely, if the image thresholding prioritized
maintaining the actual width of larger and brighter fascicles, the thresholding often failed to capture
the dimmer single or small bundles of neurites. The limitations of thresholding proved to be a fatal
weakness in the automated analysis. When I reviewed the data from the automated Fiji analysis,
I found that it was showing neurites bundles as thick as 50 µm or more, which was an obvious
exaggeration of the data when I looked at the thickest bundles in the explants themselves. Even with
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several attempts at optimizing the thresholding and parameters of the automated measurements, I
found that this appraoch was not accurate and reliable for the more subtle diﬀerences I aimed to
test between explant type.
I subsequently tested the use of a traditional Sholl analysis in Fiji (Ferreira et al., 2014), but
found that it suﬀered from similar thresholding-related problems. Searches for readily available tools
to measure neurite bundle thickness or neurite complexity in explants with robust neurite outgrowth
proved largely fruitless. One recent publication reported a semi-automatic quantiﬁcation method
speciﬁcally for use in explants with dense neurite outgrowth, in which tracing and reconstructing the
full neurite arbor is unfeasible (Hopkins et al., 2014). This approach, called the neurite directional
distribution analysis (NDDA) can use raw image ﬁles for its input, bypassing the thresholding
limitations. However, it is a closed-source program that runs solely on a software platform I did not
have access to at the time of these experiments. In the future, it will be worth exploring whether
the NDDA approach provides adequate analysis of retinal explant neurite fasciculation.
Given the shortcomings of the automated approaches available, I turned instead to manually
measuring neurite bundle widths. The approach for this method is shown in Figure 3.6. I took E14.5
VT or DT retinal explants from wild-type mice and cultured them in SFM+0.4% methylcellulose
on 20 µg/ml laminin overnight. Explants were plated singly, so that they did not interact with
neurites of nearby explants. After ﬁxing the explants with warm 4% PFA and immunostaining for
NF to visualize all the neurites, I set two rings around the circumference of the explant body, 250
µm and 500 µm away from the edge of the explant, producing a Sholl-like setup for my analysis. I
then imaged the neurites along each ring at high magniﬁcation and traced the width of each intersecting neurite or neurite bundle along each of the two rings in Neurolucida (v11, MBF Biosciences,
Williston, VT, USA). The righthand image in Figure 3.6 is a screenshot from Neurolucida showing
one of the rings, in orange, and the green lines measuring the width of each intersecting neurite or
neurite bundle. I performed these measurements, blinded to explant type, around both the 250 µm
and 500 µm radius rings as a way of accounting for fasciculation dynamics along the length of the
neurites.
Figure 3.7A shows representative E14.5 explants from DT (contra, top) and VT (ipsi, bottom)
retina. I ﬁrst measured the bundle widths of each explant type grown for 24 hours (hr) on 20 µg/ml
laminin. At both the 250 µm and 500 µm radius rings, VT neurites formed thicker bundles than
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250μm
500μm

Measure widths of neurite bundles
E14.5 VT or DT explant

Figure 3.6: Bundle width assay experimental design. E14.5 VT (ipsi) or DT (contra)
explants were dissected and plated singly on 20 µg/ml laminin and cultured overnight in
SFM+0.4% methylcellulose. After fixing with 4% warm PFA and immunostaining for NF
(shown in white in the right-hand image), two rings were placed around the neurite halo:
one with a radius 250 µm out from the edge of the explant, and the other with a radius 500
µm out from the edge of the explant. The image at right is a screenshot from Neurolucida
demonstrating the bundle width tracings (in green) around one of the rings (in orange) of
a portion of a representative neurite halo.
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DT neurites (Figure 3.7B). Additionally, for both explant types, neurites formed thicker bundles at
the farther (500 µm) radius ring (compare light and dark lines for each type in Figure 3.7B). This
suggests that neurites do not progressively unravel as they extend farther from the explant body.
Rather, it appears that as neurites grow in these conditions, their fasciculation is slightly enhanced
the farther from the explant body the neurites grow.
This experimental setup conceptually recapitulates the optic nerve, because neurites are naïve
to the chiasm cues that direct them into the optic tract. In order to challenge the intrinsic diﬀerence
between ipsi and contra neurites, I added dissociated chiasm cells plated at a low density (3.5* 105
cells/ml) on 20 µg/ml laminin (this is represented by ‘+OC’ in the ﬁgures). Dissociated chiasm
cells are refractory to neurite outgrowth for both VT and DT retinal explants, so I used this low
density in order to allow adequate outgrowth for the bundle width analysis. Because ipsi neurites
are repelled from the chiasm, I hypothesized that the addition of chiasm cells would preferentially
aﬀect ipsi (VT) neurites, and contra (DT) neurites to a lesser extent. As shown in Figure 3.7C, ipsi
neurites maintain their intrinsic preference to form thicker neurite bundles, or fascicles, than their
contra counterparts when grown in the presence of dissociated chiasm cells. However, the addition of
chiasm cells aﬀects both explant types (Figure 3.7D-E), without appearing to signiﬁcantly magnify
the ipsi/contra diﬀerence that was present in bundle width in the absence of chiasm cells (compare
Figure 3.7B to C). Thus, the presence of chiasm cues, as provided by low density dissociated
chiasm cells, increases fasciculation of both ipsi and contra neurites, without eliminating the intrinsic
preference of ipsi neurites to form thicker bundles than contra neurites.
The data shown in Figure 3.7C-E are only along the nearest ring (located 250 µm from the
explant body) for the sake of clarity. Figure 3.8 presents the cumulative distributions of neurite
bundle widths along both rings, which reveals additional nuance to the data. Figure 3.8A compares
the cumulative distributions of VT+OC and DT+OC neurites at both radii. This comparison shows
that in the presence of chiasm cells, VT neurites fasciculate into thicker bundles than DT neurites
at both radii. However, there is no statistically signiﬁcant diﬀerence between radii for VT neurites
in the presence of chiasm cells, although there is for DT neurites. Contrary to the chiasm-naïve
cultures, where both DT and VT neurites formed thicker bundles as they intersected the 500 µm
ring compared to the 250 µm ring, DT neurites cultured with chiasm cells form thicker fascicles
as they intersect the 250 µm ring. The lack of diﬀerence between radii for VT neurites cultured
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Figure 3.7: Ipsi neurites have an intrinsic preference to form thicker bundles in vitro compared to contra neurites. A) Representative samples of E14.5 DT (top, contra) and VT (bottom, ipsi) retinal explants plated on 20 µg/ml laminin (left column) or 20 µg/ml laminin
with dissociated chiasm cells (+OC) plated at a concentration of 3.5* 105 cells/ml (right
column). Scale=500 µm. B-E) Cumulative distribution functions of bundle widths for VT
and DT explants with and without chiasm cells. B) VT neurites form significantly thicker
bundles than DT neurites at both radii. Additionally, there are significant differences within
each explant type between the 250 µm and 500 µm radii, such that neurites form thicker
bundles at the 500 µm ring compared to the 250 µm ring. C) When grown with low density
dissociated chiasm cells, VT neurites maintain an intrinsic preference to form thicker bundles
than DT neurites (data shown here from the 250 µm ring). D-E) Comparing bundle widths
for each explant type with and without chiasm cells illustrates that neurites bundle more
thickly in the presence of chiasm cells (data shown here from the 250 µm ring). Chiasm cells
affect both contra (DT, shown in D) and ipsi (VT, shown in E) neurites. n=18 VT explants,
n=17 DT explants, from 4 experiments. n=16 VT+OC explants, n=16 DT+OC explants,
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from 3 experiments. Statistical significance calculated
with Mann-Whitney U Test.
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Figure 3.8: Chiasm cues increase fasciculation in both ipsi and contra neurites. Cumulative
distribution functions of bundle widths for VT and DT explants with and without chiasm
cells at both radii. A) Comparing VT and DT neurite bundle widths in the presence of
chiasm cells (plated at a concentration of 3.5* 105 cells/ml) shows that at both radii, VT+OC
neurites form thicker bundles than DT+OC neurites. There is no significant difference
between radii for VT+OC, while DT+OC neurites form thicker bundles at the 250 µm ring
compared to the 500 µm ring. B) Comparison of DT (magenta lines) versus DT+OC (purple
lines) neurite bundle widths at both radii. DT+OC neurites form thicker bundles than DT
neurites alone at 250 µm, but not at 500 µm. C) Comparison of VT (green lines) versus
VT+OC (blue lines) neurite bundle widths at both radii. VT+OC neurites form thicker
bundles than VT neurites alone at both radii. n=18 VT explants, n=17 DT explants,
from 4 experiments. n=16 VT+OC explants, n=16 DT+OC explants, from 3 experiments.
Statistical significance calculated with Mann-Whitney U Test.
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with chiasm cells, and the greater thickness of DT fascicles at the 250 µm versus 500 µm ring
in the chiasm co-culture may both be due to the lower overall amount of neurite outgrowth. As
mentioned above, chiasm cells and the guidance cues they provide are growth-refractory to RGC
axons. Consistent with this, I observed slightly stunted neurite extension in the chiasm co-cultures
compared with the laminin-alone condition (compare right and left columns in Figure 3.7A). Thus,
there were fewer overall neurite intersections along the 500 µm ring than the 250 µm ring for both
VT and DT neurites when grown with chiasm cells. Alternatively (or perhaps additionally), the lack
of diﬀerence between bundle thickness at the two rings for VT neurites in the chiasm co-cultures
could reﬂect a greater stability of fasciculation among ipsi neurites compared with their fasciculation
dynamics sans chiasm cells.
Figure 3.8B and C provide comparisons of DT and VT neurite bundle widths, respectively, with
and without chiasm cells. While fascicle widths of DT neurites at the 250 µm ring are signiﬁcantly
thicker in the chiasm co-cultures compared to laminin alone, there is no signiﬁcant diﬀerence between
the two at the 500 µm ring. This may indicate a lesser impact of chiasm cells on DT explants
compared to VT explants, in which the addition of chiasm cells signiﬁcantly increases bundle widths
at both rings (Figure 3.8C). Overall, ipsi (VT) neurites have an intrinsically greater preference
to fasciculate into thicker bundles than contra (DT) neurites. This intrinsic diﬀerence remains
relatively unaﬀected by the addition of extrinsic cues in the form of chiasm cells, although these
extrinsic cues may indeed have a greater eﬀect on VT neurites compared to DT neurites.

3.2.4

The Y Assay of Neurite-Neurite Interactions

Having reliably established an intrinsic preference for ipsi (VT) neurites to fasciculate more frequently (as shown by the en face assay) and to a greater extent (as shown by the bundle width
assay) than contra (DT) neurites, I wanted to establish a better way of assessing axon-axon interactions between axon types. The limitation in doing this with the en face assay was that having
growth cones approach each other head-on was not conducive to fasciculation. Thus, I adapted
the classic ‘Y’ setup used by Bonhoeﬀer for testing target choice (Bonhoeﬀer and Huf, 1985) for
the purposes of instead assaying fasciculation and axon-axon interactions in the absence of a target
choice. The conceptualization of this experiment is illustrated in Figure 3.9. Dr. Franco Weth and
his student Dr. Felix Fiederling, part of Dr. Martin Bastmeyer’s group at Karlsruher Institut für
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Technologie, collaborated with us on this endeavor. Microcontact printing is a method regularly
used in the Bastmeyer group to produce patterned substrates of various proteins for the assessment
of axon outgrowth and navigation, often using chick RGCs or retinal explants (Von Philipsborn et
al., 2006). After consultation, Drs. Weth and Fiederling produced silicone masters of a Y pattern to
my speciﬁcations (Figure 3.9A) and sent me several identical polydimethylsiloxane (PDMS) stamps
to create the Y pattern in a laminin substrate.
The microcontact printing method is explained in detail by von Philipsborn et al. (2006), but I
will provide a brief summary here. I incubated 40 µg/ml laminin on the PDMS stamps for 1-3 hr,
rinsed the laminin solution oﬀ by dipping into distilled water (dH2 O), and quickly dried the stamp
with high purity nitrogen. The stamp was immediately placed face-down onto a prepared glass
coverslip (plasma cleaned and epoxysilanized, see Methods) long enough to mark the pattern on the
backside of the coverslip with a ﬁne-tip permanent marker. The stamp was then removed and the
coverslip covered with warm SFM+0.4% methylcellulose. E14.5 VT or DT explants were plated in
the two arms of the Y and allowed to grow for two nights (approximately 36-40hr), with fresh warm
SFM+0.4% methylcellulose added after one night in vitro. Explants were ﬁxed with a specialized
ﬁxative mix (see Methods) that aided maintenance of neurite adhesion to the coverslip, and cultures
were immunostained for laminin and NF. I then imaged and analyzed neurites in the stem of the
Y, the lane in which neurites from each explant meet and navigate fasciculation choices. Based on
my ﬁndings in the previously presented assays, I anticipated that neurites from a DT/DT pair of
explants would fasciculate, but to a lesser extent than neurites from a VT/VT pair (Figure 3.9B).
In the unlike pair, I expected hyperfasciculation of the VT neurites and defasciculation or repulsion
of the DT neurites.
Figure 3.10 shows examples of each explant pair type in the Y assay. In total, I have collected
four successful DT/DT pairs, three VT/VT pairs, two DT/VT pairs, and no successful VT/DT
pairs. In each experiment, I plate an equal number of DT/DT, VT/VT, and unlike pairs — the
unlike pairs are split equally between VT/DT and DT/VT. Counterbalancing the placement of VT
and DT explants in the unlike pairings will be important, given that in all cases, the nuerite growth
in the lane of the Y appears to have a rightward bias (Figure 3.10).
I have shown all successful cases collected so far in Figure 3.10 to demonstrate the variability
in this assay. One source of variability arises from amount of neurite outgrowth — some explants
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Figure 3.9: Experimental design and hypothetical outcomes of the Y assay for fasciculation.
A) Design of the Y pattern and summary of experimental steps. The black lines indicate
the negative space on the PDMS stamps, i.e., the area which does not transfer laminin to
the coverslip, creating the borders to a Y shape where laminin is transferred. B) Hypothesized outcomes of different explant pairs in the Y assay. Neurites arising from DT/DT
pairs (contra) will likely fasciculate to a lesser extent than those from VT/VT (ipsi) pairs.
Unlike pairs of DT/VT explants (contra/ipsi) will likely present a mix of responses, with
VT neurites hyperfasciculating and DT neurites avoiding VT neurites by either defasciculating or forming a separate fascicle. VT=ventrotemporal (ipsilateral) retinal explant.
DT=dorsotemporal (contralateral) retinal explant.
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Figure 3.10: Preliminary results of the Y assay for fasciculation. All examples collected
to date are shown for each explant pair type. From top to bottom: (A) DT/DT (contra
like pair, n=4 pairs from 1 experiment), (B) VT/VT (ipsi like pair, n=3 pairs from 2
experiments), (C) DT/VT (unlike pair, n=2 pairs from 2 experiments). For each pair type,
the top row shows cultures immunostained for laminin (magenta) and neurofilament (NF,
green) to label all neurites, and the bottom row shows the same cultures, with the lane
of the Y magnified, showing NF staining only, and the Y border marked by dashed lines.
VT=ventrotemporal (ipsilateral) retinal explant. DT=dorsotemporal (contralateral) retinal
explant. NF=neurofilament. Scale=250 µm.
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extend robust neurite halos, while others appear relatively stunted. This variability is likely due
to one of the ongoing technical limitations with the assay, namely the eﬃcient and consistent
transfer of laminin via microcontact printing. In the bundle width assay, I used 20 µg/ml laminin
as a growth permissive substrate for the retinal explant cultures. When the same concentration
of laminin was used with microcontact printing, explants consistently failed to eﬀectively adhere
to the coverslip, and those few that did often failed to extend more than a few short neurites.
After adjusting several parameters and continuing to ﬁnd the same problem, I suspected that the
microcontact printing approach was not transferring laminin with 100% eﬃciency. I therefore tested
other laminin concentrations and found explant adhesion and outgrowth to be much more robust
and reliable at a concentration of 40 µg/ml compared to 20 µg/ml.
However, variability remains across stamped coverslips in terms of amount of explant adhesion
and neurite outgrowth. This also gives rise to another factor responsible for the low yield of successful
cultures, which is evident in the right-hand explant of the DT/VT pair in Figure 3.10C2 : explants
frequently shift by tens of microns before they extend neurites and sometimes end up outside of the Y
branch they were originally placed in. These relatively small movements that occur as the explants
settle into position render a number of explant pairs unsuitable for analysis in each experiment.
This has been a signiﬁcant factor in the low yield of successful cases so far.
Given the technical obstacles in establishing this assay, data collection is ongoing and no ﬁnal
conclusions can be drawn. In some cases, the qualitative results align with my hypotheses. For
instance, the fasciculation of DT/DT neurites in Figure 3.10A2 and A3 is moderate, but visibly less
pronounced than in VT/VT neurites in Figure 3.10B1 and B3 . The VT/VT pair in Figure 3.10B2 is
unreliable for analysis because the righthand explant has markedly stunted outgrowth and neurites
from both explants have made little progress into the length of the Y lane. Similarly, the unlike
explant pair in Figure 3.10C2 suﬀered from a shift in position of the VT explant (on the right),
rendering the interactions between the two neurite types in the Y lane unreliable. However, the
DT/VT explant pair shown in Figure 3.10C1 qualitatively matches my hypothesis that VT neurites
(on the right) hyperfasciculate and DT neurites (on the left) unravel from the bundle. This is
inconclusive, however, as without diﬀerential labeling of neurites arising from each explant, it is
unclear what fraction of the large fascicle is composed of VT and DT neurites.
Because of the variability in amount of outgrowth — a factor in all explant culture experiments,
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but more pronounced in the Y assay due to the additional source of variability in laminin transfer
via microcontact printing — quantitative analysis of this assay will need to be able to take that
variability into account. I plan to use a vertex analysis (e.g., Analyze Skeleton in Fiji, ArgandaCarreras et al., 2010) as an objective quantitative readout of complexity of the neurite bundles in
the lane of the Y. A vertex analysis will describe the overall structure of the neurites in the Y lane,
treating them as a branched structure, and serving as a readout of connectivity complexity. The
more complex the connectivity and more points of visible neurite crossings and vertices, the less
fasciculated the overall outgrowth is. On the other hand, the less complex the connectivity and
the fewer visible points of neurite crossings, the more fasciculated the outgrowth. This measure
may still suﬀer from a lack of normalization to amount of neurite outgrowth, in which case I will
implement additional ways of either excluding low-outgrowth samples (based on neurite outgrowth
in the branches of the Y rather than the stem) or otherwise accounting for outgrowth variation.

3.3

Discussion

This chapter presented three in vitro assays of fasciculation that I have used to assess intrinsic
diﬀerences in fasciculation behavior of ipsi and contra RGC axons. I began with a hypothesis,
based in part on anecdotal observations from previous lab members, that ipsi axons fasciculate to
a greater extent than contra axons. Data from two of the assays presented here (the en face and
bundle width assays) support this hypothesis by showing that ipsi neurites (i.e., those from E14.5
VT retinal explants) fasciculate more frequently than contra neurites (those from DT explants),
and ipsi neurites tend to form thicker fascicles than contra neurites. The third assay presented, the
Y assay, has potential to provide greater insight into neurite-neurite interactions as neurites from
two types of retinal explants meet and interact. The bundle width and Y assays will be particularly
useful as researchers in our lab and others probe molecules that are diﬀerentially expressed by ipsi
and contra RGCs (e.g., Wang et al., 2016) and may be involved in ipsi/contra axon sorting and
axon-axon interactions.
In this section, I will ﬁrst discuss the challenges of establishing a reliable fasciculation assay,
particularly one which is capable of detecting subtle diﬀerences in fasciculation behavior. The results
presented in the chapter will then be discussed, especially in the context of the in vivo data shown
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in Chapter 2 regarding ipsi and contra RGC axon organization in the optic nerve and tract. Finally,
I will elaborate on the future directions and potential of assaying fasciculation and neurite-neurite
interactions in vitro.

3.3.1

Challenges in Establishing Fasciculation Assays

Assaying fasciculation in vitro provides a way to directly test intrinsic fasciculation behaviors of
diﬀerent cohorts of axons. Especially in the murine optic tract, in which we know very little about
the cells and molecular cues present within the tract, it is important to understand the intrinsic
fasciculation behaviors of axon cohorts. This knowledge is necessary for eventually probing the
extrinsic molecular cues within the tract, so as to build a full understanding of the symphony of
intrinsic and extrinsic cues that both guide and organization axon cohorts in their tracts.
There are general challenges to all in vitro assays of fasciculation, which are important to consider
when interpreting results from such assays. One issue, which I have tried to address with the assays
presented in this chapter, is that of objective and reliable quantiﬁcation of fasciculation that can
detect subtle diﬀerences in fasciculation behavior. Some fasciculation assays use only qualitative
assessment of gross diﬀerences in degree of fasciculation, while others use quantiﬁcation approaches
that detect very large diﬀerences (e.g., Jaworski and Tessier-Lavigne, 2012), but would likely fail to
detect more subtle diﬀerences. It is important to be able to detect smaller diﬀerences because they
may be as meaningful as larger, more easily detectable diﬀerences. Indeed, understanding subtle
diﬀerences in intrinsic fasciculation behaviors may be key for understanding how axons organize
within a tract. Ipsi and contra RGCs, for instance, while distinct cohorts, are members of the
same neuronal type (RGCs). Thus, one would expect any diﬀerences in fasciculation behavior to
be smaller within a neuronal type (e.g., ipsi and contra RGCs) than between two neuronal types
(e.g., RGCs and OSNs). Therefore, as we probe further into the organization of axon tracts and
the molecular mechanisms creating such order, it will be imperative to use assays that have a high
detection resolution of potentially small but meaningful diﬀerences between diﬀerent cohorts and
subclasses of axons.
It was with this goal of discerning potentially subtle diﬀerences in ipsi and contra RGC fasciculation that I established one of the central parameters in the en face assay: a low concentration
of laminin substrate to reduce neurite outgrowth so as to facilitate tracking individual fasciculation
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events. However, this reduction in neurite outgrowth, and concomitantly fewer overall fasciculation
events, might have contributed to the large variability in my data from this assay. Furthermore, manually tracking fasciculation events introduces experimenter variability and an undesirable amount
of subjectivity to the analysis. The ﬁnal strike against the en face assay was the fact that it failed
to eﬀectively test neurite-neurite interactions between two explants, which was one of the original
goals of creating a fasciculation assay. Thus, the en face assay does not fulﬁll the goal of establishing
an objective and reliable fasciculation assay capable of detecting subtle diﬀerences.
The bundle width assay successfully overcame some of the limitations of the en face assay,
but at the cost of limiting the type of data it can produce. Namely, I sacriﬁced the ability to
compare neurite-neurite interactions between like and unlike pairs of explants for greater reliability
in the readout of a simpler metric — neurite bundle width within single explants grown in isolation.
This was a reasonable approach to take, given that the en face assay largely failed at producing a
reliable readout of inter-explant neurite interactions anyway. Instead, the ABI measurement from
the en face assay provided data on average length of a fasciculation event predominantly from intraexplant neurite interactions. Because fasciculation is likely a highly dynamic process, it is unclear
how informative fasciculation length measurements are in a static, ﬁxed culture. Thus, using the
bundle width assay to assess intra-explant fascicle size is a more reliable and likely more meaningful
measure than fascicle length in the en face assay.
One point to note is that the en face assay showed statistically signiﬁcant diﬀerences between VT
and DT ABI only when explants were plated in unlike pairs, but not so when they were plated in like
pairs. This suggests that the context in which an explant grows aﬀects its fasciculation behavior.
Therefore, VT and DT explants and/or their neurites might communicate with each other via
contact-mediated or diﬀusible cues to aﬀect each other’s self-fasciculation and/or repulsion from
unlike neurites. However, in order to directly test this hypothesis, data from the bundle width
assay is a necessary ﬁrst step: a clearer understanding of the intrinsic fasciculation behaviors of
each explant type in isolation is necessary in order to interpret results from co-explant experiments.
Overall, the bundle width assay provides more objective and reliable data, which also lend themselves
to more straightforward interpretations.
Finally, the Y assay attempts to overcome the shortcomings of the en face assay in regards to
measuring neurite-neurite interactions between two explants. While the en face assay presented
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two explants head-to-head, a situation in which opposing growth cones are more likely to collapse
or turn away than fasciculate together, the Y assay presented two explants in such a way that they
could meet in a lane growing in a similar trajectory with each other. The limitations of the Y assay
are largely technical in nature, centering around the technical minutiae of microcontact printing.
Discussed in the ﬁnal results section of this chapter, these technical limitations predominantly hinge
on the eﬃcient transfer of laminin as a growth-permissive substrate onto the coverslip used to culture
the explants. Microcontact printing is neither as consistent nor eﬃcient a route of application as
direct incubation of the coverslip with a laminin solution. This leads to greater variability in explant
adhesion and neurite outgrowth in the microcontact printed Y assay compared to the standard
culture conditions, which renders a large fraction of explant pairs unsuitable for analysis.
Another way in which variability in the laminin substrate leads to greater variability and a low
yield of successful experiments occurs during the ﬁxation step. Using warm 4% PFA to ﬁx the
cultures, neurites in the lane of the Y often peeled oﬀ the coverslip and folded up between the two
explants. This may be due to the high levels of fasciculation in the lane of the Y, such that the entire
fascicle is adhered to a small overall surface area. Such limited surface area for neurite-substrate
adhesion combined with variability in the laminin substrate renders the neurites highly sensitive to
physical forces, such as the ﬂow of media or ﬁxative across the coverslip. Dr. Fiederling suggested a
ﬁxative mix of PFA and glutaraldehyde in a 10% sucrose solution (see Methods), which has greatly
ameliorated this problem and helps maintain the integrity of the explant culture through ﬁxation
and immunostaining.
Beyond these assay-speciﬁc technical challenges and limitations, there are other considerations
that pertain more broadly to retinal explant assays and fasciculation assays. One set of issues was
brieﬂy discussed earlier in this chapter and pertains to the retinal explant approach itself: namely,
the heterogeneity of retinal explants in terms of cell types and speciﬁcally for the VT retina, in terms
of ipsi RGC speciﬁcity. While retinal explant cultures are a standard experimental approach (e.g.,
Bonhoeﬀer and Huf, 1985; Wang et al., 1996; Kuwajima et al., 2012), they contain RGCs but also
the other cell types in the retina. It is generally assumed that at E14.5, RGCs are the main, if not
only, cell type extending neurite processes, which means the retinal explant approach is a generally
reliable method for assaying RGC axon outgrowth and fasciculation. Alternatively, pure RGCs could
be obtained via immunopanning (Barres et al., 1988). This could allow for future experimentation
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at an even more speciﬁc level. Immunopanning or FACS puriﬁcation of ipsi and contra RGCs (as
in Wang et al., 2016) could provide pure ipsi and contra speciﬁc RGC populations to assay in vitro.
However, the extra labor involved in these approaches would be unlikely to signiﬁcantly further the
ﬁndings presented in this chapter. Furthermore, especially with FACS puriﬁcation, the increased
stress placed on the cells would likely render the RGCs less robust in culture than they are as retinal
explants, thus impairing the ability to eﬀectively assay neurite growth and fasciculation.
A new possibility for addressing the issue of VT retina heterogeneity in culture is to use the
SERT-Cre reporter line described and used in Chapter 2. Using this reporter (or an as yet unpublished Zic2 reporter line, in development in the R. Klein Lab), true ipsi neurites could be
distinguished in culture via ﬂuorescent signal of the reporter. The downside to this approach is
the time-course of Cre recombination and activation of the ﬂuorescent reporter. In our hands, the
SERT-Cre:zsgreen line does not robustly express zsgreen until after E17, whereas our culture conditions are tailored speciﬁcally to E14.5 retinal explants. Explants taken from older retinae grow
very poorly in our culture system, and after E15.5 almost uniformly fail to adhere to the coverslip
or extend neurites. Our colleagues recently shared culture conditions for E16.5 retinal explants
(personal communication, J. Peng and F. Charron, 2016), so that use of the SERT reporter line for
retinal explant experiments may be feasible in the future.
Another consideration and arguable shortcoming of two-dimensional (2D) explant cultures as
used here is that they involve both neurite-neurite and neurite-substrate interactions and potential
competition between the two interactions. Laminin was identiﬁed as a robust growth substrate
for RGCs in vitro in the 1980s (Smalheiser et al., 1984; Cohen et al., 1985), and I have used it
here as a permissive growth substrate for my experiments. Laminin is also expressed along the
basement membrane in the retina and by astrocytes in the optic nerve in chick and rodents and
is important for the extension of RGC axons in vivo (Cohen et al., 1987; Liesi and Silver, 1988;
Sarthy and Fu, 1990; Morissette and Carbonetto, 1995). Thus, while it is standard practice to
use laminin or similar growth-permissive substrates in vitro, use of such substrates introduces the
variable of neurite-substrate adhesion competing with neurite-neurite adhesion. In order to more
directly test neurite-neurite interactions without interference of neurite-substrate interactions, threedimensional (3D) culture systems could be used in the future. I chose not to begin with a 3D culture
system for my experiments because one of the principle goals was to identify a method with reliable
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quantiﬁcation of fasciculation, a goal which was much more feasible in a 2D system. Any neuritesubstrate interactions that might interfere with or otherwise aﬀect fasciculation in the experiments
presented in this chapter would be present in equal measure across explant type. Thus, comparisons
within the 2D culture conditions remain valid, although it will be interesting to see if fasciculation
is more or less pronounced, or unchanged, in a 3D system.
One ﬁnal variation on the assays presented in this chapter, which could provide even more insight
into fasciculation dynamics of ipsi and contra neurites, would be to use live imaging. As mentioned
previously, fasciculation dynamics remain relatively poorly understood, but axons can theoretically
fasciculate and defasciculate dynamically along the length of the shaft, as well as at the growth
cone. As such, it would be informative to use live or time-lapse imaging, especially in the Y assay
paradigm, to track neurite-neurite interactions and gain a better understanding of their dynamics
and the stability of fasciculation events within each cohort of neurites.

3.3.2

Ipsilateral RGC Neurites Fasciculate More Than Contralateral RGC Neurites

Despite the limitations of the en face assay discussed above and in the results section, it reliably
indicated that E14.5 VT (ipsi) neurites fasciculate more frequently than DT (contra) neurites (Figure 3.3A). The bundle width assay then showed very clearly that VT (ipsi) neurites form thicker
fascicles than DT (contra) neurites when grown as single explants (Figures 3.7B). These two results
conﬁrm the hypothesis that ipsi axons fasciculate to a greater extent than contra axons — both in
terms of fasciculation frequency and width. Using two separate measures provides robust support
of this conclusion.
What is the signiﬁcance of this diﬀerence in ipsi and contra fasciculation behavior? In vivo
data presented in Chapter 2 (Figure 2.4) suggests that ipsi RGC axons undergo dynamic changes
in fasciculation as they extend to, through, and beyond the optic chiasm. Speciﬁcally, ipsi RGC
axons appear well bundled in the ventrolateral portion of the proximal optic nerve and progressively become more scattered as they approach the chiasm (Figure 2.4B). After turning away from
the chiasm, ipsi axons resegregate into a clear laterally-positioned bundle in the optic tract (Figures 2.4C and 2.5A-B). The in vitro data demonstrating an intrinsic preference of ipsi neurites to
self-fasciculate compared with contra neurites suggest that the in vivo observations can be explained
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in part by selective fasciculation. Furthermore, the ABI data from unlike explants in the en face
assay suggest, albeit inconclusively, that growing near or in direct contact with contra neurites,
ipsi neurites fasciculate to an even greater extent than when they are only with other ipsi neurites
(Figure 3.3C). Thus, a reasonable working hypothesis is that ipsi RGC axons self-fasciculate to a
greater extent than contra RGC axons, and that in the optic nerve and tract, where the two populations are in close proximity, this diﬀerence in selective fasciculation is further magniﬁed. This
may involved repulsive interactions between contra and ipsi neurites. The Y assay is a platform to
more directly test the eﬀects of like and unlike neighboring neurites on ipsi fasciculation behavior.
The bundle width assay on a laminin substrate tested the intrinsic fasciculation behavior of ipsi
and contra neurites that were naïve to midline chiasm cues, eﬀectively a reductionist recapitulation
of the optic nerve, rather than the optic tract. Because RGC axons are thought to undergo a
change in surface molecule expression after interacting with the chiasm (as occurs in the spinal
cord, see Dodd et al., 1988), it is likely that axons in the tract may behave diﬀerently than in the
nerve. For this reason, I repeated the bundle width assay experiments with low density dissociated
chiasm cells. The presence of chiasm cells would more closely recapitulate axon behavior in the optic
tract, and would also demonstrate the robustness the intrinsic fasciculation diﬀerences between ipsi
and contra neurites — would addition of extrinsic cues abolish, enhance, or have no eﬀect on the
intrinsic diﬀerences seen in the chiasm-naïve cultures? Co-culturing retinal explants with dissociated
chiasm cells does not, of course, truly recapitulate the optic tract. Axons in the tract are no longer
actively interacting with chiasm cues and therefore likely have stabilized any changes in surface
molecule expression that occurred within the chiasm. Additionally, axons in the tract interact with
a new set of tract-speciﬁc cues. However, we have almost no knowledge of tract-speciﬁc cues, and
understanding how chiasm cues aﬀect the intrinsic fasciculation behavior of RGC axons is necessary
for probing subsequent tract-speciﬁc fasciculation behavior. Furthermore, these experiments also
provide insight into RGC axon behavior within the chiasm.
The bundle width assay experiments with chiasm cells demonstrated that chiasm cues encourage
both ipsi and contra neurites to bundle more thickly than when grown in a chiasm-naïve paradigm.
The intrinsic diﬀerences between ipsi and contra fasciculation, however, remain robust even in
the presence of these extrinsic cues, suggesting that throughout the retinogeniculate pathway, ipsi
axons maintain a greater level of self-fasciculation than contra axons, potentially contributing to
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ipsi/contra axon segregation.
Previous ultrastructural studies of the optic chiasm showed that RGC axons form an intricate
braid-like weave of fascicles as they navigate through the molecularly complex midline region (Colello
and Guillery, 1998). Chiasm cues enhance neurite fascicle thickness of both ipsi and contra neurites
in vitro (Figures 3.7 and 3.8), suggesting that the braiding together of RGC axon fascicles in the
chiasm may be mediated in part by enhanced fasciculation. This is a possible mechanism for RGC
axons making correct choices in the chiasm, as enhanced selective fasciculation may contribute to
maintaining appropriately segregatation of the ipsi and contra populations.
The chiasm co-culture experiments in the bundle width assay are clearly a coarse way of testing
the eﬀects of extrinsic cues on ipsi and contra fasciculation. Dissociated chiasm cells are highly
heterogeneous, including a number of diﬀerent cell types expressing a number of diﬀerent molecules,
many of which have yet to be identiﬁed and characterized. Thus, this approach provides a broad
picture of the eﬀects of extrinsic midline cues on selective fasciculation of ipsi and contra neurites.
Future experiments can build on these important ﬁndings to test individual cues present at the
chiasm.

3.3.3

An In Vitro Fasciculation Assay is a Necessary Platform for Probing
Molecular Mechanisms of Selective Fasciculation

The data summarized above represent an important step forward in understanding cohort-speciﬁc
fasciculation behaviors that may aﬀect axonal organization along the retinogeniculate pathway. In
addition to these ﬁndings, the fasciculation assays I described in this chapter are valuable tools in
the continuing work of identifying and better understanding molecular mechanisms of fasciculation,
axon-axon interactions, and axon organization. Part of the motivation for establishing such assays
arose from recent work by a former student in the lab, Dr. Qing Wang, which identiﬁed a host of
diﬀerentially expressed genes between ipsi and contra RGCs at E16.5 (Wang et al., 2016). A reliable
in vitro assay will allow eﬃcient testing of candidate genes that may be involved in fasciculation
and axon-axon interactions. The bundle width assay presents such an assay, which provides a
reliable, objective, and straightforward readout of fasciculation within a single explant. The Y
assay, especially in conjunction with live imaging, will provide further insight into neurite-neurite
interactions and the fasciculation dynamics between diﬀerent types of neurites.
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Of particular interest in Dr. Wang’s microarray screen are the approximately dozen cell adhesion
molecules (CAMs) that are more highly expressed in ipsi RGCs compared to contra RGCs (at least
2-fold diﬀerence in expression, at a p-value of less than 0.05, Wang et al., 2016). It will be interesting
to study some of these candidates in the bundle width and Y assays, either by selectively knocking
down expression in ipsi explants or adding function-blocking antibodies to the culture.
For instance, Disabled-1 (Dab1) is a key regulator of reelin, and its expression in ipsi RGCs is
more than two-fold higher than in contra RGCs. Dab1 and reelin are involved in the wiring of retinal
interneurons in the inner plexiform layer (Rice et al., 2001), and Dab mutants phenocopy reelin
mutant defects in the mouse hippocampus (Borrell et al., 2007). Borrell et al. (2007) demonstrated
that Dab1 is involved in axon extension, branching, and reﬁnement, and when treated with reelin,
neurites grown in vitro increase their fasciculation.
Another candidate arising from the microarray screen that has been shown to be involved in
fasciculation in other systems is the Fat-cadherin family member Fat1. Expression of Fat1 is nearly
three-fold higher in ipsi RGCs compared to contra RGCs at E16.5 (Wang et al., 2016). Fat1 is
an actin cytoskeleton regulating protein that is highly localized to cell-cell boundaries, including
ﬁlopodial tips (Tanoue and Takeichi, 2004). The Caenorhabditis elegans Fat-like cadherin-4 (CDH-4)
closely resembles both Drosophila and mouse Fat1. CDH-4 C. elegans mutants display pronounced
axon guidance defects and marked defasciculation along the major axon tracts (Schmitz et al.,
2008). The localization of Fat1 to ﬁlopodial tips and at areas of cell-cell adhesion, along with its
demonstrated role in fasciculation in C. elegans axon tracts makes it a compelling candidate as a
mediator of ipsi-speciﬁc RGC fasciculation.
Moesin (Msn), another protein that interacts with the actin cytoskeleton, was found to be
expressed nearly four-fold higher in ipsi RGCs compared with contra RGCs at E16.5 (Wang et al.,
2016). Msn is part of the ezrin-radixin-moesin (ERM) family of membrane-cytoskeleton linking
proteins. Disrupting ERM-cytoskeleton signaling aﬀects axon morphology (Dickson et al., 2002;
Marsick et al., 2012). ERM proteins bind to L1, an important CAM in axon guidance (Dickson
et al., 2002; Marsick et al., 2012). Msn and radixin are localized to primary neuron growth cones
in vitro and are important for modulating neurite formation and extension (Paglini et al., 1998).
Furthermore, neurotrophin and nerve growth factor (NGF) increase active levels of ERM proteins
in the growth cone, which is important for actin reorganization in the growth cone, and perhaps
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more interestingly, a redistribution of adhesion molecules like L1 (Marsick et al., 2012). Thus, while
Msn has not been shown to have a direct role in fasciculation, its diﬀerential expression between
ipsi and contra RGCs and cellular position and function in growth cones and axon guidance makes
it another compelling candidate for studying in terms of ipsi-speciﬁc fasciculation.
Finally, the microarray screen revealed diﬀerential expression of some classic axon guidance
molecules in ipsi and contra RGCs. Semaphorin (Sema) 5b, for instance, is more highly expressed
by ipsi RGCs, while contra RGCs express both Sema3e and Sema7a more than two-fold higher
than ipsi RGCs (Wang et al., 2016). Semaphorins are a diverse and multifaceted family of proteins
and are known players in axon guidance, surround repulsion-mediated bundling of axon tracts,
fasciculation, defasciculation, and axon sorting (Raper, 2000; Tran et al., 2007; Imai et al., 2009;
Kolodkin and Tessier-Lavigne, 2011; Kuwajima et al., 2012; Zhou et al., 2013). Class 3 Semas
in particular play a role in fasciculation and axon sorting (e.g., Imai et al., 2009; Zhou et al.,
2013, and reviewed in Raper, 2000), so the expression of Sema3e by contra RGC axons could
potentially inﬂuence fasciculation of ipsi axons and segregation of ipsi and contra RGC axons by a
repulsive mechanism. It will be interesting to test this hypothesis and study the role of these three
Semas in fasciculation and more broadly in the organization of ipsi and contra RGC axons in the
retinogeniculate pathway.
In addition to testing candidate molecules identiﬁed by the microarray screen (Wang et al.,
2016), the bundle width and Y assays will be useful for testing whether glia from the nerve or tract
diﬀerentially aﬀect ipsi and contra fasciculation. Glial organization changes along the retinogeniculate pathway in mice (Colello and Guillery, 1992) and ferrets (Guillery and Walsh, 1987), and glia
are also found in striking associations with RGC axon bundles in the mouse optic chiasm (Colello
and Guillery, 1998). More recently, microglia have been shown to be involved in axon guidance,
wiring, and fasciculation (Squarzoni et al., 2014; Pont-Lezica et al., 2014). Thus, it could be particularly fruitful to co-culture retinal explants in the bundle width and Y assays with glia from
the optic nerve or tract. Direct co-culture experiments or the addition of glial-conditioned media
to retinal explant cultures could demonstrate whether glia provide contact-mediated or diﬀusible
signals to RGC neurites that modulate their fasciculation behaviors.
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Chapter 4

Ipsilateral RGC Axon Organization in
the EphB1 Mutant
4.1

Introduction

Eph proteins are receptor tyrosine kinase (RTK) molecules that play important roles in neural
development (reviewed in Kania and Klein, 2016). Eph RTKs are classiﬁed into two families,
EphAs and EphBs, based on their ability to interact with ephrin-A or ephrin-B ligands, respectively.
There are nine EphA proteins and ﬁve EphBs; ﬁve ephrin-As and three ephrin-Bs (Lisabeth et
al., 2013; Kania and Klein, 2016). EphA/ephrin-A and EphB/ephrin-B binding partners interact
promiscuously within their respective classes, although EphA4 and EphB2 also bind across class
boundaries (Lisabeth et al., 2013; Kania and Klein, 2016). The designation of Eph receptor and
ephrin ligand is somewhat of a misnomer, however: Ephs acting as receptors to ephrin ligands is
known as forward signaling, but Ephs can also act as ligands to ephrins, known as reverse signaling,
and each molecule can simultaneously act as receptor and ligand in bidirectional signaling (Egea
and Klein, 2007; Kania and Klein, 2016). Adding even more versatility to the Eph/ephrin functional
repetoire, Eph and ephrin can act in cis, which appears to attenuate Eph signalling within the same
cell (Marquardt et al., 2005; Carvalho et al., 2006; Kao and Kania, 2011).
This large class of RTKs and their receptors, with their multifaceted binding and signaling mechanisms, play a variety of roles in neural development. Eph/ephrin signaling contributes to shortrange cell-cell communication mediating axon guidance at choice points, formation of topographic
103

CHAPTER 4. IPSILATERAL RGC AXON ORGANIZATION IN THE EPHB1 MUTANT
maps in target regions, axon fasciculation, synapse formation and stability, neurogenesis, and neural migration (Kania and Klein, 2016). In the visual system in particular, Ephs and ephrins were
ﬁrst identiﬁed for their involvement in retinotectal topographic map formation (Cheng et al., 1995;
Drescher et al., 1995).
Historically, this ﬁnding grew out of the original chemoaﬃnity hypothesis, which proposed
that graded molecular cues guided axons to the correct target region (Attardi and Sperry, 1963;
Sperry, 1963). A series of elegant in vitro assays subsequently demonstrated that such cues are cell
surface bound proteins (Walter et al., 1987; Walter et al., 1987; Walter et al., 1990), setting the
stage for the molecular and biochemical studies that showed the nasal-temporal and dorsal-ventral
axes of the retinotectal map were guided by complementary graded expression of EphAs/ephrin-As
and EphBs/ephrin-Bs, respectively (reviewed in Triplett and Feldheim, 2012). Relative, rather than
absolute, levels of EphA expression guide map formation (Brown et al., 2000), a ﬁnding that introduced the concept of axon competition into the formation of robust topographic maps (Feldheim
and O’Leary, 2010; Triplett and Feldheim, 2012). Eph/ephrin interactions are thus involved in both
axon-target chemoaﬃnity and axon-axon chemoaﬃnity (Weth et al., 2014).

4.1.1

Ephs and Ephrins are Involved in Axon Organization

In addition to the axon-target and axon-axon interactions mediating topographic mapping of retinal
axon terminals in the visual system (e.g., Weth et al., 2014; Suetterlin and Drescher, 2014), Ephs
and ephrins have been implicated in fasciculation and axon sorting in several systems. Early in
vitro experiments with primary cortical neurons ﬁrst demonstrated a role for Ephs in fasciculation,
showing that EphA5 mediates neurite fasciculation in culture (Winslow et al., 1995). Adding
a soluble form of the cognate receptor, ephrin-A5 to these cultures signiﬁcantly blocked neurite
fasciculation (Winslow et al., 1995). This ﬁnding led to other explorations of Eph and ephrin
function in fasciculation, which can occur inter-axonally and/or by surround repulsion mechanisms.
Retinal axons in EphB2/EphB3 double knockout mutants suﬀer some defasciculation intraretinally (Birgbauer et al., 2000). These mutants also display marked defasciculation in the habenularinterpeduncular axon tract, although pathﬁnding of these axons appears grossly unperturbed (Orioli
et al., 1996). This latter ﬁnding highlights the diverse functions of classic guidance molecules such
as Ephs and ephrins, in that they have discrete roles in pathﬁnding and fasciculation. In the case
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of Ephs and ephrins, these diﬀerent functions are thought to be driven by the diﬀerent signaling
mechanisms (e.g., forward and reverse signaling, or parallel and antiparallel bidirectional signaling)
(Egea and Klein, 2007; Kania and Klein, 2016).
In longitudinal axon tracts of Drosophila, homologues of Eph and ephrin (DEph and Dephrin,
respectively) contribute to axon fasciculation by surround repulsion. Dephrin is expressed along
the tracts and repels axonal DEph, keeping axons appropriately bundled together (Bossing and
Brand, 2002). Perturbing either DEph or Dephrin leads to marked defasciculation and premature
exit from the tract, resulting in striking disorganization of the circuit (Bossing and Brand, 2002). In
the mammalian inner ear, EphA4 in otic mesenchyme cells mediates fasciculation of spiral ganglion
(SGN) axons bundles, likely via repulsive interactions with ephrin-B2 on SGN axons (Coate et al.,
2012).
Ephs and ephrins maintain axon tracts via surround repulsion in the mammalian limb bud.
EphB2 is expressed in both sensory and motor axons in the developing limb, while ephrin-B1 is
expressed in sensory axons and the limb bud mesenchyme. Loss of ephrin-B1 from the mesenchyme
alone results in defasciculation of sensory and motor axons, indicating that ephrin-B1 surround repulsion mediates the bundling of this reciprocal tract (Luxey et al., 2013). Interestingly, constitutive
loss of ephrin-B1 has a slightly more robust defasciculation phenotype, suggesting that inter-axonal
Eph/ephrin interactions may also be involved in the organization and overall fasciculation of sensory
and motor axons in the limb (Luxey et al., 2013).
EphAs are also involved in motor and sensory axon sorting in the axial nerve. Repulsive transaxonal EphA/ephrin-A signaling mediates the precise heterotypic organization of the two axonal
cohorts, with EphA3 and 4 expressed by motor axons, and ephrin-As by sensory axons (Gallarda
et al., 2008). Perturbing EphA3/4 forward signaling results in anatomical and functional disorganization of the reciprocal projections (Gallarda et al., 2008). A diﬀerent mode of EphA3/4 signaling
with ephrin-As is also required for sensory axons to appropriately track along the preceding motor
axons, which is important for their targeting and function (Wang et al., 2011).
EphA3 similarly functions in axon sorting in the corpus callosum (CC) by mediating the sorting
of medial and lateral cortical callosal axons (Nishikimi et al., 2011). EphA3 is preferentially expressed in the lateral cortex, and ephrin-A5 is expressed in an incompletely complementary fashion
in the medial cortex (i.e., additional molecule(s) are likely involved in the interaction with EphA3).
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In vitro, attenuation of EphA3 disrupts the ability of medial and lateral cortical explants to segregate from one another, indicating that direct inter-axonal signaling sorts the two axonal cohorts,
although surround repulsion mechanisms may also be involved in vivo (Nishikimi et al., 2011).
Inter-axonal signaling has also been implicated in sorting olfactory sensory neurons in the moth,
Manduca sexta (Kaneko and Nighorn, 2003).

4.1.2

EphB1 Mediates Ipsilateral RGC Axon Repulsion from the Optic Chiasm

One particular member of the RTK family of Eph receptors, EphB1, plays a signiﬁcant role in
formation of the binocular visual circuit prior to formation of the retinotopic map in the thalamic
targets (Williams et al., 2003; Petros et al., 2008; Lee et al., 2008). Identiﬁcation of ephrin-B in the
optic chiasm midline of organisms with an ipsilateral RGC projection (mice and post-metamorphic
frogs), but not in the chiasm of organisms with a purely contralateral RGC projection (ﬁsh and
chicks), suggested EphB receptors as candidates for mediating the ipsilateral choice of RGC axons
at the midline (Nakagawa et al., 2000).
In the mouse, ephrin-B2 is expressed by radial glia at the optic chiasm midline at the time when
ipsi RGC axons from VT retina are navigating the midline (Williams et al., 2003). Concurrently,
EphB1 is expressed exclusively in the VT retina at the time when VT retina is producing ipsi
RGCs (Williams et al., 2003), and is downstream of the ipsi-speciﬁc transcription factor Zic2 (Lee
et al., 2008; García-Frigola et al., 2008, see Figure 2.3A). EphB1 is also expressed earlier in the
dorsocentral retina, where the early-born transient ipsi population of RGCs arises (Drager, 1985;
Williams et al., 2003). In vitro experiments and analyses of mutant mice conﬁrmed that ipsi
RGC EphB1 receptors interacting with ephrin-B2 at the chiasm midline produces the ipsilateral
component of the retinal projection in mice (Williams et al., 2003; Petros et al., 2009b; Petros et
al., 2010; Chenaux and Henkemeyer, 2011).
Ectopic expression of EphB1 in the retina drives RGC axons that would normally project contralaterally to instead be repelled from the chiasm and project ipsilaterally (Petros et al., 2009b).
Knocking out EphB1, on the other hand, reduces the ipsi RGC population by approximately half,
as VT RGCs fail to recognize the repulsive ephrin-B2 cue expressed by midline radial glia, and
instead cross the midline and project contralaterally (Williams et al., 2003). The targeting of these
aberrantly crossing axons, however, remains grossly normal (Rebsam et al., 2009). Late-born contra
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RGCs in the VT retina normally target the dorsal tip of the dLGN, while VT ipsi RGC axons normally target the ipsi-recipient zone in the dLGN, situated dorso-medially and surrounded by contra
projections (Pfeiﬀenberger et al., 2006; Rebsam et al., 2009). In the EphB1-/- mutant, aberrantly
crossing VT RGC axons do not project to the normal contralateral-recipient zone (the dorsal tip of
the dLGN), but instead target the ipsi-recipient zone, only in the contralateral thalamus (Rebsam
et al., 2009).
However, these aberrantly decussated axons reﬁne in an activity-dependent manner away from
both the remaining ipsi axons and the normal contra axons in the dLGN, forming a segregated
ectopic patch of contra axons in the ipsi-recipient zone of the dLGN. A summary of the decussation
and targeting ﬁndings from the experiments in the EphB1-/- mutant is shown in Figure 4.1. Additionally, the overall reﬁnement of ipsi- and contra-recipient zones of the dLGN is impaired in these
mutants (Rebsam et al., 2009). Therefore, gross eye-speciﬁc targeting does not necessarily depend
on axons making the correct decision at the chiasm midline, although aberrantly decussated ﬁbers
are segregated from normal ipsi and contra ﬁbers. The converse experiment conﬁrms this relative
independence of targeting from midline choice: ectopic expression of EphB1 drives RGC axons to
project ipsilaterally, but these aberrantly uncrossed axons still target the contra zone of the dLGN
(Rebsam et al., 2009).

4.1.3

The EphB1 Mutant as a Model to Link Midline Choice, Tract Order, and
Targeting

Based on the decussation and targeting phenotype in the EphB1-/- mutant and the increasing evidence that Ephs and ephrins are involved in fasciculation and axon sorting, I chose to further pursue
questions of pre-target axon organization in the EphB1-/- mutant optic tract. This exploration is
two-fold. First, I used the EphB1-/- mutant as a model to link three steps in retinogeniculate circuit development: midline choice, tract organization, and targeting. Understanding how axons are
organized in the tract in between the midline and the target can help clarify the role of axon tract
organization in the development of the overall circuit. The EphB1-/- mutant is particularly useful for
this purpose, because EphB1-/- axons aberrantly cross at the midline but target grossly normally,
albeit with incorrect laterality. That is, there is an incorrect midline choice but broadly correct
targeting. Therefore, asking where the aberrantly crossed axons are located in the tract (with
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Figure 4.1: Summary of decussation and targeting phenotype in the EphB1-/- mutant.
In the wild-type (WT) retinogeniculate pathway, ipsi RGC axons target the dorso-medial
dLGN, surrounded by contra RGC axons. Late-born VT contra RGCs target the dorsal tip
of the contra dLGN (right side in green). In the EphB1-/- mutant retinogeniculate pathway,
a significant portion of VT ipsi RGC axons aberrantly decussates the optic chiasm midline,
leading to a reduced ipsi-recipient zone in the dLGN. Aberrantly crossed axons target the
ipsi-recipient zone, but segregate from normal ipsi axons. They do not target the dorsal
tip, like the normal population of VT contra RGC axons. D=dorsal, V=ventral, N=nasal,
T=temporal, dLGN=dorsal lateral geniculate nucleus.
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the remaining ipsi axons or with the normal contra axons), can begin to address the relationship
between midline choice, tract order, and targeting.
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Figure 4.2: Schematic of possible position of aberrantly decussated axons in the EphB1-/optic tract. The EphB1-/- retinogeniculate pathway is illustrated at top. Bottom panels
show two possible positions of aberrantly crossing EphB1-/- axons (blue) in the optic tract,
relative to the normal ipsi (green) and contra (magenta) components.

If axon organization in the optic tract is unimportant for eventual targeting decisions, then the
aberrantly crossing axons in the EphB1-/- tract would likely commingle with the normal contra RGC
axon population. In this case, local cues in the dLGN to which the aberrantly crossing axons remain
sensitive could be suﬃcient for corralling them to the ipsi-recipient zone of the dLGN. If, on the
other hand, aberrantly crossing EphB1-/- axons associate with the remaining ipsi RGC axons of the
contralateral tract, then a model in which pre-target axon organization is important for targeting
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would be favored. The latter ﬁnding would provide indirect evidence that bundling partners in the
tract are important for guiding axons to their appropriate target region. These two possibilities of
axon organization in the EphB1-/- optic tract are illustrated in Figure 4.2.
The second aspect of my exploration of the EphB1-/- mutant relates more speciﬁcally to ipsi RGC
axon fasciculation. Findings discussed in Section 4.1.1 indicate that Ephs and ephrins are involved
in surround repulsion mediated fasciculation and in direct inter-axonal interactions important for
sorting cohorts of axons in their tracts. Because EphB1 is expressed by ipsi RGCs, it could be
involved in ipsi-speciﬁc fasciculation behavior, which I described in vitro in the previous chapter.
Thus, in this chapter, I will present my ﬁndings addressing three questions. First, how does
loss of EphB1 and reduction of the ipsi component aﬀect the overall eye-speciﬁc organization of the
optic tract? Second, where are aberrantly crossing EphB-/- axons located in the optic tract relative
to the normal ipsi and contra cohorts of RGC axons? Third, does loss of EphB1 aﬀect ipsi neurite
fasciculation in vitro?

4.2
4.2.1

Results
Remaining Ipsilateral Axons in the EphB1 Mutant Tract are Disorganized

Previous work from our lab detailed the decussation and targeting phenotypes in the EphB1-/mutant, leaving the optic tract largely unexamined. I therefore conducted whole eye anterograde
labeling of the retinal projections the in EphB1-/- retinogeniculate pathway in the same way as
done in Chapter 2 to assess ipsi/contra RGC axon organization in the wild-type (see Section 2.2.2).
Figure 4.3 shows the eye-speciﬁc axon order in the EphB1-/- optic tract compared to equivalent
sections from the wild-type tract at P0. In both frontal (Figure 4.3B) and horizontal (Figure 4.3C)
planes, it is clear that the remaining ipsi RGC axons are positioned in the lateral aspect of the optic
tract, similar to ipsi axons in the wild-type tract.
However, ipsi axons in the EphB1-/- optic tract appear less well fasciculated than in the wildtype tract, with more gaps apparent between axons and occupying a more diﬀusely spread area in
the lateral tract. Additionally, ipsi RGC axons appear less well organized overall, with a few axons
straying more medially, away from the main area of ipsi axons. This is most clearly evident in the
horizontal plane, shown in Figure 4.3C.
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Figure 4.3: Remaining ipsi RGC axons in the EphB1-/- optic tract are poorly fasciculated.
A) Labeling schema: DiI and DiD crystals were applied to the optic nerve head of right
and left eyes, respectively, in fixed P0 heads. Images shown are representative of 5 or more
samples from at least 3 litters for each plane of section. Samples were sectioned 75 µm thick
in frontal (B) or horizontal (C) planes for imaging and analysis. In both planes, ipsi RGC
axons (green) in the EphB1-/- tract are fewer in number and appear poorly fasciculated
compared to wild-type ipsi axons. In the horizontal plane (C), EphB1-/- ipsi axons appear
less well organized than WT ipsi axons, often straying outside of the lateral zone of the
tract. D=dorsal, V=ventral, R=rostral, C=caudal, M=medial, L=lateral. Scale=100 µm.
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Thus, loss of EphB1 does not aﬀect the positioning of ipsi RGC axons to the lateral edge of
the optic tract. EphB1 may, however, be involved in the fasciculation of the ipsi cohort and/or the
segregation of ipsi and contra RGC axon cohorts. Alternatively, what presents as defasciculation
of ipsi axons in the EphB1-/- optic tract may instead be a reﬂection of the reduction in number
of ipsi axons. A portion of the ipsi RGC cohort improperly cross the chiasm and project into the
contra tract in the EphB1-/- mutant. Thus, these genetically ipsi axons (i.e., Zic2+ ) that behave
as contra axons (due to loss of EphB1) may still bundle with the remaining ipsi axons — however,
this cohort of aberrantly crossing axons cannot be visibly dissociated from the normal contra cohort
in the current labeling scheme. Thus, it is unclear if the appearance of reduced fasciculation in
the remaining ipsi RGC axons is due to true defasciculation of this axonal cohort. The next two
sections present in vivo and in vitro evidence to address this issue.

4.2.2

Aberrantly Crossing EphB1-null Axons Retain Association to the Ipsilateral Zone in the Optic Tract

In order to better assess whether ipsi RGC axons are truly defasciculated in the EphB1-/- optic tract
and, moreover, to assess the relationship between midline choice, tract order, and targeting, I needed
to be able to track the aberrantly crossing axons — i.e., those that lost expression of EphB1 and
subsequently crossed the midline. The VT retina normally produces both ipsi and contra RGCs in
later stages of retinal development in the wild-type (see Figure 2.2). Therefore, anterograde labeling
of RGC axons cannot distinguish between axons that are “true” contras (i.e., genetically contra and
cross at the midline) and those that are aberrant contras (i.e., genetically ipsi but cross at the
midline because they lost EphB1 expression). Even performing focal anterograde tracing from just
the VT retina (as in Figure 2.10) would fail to distinguish between true and aberrant contra axons.
Instead, I turned to a genetic approach, using the SERT-Cre:zsgreen reporter line discussed
in Chapter 2 (see Section 2.2.1). SERT is expressed by ipsi RGCs, under direct transcriptional
regulation by the ipsi RGC speciﬁc transcription factor Zic2 (García-Frigola and Herrera, 2010).
Zic2 also regulates expression of EphB1, although it is unclear if it does so directly or indirectly
(García-Frigola and Herrera, 2010). The ipsi RGC speciﬁc transcription factor Zic2 therefore regulates expression of both EphB1 and SERT, but, importantly, it does so in parallel transcriptional
pathways (see Figure 2.3A). Thus, SERT expression should be unaﬀected in the EphB1-/- mutant.
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Furthermore, the misrouted RGC axons in the EphB1-/- mutant should theoretically still express
SERT, providing a means of tracking the aberrantly crossed axons in the mutant.
I therefore crossed the homozygous knockout EphB1-/- line with the SERT-Cre:zsgreen reporter
line, and bred littermate pairs of SERT-Cre:zsgreen;EphB1-/- mutants and SERT-Cre:zsgreen;EphB1+/+
controls. To address the possibility that loss of EphB1 could aﬀect SERT expression, I ﬁrst compared SERT-Cre:zsgreen expression in the retinae of both SERT-Cre:zsgreen;EphB1-/- and SERTCre:zsgreen;EphB1+/+ genotypes. In immunostained wholemount retina preps (Figure 4.4A), I
counted the total number of zsgreen+ cells in littermate paired samples, blinded to genotype. These
cell counts showed no signiﬁcant diﬀerence across genotypes (including SERT-Cre:zsgreen;EphB1+/- ,
Figure 4.4B), conﬁrming that loss of EphB1 does not aﬀect SERT expression in RGCs.

Figure 4.4: SERT expression is unchanged in EphB1 mutant retinae. A) Representative
wholemounted retinae from SERT-Cre:zsgreen;EphB1+/+ and SERT-Cre:zsgreen;EphB1-/P0 pups.

B) There are no statistically significant differences in cell counts of SERT-

Cre:zsgreen

+

cells in flat-mounted retinae from littermates wild-type, heterozygous, and

homozygous knockout for EphB1 (p=0.399, Kruskal-Wallis Test). n=7 EphB1+/+ , n=4
EphB1+/- , n=5 EphB1-/- , from 5 litters. Data are shown as mean ± standard error of the
mean.

I next assessed the optic tracts of SERT-Cre:zsgreen;EphB1+/+ and SERT-Cre:zsgreen;EphB1-/P0 pups. In theory, assessing the SERT-Cre:zsgreen label alone in the two genotypes would indicate
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whether the misrouted axons from the VT retina course with ipsi or contra RGC axons in the
contralateral tract. That is, if aberrantly crossed axons associated with the remaining ipsi axons,
then the zsgreen+ label would be relatively uniform within the lateral tract (as in the hypothesized
schema, bottom right, of Figure 4.2), much the same as in the SERT-Cre:zsgreen optic tract samples
shown in Chapter 2 (see Figure 2.4D). On the other hand, if the misrouted axons no longer associate
with the remaining ipsi cohort, some zsgreen+ axons would be split oﬀ from the main ipsi bundle
in the lateral tract and would instead be positioned more medially with the contra axon cohort (as
in the hypothesized schema, bottom left, of Figure 4.2). Therefore, I examined the arrangement of
zsgreen+ axons in the optic tracts of SERT-Cre:zsgreen;EphB1+/+ and SERT-Cre:zsgreen;EphB1-/animals at P0 (Figure 4.5A). Consistent with the hypothesis that aberrantly crossed axons associate
with remaining ipsilateral axons, there was no diﬀerence in the percent of the total tract width
(as indicated by NF staining and magenta brackets) occupied by zsgreen+ axons (green brackets;
mean percent of total tract width occupied by zsgreen+ axons ± SEM=62.8% ± 2.3% for SERTCre:zsgreen;EphB1-/- , n=4; and 64.7% ± 2.2% for SERT-Cre:zsgreen;EphB1+/+ , n=6, from three
litters; p=0.66, Kruskal-Wallis) (Figure 4.5B). There was also no diﬀerence in overall tract width
between the two genotypes (p=0.54, Kruskal-Wallis). These ﬁndings indicate that despite making
the incorrect decussation choice, aberrantly crossed axons retain an association with axons of the
same cohort, i.e., ipsilateral RGCs, but simply on the wrong side of the brain.
In an attempt at obtaining a more detailed assessment, I also performed anterograde labeling
of one eye with DiD in SERT-Cre:zsgreen;EphB1+/+ and SERT-Cre:zsgreen;EphB1-/- ﬁxed P0
samples, then sectioned and immunostained for zsgreen. In this labeling scheme, DiD in the right
retina labels ipsi RGC axons in the right hemisphere and contra RGC axons in the left hemisphere,
while zsgreen labels all SERT+ axons on both sides. In SERT-Cre:zsgreen;EphB1-/- mutants, the
contra DiD label will include both “true” contra axons and the misrouted, aberrantly crossing
axons. Thus, combining the SERT-Cre:zsgreen and DiD labels should aﬀord an even more accurate
assessment of the position of misrouted axons in the contralateral tract than SERT-Cre:zsgreen
alone.
Figure 4.6 shows one SERT-Cre:zsgreen;EphB1+/+ sample and two SERT-Cre:zsgreen;EphB1-/samples, all littermates, labeled with DiD as described. As in Figure 4.3, DiD+ axons ipsi to
the labeled retina are fewer in number and less well organized in the SERT-Cre:zsgreen;EphB1-/114

CHAPTER 4. IPSILATERAL RGC AXON ORGANIZATION IN THE EPHB1 MUTANT

Figure 4.5: SERT axons retain a lateral position in the EphB1 mutant optic tract. A) Representative 25 µm thick sections through the optic tracts of SERT-Cre:zsgreen;EphB1+/+
and SERT-Cre:zsgreen;EphB1-/- P0 pups. SERT-Cre:zsgreen expression (indicated by green
bracket) spans a similar fraction of the full tract width (indicated by magenta bracket based
on NF staining). B) There are no statistically significant differences in fraction of tract
width occupied by zsgreen+ axons in the tracts of littermate P0 pups wild-type, heterozygous, and homozygous knockout for EphB1 (p=0.664, Kruskal-Wallis Test). n=6 EphB1+/+ ,
n=3 EphB1+/- , n=4 EphB1-/- , from 3 litters. Data are shown as mean ± standard error of
the mean.
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optic tract, compared to the SERT-Cre:zsgreen;EphB1+/+ control, although they grossly maintain a
lateral disposition in the tract. DiD+ axons in the contralateral tract of SERT-Cre:zsgreen;EphB1-/samples appear to invade the lateral area, i.e., the “ipsi zone” of the tract more than contra DiD+
axons in the control. Because these contra DiD+ axons overlap the zsgreen+ signal in the lateral
tract, they are most likely the misrouted axons from the VT retina. Finally, the zsgreen+ area of
the tract looks comparable across samples, again suggesting that the aberrantly crossing cohort of
axons is positioned in the lateral part of the tract, with most of the remaining ipsi ﬁbers.
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Figure 4.6: Ipsi and contra RGC axons in the SERT-Cre:zsgreen;EphB1 optic tract.
A) Labeling schema.

DiD was placed onto the optic nerve head of P0 SERT-

+/+
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tioned 75 µm thick in the frontal plane. B) DiD and zsgreen in the optic tract contraand ipsilateral to the labeled retina.

One control sample is shown (at left) and two

EphB1-/- samples (middle and right). Ipsi DiD axons are less well organized in the SERTCre:zsgreen;EphB1-/- samples compared to control. Zsgreen label is similar across samples.
Blue is Hoechst. D=dorsal, V=ventral, L=lateral, M=medial. Scale=100 µm.

Figure 4.7 shows a second littermate pair, one SERT-Cre:zsgreen;EphB1+/+ and one SERT116
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Cre:zsgreen;EphB1-/- , sectioned in the horizontal plane. Again in these samples, the discombobulation of the remaining ipsi ﬁbers is apparent in the mutant optic tract. Both genotypes have
a few stray ﬁbers in the more medial aspect of the tract in these particular samples. Medial
ﬁbers like these are sometimes visible in horizontal sections of wild-type animals in sections nearest the optic chiasm, and may represent axons that project to accessory visual targets. However,
comparing the DiD+ axons in just the more lateral aspect of the tract, the remaining ﬁbers in
the SERT-Cre:zsgreen;EphB1-/- tract appear less well organized than those in the control SERTCre:zsgreen;EphB1+/+ tract. As in the samples shown in the frontal plane, the zsgreen+ region
looks comparable between genotypes, with no obviously straying zsgreen+ axons in the medial optic
tract.
Finally, Figure 4.8 shows SERT-Cre:zsgreen;EphB1+/+ and SERT-Cre:zsgreen;EphB1-/- samples
labeled with DiD only in the VT region of the right retina. Selectively labeling the VT retina with
DiD should make it easier to compare the organization of VT contra axons between genotypes. In
SERT-Cre:zsgreen;EphB1-/- samples, VT contra axons are a combination of “true” contra axons and
misrouted axons (which should express SERT ). Initial ﬁndings from this labeling schema conﬁrm
the ﬁndings from the previous two ﬁgures: contra DiD+ axons invade the zsgreen+ lateral optic
tract in the SERT-Cre:zsgreen;EphB1-/- sample, indicating that misrouted axons from the VT
retina associate with the remaining ipsi axons from the other side. Focal VT anterograde tracing is
inherently more variable than whole eye anterograde, so this assessment needs additional cases before
drawing deﬁnitive conclusions. Additionally, confocal microscopy will be necessary to deﬁnitively
assess colocalization of DiD and zsgreen labels in individual axons. In the end, the quantiﬁcation
of zsgreen+ label shown in Figure 4.5 seems the most reliable way to assess the position of both
remaining ipsilateral and aberrantly crossed axons in the EphB1-/- mutant optic tract.

4.2.3

EphB1 Mutant Explants Partially Retain Ipsi-Specific Fasciculation Behavior

Findings presented in the previous section from SERT-Cre:zsgreen;EphB1-/- samples suggest that
aberrantly crossing axons maintain an association with the “ipsi zone” of the optic tract. This
suggests that a factor, not EphB1, is still present on EphB1-/- misrouted axons that allows them
to be attracted to the lateral optic tract. An alternative, though not mutually exclusive, possibility
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Figure 4.7: Ipsi and contra RGC axons in the SERT-Cre:zsgreen;EphB1 optic tract, in the
horizontal plane. A) Labeling schema. DiD was placed onto the optic nerve head of P0
SERT-Cre:zsgreen;EphB1+/+ and SERT-Cre:zsgreen;EphB1-/- fixed heads. Samples were
sectioned 75 µm thick in the horizontal plane. B) DiD and zsgreen in the optic tract contraand ipsilateral to the labeled retina. Ipsi DiD axons are more sparse and less well organized
in the SERT-Cre:zsgreen;EphB1-/- samples compared to control. Zsgreen label, however,
is similar across samples. Blue is Hoechst. D=dorsal, V=ventral, R=rostral, C=caudal.
Scale=100 µm.
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Figure 4.8: RGC axon segregation in the SERT-Cre:zsgreen;EphB1 optic tract with focal anterograde tracing. A) Labeling schema. DiD was placed into the ventrotemporal (VT) retina
of P0 SERT-Cre:zsgreen;EphB1+/+ and SERT-Cre:zsgreen;EphB1-/- fixed heads. Samples
were sectioned 75 µm thick in the frontal plane. B) DiD and zsgreen were imaged in the
optic tract contra- and ipsilateral to the labeled retina. Note that the zsgreen+ cell in
the SERT-Cre:zsgreen;EphB1+/+ ipsi sample is outside of the optic tract and unrelated.
Additionally, there is DiD artifact labeling in the brain on the contra side of the sample.
D=dorsal, V=ventral, L=lateral, M=medial. Scale=100 µm.
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is that both misrouted axons and the remaining axons retain a signal that leads to association or
fasciculation of the full cohort. However, even though it appears that the integrity of the ipsilateral
cohort (remaining ipsi axons and misrouted axons) is largely preserved in the EphB1-/- mutant, the
remaining ipsi axons have a disorganized appearance, with ﬁbers often either oriented out of line
with the rest of the tract or straying outside of the bounds of the “ipsi zone.” Thus, EphB1 may still
be involved in the selective fasciculation of ipsi RGC axons, though likely only as one of a concert
of signals.
In order to more directly test whether loss of EphB1 aﬀects the ipsi RGC axon preference to
self-fasciculate, I used the in vitro bundle width assay from Section 4.1.3 to test fasciculation of
EphB1-/- VT and DT retinal explants. The in vivo results from the EphB1-/- optic tract discussed
in Section 4.2.1 suggested that I would ﬁnd little to no diﬀerence in neurite bundle thickness between
EphB1-/- VT and DT explants. However, results from Section 4.2.2 suggest that an element of selfassociation is retained by EphB1-/- axons, and therefore that EphB1-/- VT neurites may retain the
ability to form thicker bundles than EphB1-/- DT neurites.
I found that, similar to wild-type retinal explants (see Figure 3.7B), EphB1-/- VT neurites form
thicker fascicles than EphB1-/- DT neurites (Figure 4.9B) when grown on 20 µg/ml. However, the
magnitude of the diﬀerence between EphB1-/- explant types appears smaller than between wild-type
explant types. Additionally, similar to wild-type explants, the median bundle width for both DT
and VT neurites from EphB1-/- explants is larger at the 500 µm radius compared to the 250 µm,
although again, the magnitude of this diﬀerence is less than in wild-type explants. Thus, while
EphB1 may be partially involved in the preferential fasciculation of ipsi RGC axon compared to
contra axons, it is not necessary for ipsi neurites to fasciculate more than contra neurites.
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Figure 4.9: EphB1-/- VT neurites form slightly larger bundles than DT neurites. A) Representative examples of DT (top, contra) and VT (bottom, ipsi) retinal explants from EphB1-/E14.5 embryos, grown overnight on 20 µg/ml laminin, as in Figures 3.6 and 3.7. Scale=500
µm. B) Cumulative distribution of bundle widths for DT (magenta) and VT (green) neurites intersecting rings at 250 and 500 µm from the explant body. n=15 (VT) and 19 (DT),
from three experiments.
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4.3

Discussion

In this chapter, I used a combination of in vivo anterograde labeling approaches and an in vitro
fasciculation assay to probe the role of EphB1 in eye-speciﬁc RGC axon organization in the mouse
optic tract. The motivation to explore axon organization in the EphB1-/- mutant was twofold.
First, it serves as a model with an incorrect midline choice but, broadly speaking, normal targeting.
Thus, examining the organization of the optic tract provides insight into how midline choice, tract
order, and targeting are related to each other. I will discuss this in more detail in Section 4.3.3, at
the end of this Discussion.
Secondly, Ephs and ephrins have been implicated in fasciculation and axon sorting in other
systems. In this way, they have become a prime example of how one family of axon guidance
molecules can have distinct functions in the development of a circuit, acting as midline repellents in
one situation and as fasciculation or sorting cues in another. As such, whether EphB1 is involved
in the selective fasciculation of ipsi RGC axons is a compelling question to ask, and builds on the
previous work from our lab demonstrating the role of EphB1 in midline choice at the optic chiasm.
I will discuss my ﬁndings regarding EphB1 and ipsi RGC axon fasciculation in Section 4.3.2. First,
I will summarize and discuss my ﬁndings on the organization of the EphB1-/- optic tract.

4.3.1

Loss of EphB1 Perturbs Ipsi Axon Organization but not Positioning in
the Optic Tract

Our lab previously showed that ipsi RGC axons express EphB1, which mediates their turn away from
the midline into the ipsilateral tract via a repulsive interaction with midline ephrin-B2 (Williams
et al., 2003; Petros et al., 2009b). Furthermore, misrouted axons in the EphB1-/- mutant that
aberrantly cross the midline target the ipsi-recipient zone in the dLGN (Rebsam et al., 2009).
Whether loss of EphB1 aﬀects eye-speciﬁc axon organization in the optic tract, however, remained
unexamined.
To determine if loss of EphB1 and the concomitant reduction in the ipsilateral projection aﬀects
axon organization in the tract, I used the same anterograde dye tracing approach as in Chapter 2,
Section 2.2.2, to label ipsi and contra RGC axons in the EphB1-/- optic tract. The remaining ipsi
axons are by and large positioned in the lateral optic tract, where wild-type ipsi RGC axons are
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situated. However, compared to ipsi axons in the wild-type tract, ipsi axons in the EphB1-/- tract
appear aberrantly fasciculated and disorganized (Figure 4.3). These ﬁndings suggest that EphB1
may be involved in ipsi RGC axon fasciculation and/or in ipsi/contra axon segregation, as ipsi ﬁbers
often stray outside of the optic tract or into the medial sector of the tract.
Positioning of ipsi axons in the lateral tract of EphB1-/- mutants is grossly normal, suggesting
that EphB1 is not the main driver positioning the ipsi cohort within the tract. However, Ephs
and ephrins may be involved in the topographic positioning of axons in the tract (see Chapter 2,
Section 2.3.3). Ipsi RGCs also express EphB2, but EphB2 is not involved in the ipsilateral midline
choice (Williams et al., 2003; Chenaux and Henkemeyer, 2011). Because some ipsi axons in the
EphB1-/- optic tract stray farther from the lateral tract region compared to wild-type, a combined
EphB1/EphB2 interaction with cues in the tract may be a mechanism positioning the ipsi cohort
within the tract. In this case, EphB2 could partially compensate for loss of EphB1 in ipsi axons, thus
maintaining the overall positioning of the cohort, with a fraction of ipsi axons wandering outside
the normal constraints of the lateral tract.
In order to test this hypothesis, future studies need to determine if ephrin or Eph gradients
exist within the tract, which could provide either repulsive signals to the ipsi cohort from the
medial tract, and/or attractive signals from the lateral tract or pial membrane lining the lateral
tract. Additionally, experiments identifying local translation events in post-commissural axons
and their growth cones are needed to better understand the ways in which ipsi and contra RGC
axons modulate responsiveness to various cues in the optic tract. In other words, we need a clearer
picture of the growth cone and axon shaft speciﬁc expression of EphB1, EphB2, and other candidate
molecules that might be involved in tract organization.
Another intriguing aspect of the EphB1-/- mutant is that only a subset of axons are misrouted
(Williams et al., 2003; Rebsam et al., 2009). It is unclear what allows the remaining ipsi axons
in the EphB1-/- mutant to correctly turn away from the chiasm and project ipsilaterally. Our
knowledge of ipsi and contra factors in RGCs remains incomplete, and EphB1 is not the only driver
of the ipsilateral choice at the midline. Zic2 overexpression drives ipsilateral choice to a greater
extent than EphB1 overexpression (García-Frigola et al., 2008), indicating that Zic2 likely drives
expression of other ipsi factors that repel axons from the midline. Other cues, such as the Sonic
hedgehog (Shh) receptor Boc, participate in the ipsilateral RGC projection (Fabre et al., 2010), and
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other as yet unidentiﬁed cues are likely also involved. All of this raises the question of whether the
ipsi RGC axons that remain in the EphB1-/- mutant reﬂect a speciﬁc subpopulation of ipsi RGCs,
or, alternatively, are a stochastic subset of the ipsi population. If they are are speciﬁc subset (e.g.,
Boc+ or some other unknown ipsi-speciﬁc molecule), then whichever ipsi-speciﬁc molecule(s) they
express could mediate their lateral positioning in the tract. Current work in our lab is investigating
whether a subset of ipsi RGCs arises from a distinct neurogenic niche in the ciliary margin zone
(CMZ) (Marcucci, 2016). This may shed light on one aspect of the diversity of the ipsilateral RGC
population, though, again, there are likely other elements contributing to ipsi RGC heterogeneity.
Finally, disorganization of ipsi axons in the optic tract of EphB1-/- mutants may not be a direct
consequence of lack of EphB1 itself. The reduction in size of the ipsilateral projection may leave the
remaining ipsi axons slightly defasciculated and disorganized because a critical mass of ipsi axons
may be necessary to facilitate proper axon associations and organization. In this way, neighboring axon-axon interactions would be an important mechanism for establishing and/or maintaining
organization within the tract. Along these lines, it would be interesting to selectively ablate a subpopulation of contra RGCs and assess whether ipsi axons expand into a normally contra region of
the tract or maintain a discrete disposition in the lateral tract.
Finally, the EphB1 interaction with ephrin-B2 at the chiasm midline might be required in order
to induce a post-chiasm local translation event, which in turn could be necessary for appropriate
interactions with cues within the optic tract (either with tract-speciﬁc factors or with other axons).
Again, in order to test these hypotheses, we ﬁrst need a more thorough understanding of the local
translation events occurring within the optic tract, as well as what cues exist within the tract itself.

4.3.2

EphB1 is a Potential Fasciculation Factor for Ipsi RGCs

Using the bundle width in vitro assay described in Chapter 3, I found that EphB1-/- VT neurites
fasciculate into thicker bundles than EphB1-/- DT neurites (Figure 4.9). While this is similar to
the ﬁndings in wild-type retinal explants (Figure 3.7B), the magnitude of the diﬀerence between
EphB1-/- explants appears smaller than between wild-type explants.
The EphB1-/- homozygous knockout strain in our lab, however, is maintained on a 129S1/SvImJ
(129) genetic background, while wild-type animals used for experiments in Chapters 2 and 3 are
C57BL/6J. Thus, direct statistical comparisons between results in the bundle width assay from the
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two genetic backgrounds cannot be conclusively performed. Most comparisons of C57BL/6J and
129 strains have focused on behavioral diﬀerences (e.g., Contet et al., 2001; Smith et al., 2007), but
no diﬀerences in visual system structure or function have been reported. Indeed, the ﬁrst report
on the role of EphB1 in mediating RGC axon divergence at the optic chiasm studied mice on an
albino background (FVB) (Williams et al., 2003), which are known to have a smaller ipsilateral
population compared to pigmented mice (Guillery, 1996). Later studies of EphB1 in development
of the binocular circuit also used the 129 strain (Rebsam et al., 2009). While it is likely that the
two strains are overwhelmingly similar in the genetic and anatomical composition of their visual
systems, the use of two genetic backgrounds must be taken into account when comparing results
from experiments presented in Chapter 3 (Figure 3.7B) and this chapter (Figure 4.9).
To more directly test the role of EphB1 in mediating the selective fasciculation ipsi RGC axons, EphB1 function or expression could be manipulated directly in wild-type C57BL/6J retinal
explants. An EphB1 function-blocking antibody added to wild-type explant cultures would demonstrate whether the VT neurite preference to fasciculate more than DT neurites is extinguished in
the absence of EphB1 function. Alternatively, EphB1 could be electroporated into wild-type DT
explants in a gain-of-function paradigm, or silenced in VT explants in a loss-of-function paradigm.
In either experiment, the elimination or reduction of diﬀerences in bundle width between VT and
DT wild-type explants would conﬁrm a role for EphB1 in ipsi axon fasciculation. Likewise, EphB2
and other candidate molecules can be further tested for a role in fasciculation.
Additionally, loss of EphB1 may fail to completely eliminate ipsi fasciculation in vitro because
EphB1 may mediate fasciculation via both inter-axonal and surround repulsion mechanisms. In
order to test its role in potential surround repulsion mediated fasciculation, we ﬁrst need to identify
what ephrins, if any, are expressed by cells within the optic tract. These could then be added to
retinal explant cultures to test their eﬀect on VT neurite fasciculation. Targeted deletion of ephrins
in diencephalic cells in vivo could then demonstrate whether they mediate ipsi fasciculation in the
tract, and/or ipsi/contra axon sorting in the tract.
If EphB1 is indeed a mediator of ipsi RGC axon fasciculation, it is not the sole factor, as
evidenced by the statistically signiﬁcant, if small in magnitude, diﬀerence in bundle widths between
EphB1-/- VT and DT neurites (Figure 4.9). As discussed in the previous section, EphB2 is also
expressed by ipsi RGCs, but does not mediate the midline choice (Williams et al., 2003; Chenaux
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and Henkemeyer, 2011). EphB2 is involved in selective fasciculation of sensory and motor axons in
the developing limb, via a surround repulsion interaction with ephrin-B1 expressed in the limb bud
mesenchyme (Luxey et al., 2013). However, the defasciculation phenotype in constitutive knockout
animals was more severe than a selective deletion of ephrin-B1 in the mesenchyme, implicating
additional inter-axonal Eph/ephrin interactions involved in fasciculation in this system (Luxey et
al., 2013). EphB2 could play a similar role in ipsi axon fasciculation, either by surround repulsion
with as yet unidentiﬁed tract-speciﬁc cues and/or inter-axonal interactions with other ipsi axons.
Non-Eph molecules may also participate in the concert of cues guiding fasciculation and axon sorting.
Furthermore, ipsi axon self-fasciculation and ipsi/contra axon sorting may be related but distinct
phenomena. That is, EphB1 may mediate ipsi self-fasciculation, but it may also mediate repulsion
between ipsi and contra axons via a diﬀerent interaction or signaling mechanism. Testing EphB1-/VT and DT explant pairs (or manipulating EphB1 function in wild-type explants) in the Y assay
will provide more insight into whether EphB1 mediates axon sorting in addition to its potential role
in ipsi axon fasciculation.

4.3.3

Linking Three Steps in Axon Pathfinding

One of the main motivations for studying axon organization in the optic tract of the EphB1-/mutant was to better understand the relationship between three steps in circuit formation: midline
choice, tract organization, and targeting. I have approached the EphB1-/- mutant as a model of
aberrant midline choice but grossly normal targeting. As such, understanding RGC axon organization in the optic tract of this mutant provides an indirect way of linking the three axon guidance
steps. If misrouted EphB1-/- axons associate with “true” contra axons, then a model in which tract
organization is dispensable for targeting would be more likely. Alternatively, if misrouted EphB1-/axons maintained an association with the remainder of the ipsi cohort, then a model in which tract
organization is important for targeting would be more favorable.
This is, of course, an imperfect way of assessing the relationship between these three developmental phenomena. For one, it can only provide correlative evidence regarding the signiﬁcance
of tract order on targeting. Ideally, we could selectively perturb axon organization in the optic
tract and assess the eﬀects of such perturbations on targeting in the dLGN and SC. However, our
current knowledge of tract-speciﬁc organizational cues and the developmental time course of RGC
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axon outgrowth both present signiﬁcant challenges to direct experimentation to test the hypothesis
that tract order is important for early targeting decisions. While our understanding of midline cues
directing ipsi and contra divergence in the optic chiasm is limited, we know almost nothing about
the cells and potential cues within the optic tract itself. This presents an obvious limitation to
direct experimental perturbations of axon organization within the tract.
Additionally, in order to directly test whether tract organization aﬀects targeting, independently
of midline choice, we need to be able to selectively manipulate only axons that have passed the chiasm
and entered the tract, without aﬀecting those that have yet to or are in the midst of navigating
the optic chiasm. This is especially critical when testing molecules that potentially have multiple
functions at diﬀerent parts of the pathway — e.g., EphB1, which is involved in midline choice,
but may be involved separately in fasciculation and axon sorting. Therefore, a high degree of
experimental precision is needed in order to dissociate eﬀects on targeting that result from midline
choice versus those resulting from tract-speciﬁc perturbations. In the mouse visual system, this is
particularly challenging because RGCs extend their axons in a continuous wave from ∼E12.5 to
birth. Thus, approaches like in utero retinal electroporation aﬀect RGCs with axons at various
stages of growth along the pathway, making it diﬃcult to determine if any targeting defects they
may have are due to incorrect interactions with the midline, organization in the optic tract, or both.
The fact that ipsi RGC axons in the EphB1-/- mutant incorrectly decussate but still manage to
target the correct region in the dLGN suggests that targeting does not depend on correct midline
choice (although appropriate reﬁnement in the target may). My ﬁnding that the aberrantly crossing
axons preserve an association with the ipsilateral region of the tract is in line with a model in which
axonal bundling partners in the tract may be important for axons reaching the appropriate region of
their target, independently of midline choice. The alternative, not mutually exclusive, explanation
is that misrouted axons retain enough of their molecular identity as ipsilateral RGCs necessary for
navigating local cues within the target. Indeed, the misrouted axons in the EphB1-/- mutant likely
retain a molecular signature that enables them to associate appropriately with the remaining ipsi
axons in the contralateral tract. The putative molecular signatures important for axonal association
in the tract and for local targeting decisions may be the same or distinct.
It is very challenging to precisely test the relationship between axon organization in the tract and
axon targeting. Proteomic analysis of ipsi and contra axons in the optic tract will enable molecular
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dissection of the cues relevant to tract organization, and will hopefully allow us to better diﬀerentiate
molecular cues important for axon organization versus targeting. A better understanding of the local
molecular expression proﬁles of axonal cohorts as they navigate diﬀerent steps of circuit formation,
as well as which cues are redundant between the tract and target, are both necessary in order to
directly test the eﬀects of axon organizational perturbations on targeting.
Finally, it is worth noting that while the targeting of misrouted axons in the EphB1-/- mutant is
grossly normal, it does have defects. Namely, the misrouted axons fail to undergo normal activitydependent reﬁnement of their arbors in the dLGN (Rebsam et al., 2009). Thus, while they reach
the correct general area of the dLGN, the misrouted axons do not behave normally. It has not yet
been tested whether or not the misrouted axons are functionally integrated into the visual circuit,
but the fact that they segregate away from both ipsi and other contra axon terminals suggests that
they may be functionally abnormal (Rebsam et al., 2009).
Evidence from a diﬀerent commissural system supports the hypothesis that the misrouted RGC
axons in the EphB1-/- mutant are functionally perturbed, despite grossly normal targeting. Axons
that incorrectly route ipsilaterally instead of contralaterally at the Calyx of Held innervate the
correct region in the contralateral target (Michalski et al., 2013), presenting an inversely analogous
scenario as found in the EphB1-/- mutant optic chiasm. The aberrantly ipsilateral axons in this case
form abnormal synapses, with defects in maturation, transmitter release, and release synchronicity
(Michalski et al., 2013). Thus, making the correct midline choice primes axons for appropriate
synaptic maturity, which may similarly apply to the misrouted EphB1-/- axons in the contralateral
dLGN. Michalski et al. (2013) did not examine whether axon organization in the system was also
perturbed, leaving open the possibility that defects within the axon tract also contribute to the
synaptic dysfunction they reported.
Future studies in the EphB1-/- mutant can address several questions that will further our understanding of how diﬀerent steps of axon guidance are related to each other. Proteomic analysis
of axons in the optic tract of wild-type and EphB1-/- mutants will identify how loss of EphB1 affects the expression of other axon guidance, organization, or targeting molecules within the optic
tract. Understanding the molecular expression of axons within the optic tract will help dissociate
tract-speciﬁc and target-speciﬁc molecular interactions that help build the full circuit. Thus, further analysis of the EphB1-/- mutant, as well as more detailed molecular dissection in the wild-type
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optic tract, will help the ﬁeld connect various steps along an axon’s journey that have largely been
studied as discrete events.
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Chapter 5

Discussion and Future Directions
The preceding three chapters presented my dissertation research studying RGC axon organization
in the developing mouse retinogeniculate pathway. In this concluding chapter, I will ﬁrst review my
ﬁndings and discuss them more broadly in the context of both the existing literature and future
directions to take. I will also explore other possible cellular and molecular mechanisms that may
mediate the pre-target organization of RGC axons, and how future studies might explore such
mechanisms. Finally, I will address the importance of studying pre-target axon organization and
why studying more subtle aspects of circuit formation will be an important area for the ﬁeld to
focus on moving forward.

5.1

RGC Axons are Organized in the Mouse Retinogeniculate Path

In Chapter 2, I demonstrated that RGC axons are organized by both laterality and topography in
the optic tract, and, furthermore, that these two modes of axon organization are largely in register
with one another. Ipsi RGC axons are situated in the lateral optic tract, largely segregated from
contra axons. Topographic RGC organization in the optic tract is evident as well, with the dorsalventral axis of the retina mapped to the medial-lateral axis in the tract, and the nasal-temporal
axis mapped to the rostral-caudal axis of the tract (summarized in Figure 2.13). The eye-speciﬁc
map of axon laterality (i.e., ipsi/contra) is shifted slightly laterally relative to the topographic map
in the optic tract.
The relationship between these two modes of axon organization in the optic tract raises in130
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teresting questions about multimodal axon organization. For instance, is there a hierarchy among
diﬀerent organizational modes? Does topography carry more weight in organizing the tract than typography (or laterality in the case of ipsi and contra RGC axons)? Or are all modes of organization
relatively equivalently enmeshed together in the overall order?
Another question to consider is how the topographic and eye-speciﬁc modes of axon organization described in this thesis relate to other organizational modes. Chronotopic organization has
been described in the visual system (e.g., Reese, 1987; Colello and Guillery, 1992; Colello and
Guillery, 1998), largely by tracing growth cone disposition in electron microscopy (EM) images.
There is still much we do not know about the mechanisms guiding chronotopic order of RGC
axons. Disruption of radial glia-associated chondroitin sulfate proteoglycans (CSPGs) is known
to perturb chronotopic organization of RGC axons in the ferret optic tract (Reese et al., 1997;
Leung et al., 2003), suggesting that extrinsic cues within the optic tract guide age-related order.
However, without a more detailed description of the chronotopic axon organization in the mouse
optic tract, it is hard to draw comparisons between chronotopic, topographic, and eye-speciﬁc modes
of RGC axon organization.
One mode of typographic organization that has not yet been studied in the mouse optic tract is
that of genetically identiﬁed RGC functional subtypes. However, especially as our ability to identify
and label RGC subtypes improves (e.g., Rivlin-Etzion et al., 2011; Baden et al., 2016), it will be
particularly interesting to explore the organization of functional subtype speciﬁc RGC axons in the
optic nerve and tract. Perhaps all subtypes follow their own organizational principles within the
tract, forming distinct subtype-related bundles. Alternatively, functional subtype identity may be
of less consequence for tract organization and targeting, and subtype speciﬁc axons may scatter
throughout the topographic map within the optic tract. The organization and distribution in the
optic tract of axons from RGC subtypes that are scattered throughout the retina (e.g., DRD4+
direction selective RGCs, Huberman et al., 2009) can be compared with those that have a more
topographically restricted retinal position (e.g., PV+ RGCs, Baden et al., 2016). Such a comparison
will shed light on how topography and typography are related in the mouse retinogeniculate pathway.
For instance, in the case of the PV+ RGC subtype, perhaps they form subtype-speciﬁc bundles
within larger topographically-deﬁned bundles in the tract.
In addition to the anterograde labeling experiments in Chapter 2, I also used SERT-Cre:zsgreen
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genetic labeling to track ipsi RGC axons in the optic nerve, chiasm, and tract. This genetic labeling
revealed what appear to be two separate fascicles of SERT-Cre:zsgreen+ ipsi axons in the optic
nerve — a primary bundle in the ventrolateral optic nerve and a secondary, more loosely organized
bundle positioned medially. The signiﬁcance of this apparent segregation within the ipsi axon cohort
is unclear. It is possible that these two subsets are destined for diﬀerent targets — the primary
bundle is perhaps destined for the thalamic targets (the dLGN and SC), while the minor bundle
may route to accessory visual targets. This is purely speculation, though, and further studies are
needed to dissect what diﬀerence, if any, exists in the identity and destination of these two bundles
of SERT-Cre:zsgreen+ axons in the optic tract.
More relevant and interesting, however, are the apparent dynamic changes in fasciculation of
ipsi RGC axons (as labeled by SERT-Cre:zsgreen+ ) in the nerve, chiasm, and tract. Zsgreen+
axons appear well fasciculated in the proximal optic nerve, only to progressively unravel as they
near the chiasm, and subsequently re-form a well segregated bundle in the lateral optic tract (see
Figure 2.4). This dynamic fasciculation is in line with reports that topographic order is progressively
lost along the proximal to distal optic nerve, is unclear in the chiasm, and is regained in the optic
tract (Torrealba et al., 1982; Reh et al., 1983; Reese and Baker, 1993; Chan and Guillery, 1994;
Chan and Chung, 1999; Plas et al., 2005). It is noteworthy that two distinct modes of axon
organization (topography and laterality) undergo a similar dynamic as axons progress through the
optic chiasm. These observations raise the question of whether there is indeed organization within
the chiasm itself that our methods have so far failed to identify. Additionally, the unbundling of
axons near the chiasm and re-bundling in the optic tract strongly suggest the presence of active
organizational mechanisms in the tract.

5.2

Selective Fasciculation is One Mechanism of Axon Tract Organization

Chapter 3 presented a series of novel in vitro assays to assess selective fasciculation of ipsi and contra
RGCs (based on neurite outgrowth from E14.5 VT and DT retinal explants, respectively). Data
from these assays collectively demonstrate that ipsi (i.e., VT) neurites fasciculate more frequently
(Figure 3.3B) and to a greater extent (Figure 3.7B) than contra (i.e., DT) neurites. These data
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suggest that one of the mechanisms involved in ipsi/contra RGC axon segregation in the optic tract
in vivo is selective fasciculation of ipsi axons.
In vivo, the ipsi RGC axon cohort appears to become less well fasciculated as it nears the optic
chiasm, which seems to be a general principle of all axon cohorts in the retinofugal pathway (see
previous section). Thus, it is somewhat counterintuitive that in vitro, the addition of chiasm cues
results in increased fasciculation of retinal neurites. This may be due in part to the limitations of
a reductionist in vitro approach — i.e., guidance and fasciculation factors may behave diﬀerently
in vitro than they do in vivo. Additionally, chiasm cells are refractory to neurite outgrowth in
vitro (Wang et al., 1995; Wang et al., 1996), and increased fasciculation may result from reduced
neurite extension in a growth restrictive environment. In other words, if the growth environment
or substrate is less conducive to neurite growth, neurites will preferentially choose other neurites as
their growth substrate, rather than the substrate.
In the chiasm co-culture experiments, I used a low density of dissociated chiasm cells so as
to minimize the impact of the chemosuppression signals that are refractory to growth. Neurite
extension was still visibly reduced in these cultures, though, so the increased fasciculation may at
least partially be a consequence of a growth restrictive environment. One way of dealing with this
limitation would be to assess neurite fasciculation using live imaging. After establishing a baseline
of fasciculation in a chiasm-free culture, dissociated chiasm cells or speciﬁc molecules could be added
to the culture, and changes in fasciculation could be measured as the neurites respond to the newly
introduced cues. Indeed, as discussed at the end of Chapter 3, live imaging will be an extremely
useful tool in furthering our understanding of how neurites interact with one another in diﬀerent
environments and how diﬀerent cues and neighboring neurites aﬀect fasciculation.
One issue that I have attempted to address, speciﬁcally with the Y assay, is the role of selective
fasciculation in axon sorting. Selective self-fasciculation is one mechanism of sorting diﬀerent axon
cohorts and likely occurs by a combination of increased self-fasciculation of one cohort and repulsion
between the two cohorts. Nishikimi et al. (2011) studied axon sorting of medial and and lateral cortical explants in vitro using an assay similar to the en face assay I used in Chapter 3 (Section 3.2.2),
but with much greater neurite outgrowth than I used to study single fasciculation events. The assay
in Nishikimi et al. (2011) provides a reliable measure of repulsion between like and unlike pairs of
cortical explants, and suﬀers less from the issue of head-to-head growth cone avoidance than my en
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face assay largely because explants were grown very close together in conditions that encouraged
proliﬁc neurite outgrowth. Thus, their assay provides a good system for measuring robust repulsive
eﬀects between explant type, but may fail to detect less extreme diﬀerences between explants from
another system.
It may be worth using the en face with greater neurite outgrowth to test VT and DT neurite
attraction and avoidance, as Nishikimi et al. (2011) have done with medial and lateral cortical
explants. However, the Y assay presented in Chapter 3 (Section 3.2.4) will hopefully provide a
more detailed assessment of neurite sorting and, especially when examined by live imaging, neuriteneurite interactions between diﬀerent neurite types in diﬀerent growth environments. Indeed, the
diﬀerences in fasciculation revealed in the bundle width assay are not extreme in size, though they
are statistically signiﬁcant. This indicates that selective fasciculation behaviors between ipsi and
contra axons are reliably present, but relatively subtle in nature. Studying such subtle aspects of
axon sorting and axon guidance, while challenging, is valuable. This is especially true as it relates to
studying developmental disorders of circuit development, which likely arise from an accumulation
of many developmental aberrations. Such developmental defects may be subtle or small in size,
but, as with the accumulation of many small copy number variants in the genome, can collectively
amount to profound deﬁcits (Rutkowski et al., 2016).

5.3

EphB1 is Involved in but not Necessary for Ipsi RGC Axon
Organization

In Chapter 4, I explored eye-speciﬁc axon organization in the optic tract of EphB1-/- mutants and
the role of EphB1 in selective fasciculation of ipsi axons. Additionally, I used the EphB1-/- mutant
as a model for exploring the relationship between midline choice, tract organization, and targeting. I
found that the remaining ipsi axons in the EphB1-/- optic tract are positioned grossly normally, but
are disordered in their fasciculation and organization. Ipsi axons sometimes stray into the medial
optic tract and appear less strictly segregated from contra axons in the mutant tract. Using the
SERT-Cre:zsgreen;EphB1 mouse, I determined that the misrouted axons in the EphB1-/- mutant
largely retain their position in the ipsilateral zone, in the lateral aspect of the optic tract.
In sum, these data suggest that while EphB1 is not necessary for the general positioning of ipsi
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RGC axons in the optic tract, it may be involved in ipsi axon fasciculation and ipsi/contra axon
segregation. Results from the bundle width assay with EphB1-/- DT and VT explants indicate that
EphB1 is dispensable for ipsi axon fasciculation, though given the apparent decreased magnitude
in eﬀect size compared with wild-type explants, it may be partially involved. Direct testing of a
role for EphB1 in mediating ipsi axon fasciculation can be performed with EphB1 function blocking
experiments in wild-type cultures to conﬁrm this hypothesis. A similar approach can be taken to
explore other candidates molecules potentially involved in fasciculation and axon sorting.
Findings from the SERT-Cre:zsgreen;EphB1-/- mouse indicate that the integrity of the ipsilateral
cohort — in this case, both the remaining ipsilaterally projecting axons and the misrouted axons
that project contralaterally — is grossly preserved. This could result from maintenance of other
ipsilateral cues that mediate ipsi axon association and/or position in the optic tract, and also
possibly cues that mediate targeting to the ipsi-recipient zone in the dLGN. Had misrouted axons
in the SERT-Cre:zsgreen;EphB1-/- been positioned in the medial aspect of the tract or scattered
throughout, then it would be less likely that an axon’s position in the tract inﬂuences its targeting.
However, ﬁnding, as I did, that the ipsi cohort largely maintains its self-association in the SERTCre:zsgreen;EphB1-/- optic tract, only indirectly supports the hypothesis that an axon’s bundling
partners in the tract inﬂuence targeting. This hypothesis requires signiﬁcantly more examination.
In order to directly test the hypothesis, we ﬁrst need a better understanding of the cues present in
the tract as well as a more complete understanding not only of the genetic expression proﬁles of
ipsi and contra RGCs, but also local proteomic proﬁles of ipsi and contra RGC axons at diﬀerent
points along the retinogeniculate pathway.
My analysis presented in Chapter 4 extends our understanding of the EphB1-/- mutant and
identiﬁes a potential role for EphB1 in ipsi axon fasciculation. However, much remains to be
explored in terms of the role of Ephs and ephrins in axon organization in the retinogeniculate
pathway. For one, Ephs and ephrins might be involved in organizing axons topographically within
the tract, similar to their role in patterning topography in the target. As is the case in the target
(Weth et al., 2014), interactions between axons and their environment and axon-axon interactions
likely both contribute to establishing and maintaining axon organization in the tract. One of the
ﬁrst steps toward furthering our understand of the role of Ephs and ephrins in the tract is to identify
the expression patterns of Ephs and ephrins both in the tract and on RGC axons inside the tract.
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This will allow us to speciﬁcally examine Eph/ephrin interactions between diﬀerent cohorts of axons,
and between axons and the tract environment.

5.4

Future Directions

In summary, the work presented here present three main avenues for near-term future studies. First,
to deepen our understanding of how diﬀerent modes of axon organization relate within the optic
tract, one of the top priorities will be studying the pre-target organization of RGC subtypes. Using
some of the newly identiﬁed genes and reporter mice that have already been produced (Rivlin-Etzion
et al., 2011), we could start to correlate RGC subtype-speciﬁc axon organization in the tract with
targeting patterns in the dLGN. Perhaps axons from RGC subtypes that target diﬀusely across the
dLGN are also spread more evenly through the optic tract. Such a ﬁnding would provide more
support for a model in which pre-target axon organization and targeting are connected processes in
circuit development.
Second, and perhaps the most exciting area of future study, builds upon the in vitro work presented in Chapter 3. The most doable next step to extend the ﬁndings of diﬀerential fasciculation
between ipsi and contra RGC neurites is to perform live imaging. While analysis of actively growing
neurites will be more complicated and time-intensive, it will provide information on the dynamics
of fasciculation, which remain an understudied phenomenon. Furthermore, in a live imaging setup,
we could assess the immediate eﬀects of candidate molecules on ipsi and contra neurite growth
and fasciculation, as well as assess direct interactions between ipsilateral and contralateral neurites.
While the Y assay is problematic in its current form, i.e., the incompatibility between laminin and
microcontact printing, it would be very exciting to establish a more workable platform to directly
assess neurite sorting and selective fasciculation interactions between ipsi and contra neurites. Microfabrication of Y shaped growth areas and establishing a 3D culture system could both be fruitful
avenues. With either the bundle assay or a new iteration of a Y assay or 3D culture system, we could
explore the role or candidate molecules (discussed in more detail ahead, and earlier in Section 3.3.3)
in selective fasciculation and axon sorting.
Finally, to extend upon the work presented and discussed in Chapter 4, it would be valuable
to gain a better understanding of what surface molecules are expressed on ipsi RGC axons in the
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optic tract, as well as what the molecular environment of the optic tract is during development. But
perhaps more importantly, to further test the relationship between tract position and targeting, it
would be informative to conduct the reverse paradigm as we tested in the EphB1-/- mutant. That
is, we could ectopically express EphB1 in the retina during development and trace the axons that
are now aberrantly ipsilateral — will they course with “true” contra axons in the tract and target
contra areas, or instead bundle with ipsi axons? Such experiments could expand our understanding
of the relationship between tract order and targeting. However, the deﬁnitive experiments require
precise and selective molecular manipulation of axons in the tract, sparing those that have not yet
navigated the chiasm, and also sparing molecular expression in the target. In order to develop
such an experiment, we ﬁrst need better proteomic analyses of axons in the tract and a better
understanding of the molecular milieu in the optic tract itself (as discussed further in the next
section, and touched upon in Section 4.3.3). The discussion in the next section of molecules details
some possible candidates for further exploration both in vitro and in vivo.

5.5

Putative Molecular Mechanisms Involved in Axon Organization
in the Retinogeniculate Pathway

There are several possible molecular mechanisms mediating axon organization in the optic tract,
which most likely function in concert to establish and maintain tract order. Speciﬁc axon-axon
interactions and selective fasciculation are involved: data presented in Chapter 3 show that ipsi
axons preferentially self-fasciculate compared with contra axons. The molecules involved in this
selective fasciculation remain largely unknown, but EphB1 appears to be partially involved. Axonaxon interactions include selective self-fasciculation as well as repulsion between axon cohorts, a
phenomena which was suggested by the en face assay, and for which the Y assay may provide
further evidence. Beyond axon-axon interactions, extrinsic cues within the optic tract are likely
involved in organizing RGC axon cohorts along their pathway. In this section, I will discuss a
variety of candidate molecules that could be involved in axon-axon interactions and/or extrinsic
cues.
In addition to my examination of EphB1 in Chapter 4, I discussed in Chapter 3 a selection of
candidate molecules from our lab’s microarray screen of ipsi and contra RGCs (Wang et al., 2016),
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which would be interesting to test in the in vitro assays of fasciculation. In addition to the three
adhesion and cytoskeleton-interacting molecules discussed in Section 3.3.3, several Semaphorins (Semas) were identiﬁed as diﬀerentially expressed by ipsi and contra RGCs at E16.5 (Wang et al., 2016).
Given the broad roles played by Semas in neural development and axon guidance (Raper, 2000),
these are particularly compelling candidates to explore for a role in axon organization. Speciﬁcally,
Sema5b and Sema4d are more highly expressed in ipsi RGCs, and Sema3e and Sema7a are more
highly expressed by contra RGCs (Wang et al., 2016). Semas play a role in axon organization in
the olfactory nerve (Imai et al., 2009) and the corpus callosum (Zhou et al., 2013). A combination
of in vitro assessments of fasciculation and axon sorting, along with in vivo analyses of tract order
could reveal a role for Semas in eye-speciﬁc axon organization in the optic tract.
While the microarray screen provides several new candidates to explore, it cannot be used in
isolation to identify interesting candidates for fasciculation and axon organization. Microarrays
have inherent technical limitations, and this one examined a single developmental time point in
RGC development (E16.5). Because of this, EphB1 was not found to be diﬀerentially expressed by
ipsi and contra RGCs at E16.5 in this study, even though it is known to be necessary and suﬃcient
for mediating the ipsilateral midline choice (Williams et al., 2003; Petros et al., 2009b). EphB1
expression in the retina is temporally dynamic during RGC development and axon outgrowth,
peaking in the VT retina at E14.5-E15.5, before the age that gene proﬁling was performed by
Wang et al. (2016). Furthermore, gene proﬁling of RGCs provides limited information on the local
translation events occurring at the growth cone — genes that are found to be equally expressed
in ipsi and contra RGCs may well be diﬀerentially locally regulated in the distal axon and growth
cone. This layer of complexity will require a combination of approaches to examine not only the
genetic expression patterns in the RGCs but also local proteomic proﬁles of axons at diﬀerent points
in the pathway. Indeed, a recent report in the zebraﬁsh visual system found that local translation
was important for Sema/Nrp mediated topographic sorting of RGC axons in the tract (Hörnberg
et al., 2016), highlighting the importance of such detailed analyses to understand pre-target axon
organization.
One interesting group of candidate genes that was not identiﬁed by Wang et al. (2016) is the
teneurin family of type II transmembrane glycoproteins. Several teneurins were found in the microarray screen, but none with signiﬁcant diﬀerences between ipsi and contra RGC expression levels.
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Teneurins are involved in numerous elements of neural development, including axon guidance, dendritic morphology, fasciculation, targeting, and synaptic development (Leamey and Sawatari, 2014).
Teneurins have been implicated in targeting and formation of topographic maps in the visual system
(reviewed in Leamey and Sawatari, 2014). Speciﬁcally, Ten-m2 is required for appropriate guidance of ipsi RGC axons (Young et al., 2013). When Ten-m2 is deleted, the ipsi retinal projection
is decreased, similar to the EphB1-/- mutant. Furthermore, EphB1 itself is downregulated in the
Ten-m2 mutant, speciﬁcally in the ventral retina, while Zic2 expression was unaltered (Young et al.,
2013). The details of the molecular interactions between Ten-m2 and EphB1 remain unclear, but
given the role of Ten-m2 and the teneurin family generally in development of the binocular circuit,
they are compelling candidates to study further in the context of RGC axon organization.
Proteoglycans are also interesting molecular candidates. Heparan sulfate proteoglycan (HSPG)
function is required for proper retinal axon sorting in the zebraﬁsh (Lee et al., 2004), and chondroitin sulfate proteoglycan (CSPG) is involved in chronotopic organization of retinal axons in the
optic tract (Leung et al., 2003). Furthermore, HSPGs interact with many axon guidance molecules,
including the Eph-ephrin, Netrin-DCC, and Slit-Robo pathways (reviewed in Lee and Chien, 2004;
Masu, 2016). HSPGs could aﬀect distribution of guidance molecules, and may also act as coreceptors, or function as ligands themselves. Proteoglycan distribution along the retinofugal pathway (e.g., McAdams and McLoon, 1995; Chung et al., 2000; Ichijo, 2006) situates this large family
of sugar molecules to provide both guidance and organizational cues to RGC axons, possibly even
beyond their known role in mediating chronotopy (Leung et al., 2003).
The proteoglycan interaction with the Slit-Robo may be particularly interesting to study in
the optic tract. Slit1 and 2 are important for RGC axon navigation through the optic chiasm by
creating a repellent border surrounding the chiasm region (Plump et al., 2002). Loss of Slit1/2 leads
to RGC axon defasciculation and misrouting in the chiasm region (Plump et al., 2002). Furthermore,
speciﬁc heparan sulfation patterns on RGCs are important for mediating RGC axon repulsion from
Slit cues surrounding the chiasm region (Pratt et al., 2006). Similar regulation of sulfation patterns
and proteoglycan interactions with Slit cues could be involved in axon fasciculation in the optic
tract.
The expression of proteoglycans in the extracellular matrix (ECM) along the visual pathway
(McAdams and McLoon, 1995; Ichijo, 2006) raises the interesting question of what other cues are
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expressed by the ECM and glia within and surround the optic tract. Distinct changes in the
distribution and morphology of glia along the optic nerve, chiasm, and tract have been documented
(e.g., Maggs and Scholes, 1986; Guillery and Walsh, 1987; Vanselow et al., 1989; Sun et al., 2009).
The role of glia in fasciculation, axon guidance, and synaptic development is increasingly appreciated
and well understood (e.g., Schafer et al., 2012; Squarzoni et al., 2014; Pont-Lezica et al., 2014;
Molofsky et al., 2014 and reviewed in Learte and Hidalgo, 2007; Clarke and Barres, 2013; Stogsdill
and Eroglu, 2017). However, we have almost no knowledge of what guidance, adhesion, attractive,
repulsive, or other organizational molecules are expressed by glia in the tract. I have conducted
preliminary examinations of the expression patterns of astrocytes and microglia in the developing
optic tract, which indicate that these cell types are well positioned both in and around the optic
tract to potentially provide organizational cues to RGC axons. Speciﬁcally, there is a preponderance
of microglia in the pia lining the outside of the diencephalon, along the lateral edge of the optic
tract, notably abutting the region where ipsi RGC axons are situated. Thus, a testable hypothesis
is that microglia in this region are providing attractive cues to ipsi axons and/or repellent cues to
contra axons.
As with EphB1 and other Ephs and ephrins, the challenge in studying the molecules discussed
here is their presence at multiple steps along the pathway. Thus, experimentally teasing apart
separate functions of candidate molecules at the midline choice point, within the tract, and in
the target will require sophisticated tools and elegant experimental design. Additionally, functional
redundancy in many guidance molecules presents another challenge, such that single gene knockouts
may have minimal defects, while double mutants have sever perturbations (e.g., as in Plump et al.,
2002).

5.6

Relevance of Axon Organization in Circuit Formation

In 1956, very early in the history of studies considering pre-target axon sorting, Barnard and
Woolsey (1956) reﬂected on the trajectory of the ﬁeld, noting a shift from focusing on “origins
and terminations of the major ﬁber tracts,” towards examining “intratract localization of one sort
or another.” They contested the false dichotomy that axons must either maintain highly speciﬁc,
one-to-one neighbor relationships in order to innervate a target appropriately, or else course along
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their pathways haphazardly until arriving at their destination (Barnard and Woolsey, 1956). The
last several decades of research highlight the complexity and subtlety of many developmental and
guidance mechanisms in growing neural circuits. Taking stock of the current understanding of
intratract axon organization, we ﬁnd that topographic, chronotopic, and typographic order of axons
are common modes of pre-target axon sorting in white matter tracts (Figure 1.1), and molecular
mechanisms mediating these modes of order fall generally into axon-extrinsic and axon-intrinsic
categories (Figure 1.2). Glia, transient or migrating neuronal populations, and the ECM provide
organizational cues to axons within tracts. Homotypic and heterotypic axon-axon interactions are
important components in organizing developing tracts, though the detailed mechanisms of these
interactions are still somewhat elusive. Finally, current evidence strongly supports a role for pretarget axon order in creating accurate connections in targets, though plasticity in developing circuits
is capable of mending early wiring errors to some degree.
The axon guidance ﬁeld has historically divided neural circuits into experimentally manageable
segments, focusing on the transcriptional regulation of the source neurons, axon guidance decisions
at choice points or intermediate targets, and terminal guidance and reﬁnement events within targets.
As our understanding of each segment of the neural pathways improves, so too have the available
experimental tools, opening up new avenues of inquiry into the guidance mechanisms within tracts
coursing between the segments so far studied. These new avenues of inquiry of course uncover greater
overall complexity in developing neural circuits. Determining whether pre-target axon organization
is a mere consequence of either a neuron’s transcriptional identity or events at choice points, as
opposed to an active step in organizing the overall circuit, remains the greatest challenge. In other
words, are guidance events and axon-axon interactions within the tract instructive for subsequent
targeting events, or are local guidance cues within the target suﬃcient for ordering incoming axons,
so long as they reach the target? Additionally, it is unclear if defasciculation in a tract necessarily
leads to tract and target disruptions, or if other organizational mechanisms can compensate for
disordered fasciculation within tracts. For instance, despite disorganization and defasciculation
in the EphB1-/- optic tract, axons still grossly target the dLGN normally. However, they reﬁne
improperly and may not be fully functional, hinting at the importance of proper organization for
functional innervation.
One particular challenge in answering these questions is the fact that the same molecules often
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act at intermediate targets, between axons (fasciculation and repulsion), and in the target (between
axons and target cells). New approaches will be needed in order to fully understand how each
element of the pathway contributes to ﬁnal targeting events. In this regard, novel in vitro assays,
such as those presented in Chapter 3, may assist in teasing apart the relative contributions of
guidance molecules at choice points and within tracts. In tracts with less well understood pre-target
axon organization, advanced labeling techniques such as electroporation of ﬂuorescent proteins
(Saito and Nakatsuji, 2001) or new viral tracing approaches (Reardon et al., 2016), along with
tissue clearing methods to enhance visualization (e.g., Ertürk et al., 2012; Kuwajima et al., 2013;
Tomer et al., 2014) will be particularly useful in more fully detailing modes of order within those
tracts. Additionally, modern molecular genetic techniques now allow for the selective perturbation
of gene expression in speciﬁc neuronal subpopulations or at particular points along an axon’s course,
which will allow us to better comprehend how each part of the pathway contributes to formation of
the whole circuit.
Understanding the subtleties of white matter tract formation by studying pre-target axon order
in normal development is a necessary step towards unraveling the basis of neurodevelopmental
disorders. Diﬀusion tensor imaging studies have found white matter tract abnormalities in subjects
with autism spectrum disorder (Wolﬀ et al., 2012) and schizophrenia (Kubicki et al., 2007). A
better grasp on the principles of tract development and organization, and the relationship between
tracts and targets, is necessary to more eﬀectively study and treat developmental disorders of neural
circuitry.
Given the multi-stepwise process of circuit formation, perturbations in pre-target order may
not necessarily produce drastic shifts in targeting, and as such might at ﬁrst appear relatively
inconsequential to the overall order of the circuit. However, the devil is likely to be in the details, as
it were, and the eﬀects such perturbations have on targeting are more likely to be subtle and possibly
even undetectable except at the level of individual synapses (e.g., Michalski et al., 2013). Examining
developing axon tracts with a keen eye towards such subtle aberrations in circuit formation and
function is key to unlocking underlying mechanisms of complex developmental brain disorders.
The work presented in this thesis contributes to our growing understanding of axon organization
and provides evidence for a role of selective fasciculation as one mechanism underlying such order.
Data from the EphB1-/- mutant additionally provide indirect support of a model in which tract
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organization is important for targeting and overall development of a neural circuit. Future studies
in this system can explore the relationship between diﬀerent modes of axon organization in the
optic tract to identify if there is a hierarchical ordering of chronotopy, topography, and typography
(including both laterality and functional subtypes). Furthermore, there is a great deal left to discover
about what cues exist within the tract and how axon interactions with such cues, along with axonaxon interactions give rise to an ordered tract. Finally, and perhaps most importantly, experiments
that selectively and speciﬁcally perturb tract organization can eventually demonstrate whether or
not axon organization in the tract is instructive or important for early targeting decisions.
In all of these future assessments, an eye to ﬁne grained detail will be necessary. The development of an accurate, precisely functioning neural circuit is the result of a complex series of axon
guidance and navigation steps. Neural circuits are plastic and adaptable, and small errors in neural
development are corrected with relative ease in subsequent steps of circuit formation. But what are
the degrees of freedom in the extent to which a developing circuit can be disordered pre-synaptically
and still be successfully corrected and reﬁned at the synaptic level to form a properly functioning
circuit? Perhaps the more orderly axons are along their journey, the better equipped they are to
form precise and accurate connections within their target. And perhaps minor aberrations early
in circuit development can accumulate to have detrimental functional consequences. Alternatively,
local cues within the target may be robust enough to overcome such early minor pathﬁnding errors,
rendering tract organization a less important step in circuit formation. Future studies addressing
these questions will enhance our understanding of neural developmental processes and provide much
needed insight into complex neurodevelopmental disorders.
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Chapter 6

Materials and Methods
6.1

Animal Procedures

Mice were housed in a barrier facility at Columbia University Medical Center and maintained in
a timed-pregnancy colony under the supervision of the lab mouse technician, Hranush Melikyan.
All animal procedures were carried out in accordance with protocols (current protocol numbers
AC-AAAQ5424 and AC-AAAQ5425) approved by Columbia University Institutional Animal Care
and Use Committee. Breeding females were checked for vaginal plug at noon each weekday. The
day a vaginal plug was detected was considered E0.5. Embryos were harvested as close to noon on
the day of collection as possible. Wild-type animals were C57BL/6J. SERT-Cre:zsgreen mice were
maintained on a C57BL/6J background. The SERT-Cre:zsgreen mice were a gift from Drs. Weisheng
Chen and Tom Maniatis and originally contained a mutant allele for Protocadherin, which was bred
to wild-type before use in my experiments. EphB1-/- mice, described previously (Williams et al.,
2003), were maintained on a 129S1/SvImJ background. SERT-Cre:zsgreen;EphB1 mice were bred
for three generations before collecting litters, and all experiments compared littermates with SERTCre:zsgreen+/- and either EphB1-/- ,

6.2

+/+ ,

or

+/- .

Anterograde Labeling

Anterograde labeling was performed with DiI (1,1′ -Dioctadecyl-3,3,3′ ,3′ -Tetramethylindocarbocyanine
Perchlorate (DiIC18 (3))) and its far red shifted analogue, DiD (1,1′ -Dioctadecyl-3,3,3′ ,3′ -Tetra144
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methylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt) (Molecular Probes). Embryos were harvested from pregnant dams anesthetized with ketamine/xylazine (100 and 10 mg/kg, respectively,
in 0.9% saline), transcardially perfused with 4% paraformaldehyde (PFA), and post-ﬁxed overnight
(O/N) at 4℃. Postnatal pups were anesthetized with ketamine/xylazine (100 and 10 mg/kg, respectively, in 0.9% saline), transcardially perfused with 4% PFA, and post-ﬁxed O/N at 4℃. Perfused
heads were rinsed twice in 1X phosphate buﬀered saline (PBS) before labeling.
For whole eye anterograde labeling, the eyecup was removed and DiI or DiD crystal was placed
directly onto the optic nerve head using the ﬁne tip of a pulled glass micropipette. The tip of the
micropipette was used to crush the DiI or DiD crystals into the optic nerve head, ensuring full label
of the retinal axons. The eyecup was replaced to hold the DiI or DiD in place for the duration of
incubation.
For focal anterograde labeling (VT/VT or topographically restricted label), the lens was removed, leaving the rest of the eyecup intact. The ﬁne tip of a pulled glass micropipette was used to
place a small amount of DiI or DiD crystal into the designated peripheral retinal quadrant, ensuring
penetration of the RGC layer. The lens was gently replaced to help keep the DiI or DiD in place
for the duration of incubation. Embryonic samples were incubated at 37℃ for 6-12 days; postnatal
samples were incubated at 37℃ for 10-14 days. SERT-Cre:zsgreen;EphB1 samples labeled with DiD
were incubated for 14-16 days at room temperature (RT) in order to maintain zsgreen ﬂuorescent
signal.
After incubation to allow dye transport, brains were carefully removed and sectioned on the
vibratome 75 µm thick in either frontal or horizontal plane, and mounted sequentially for imaging.
Retinae with focal labeling were removed after cutting a slit into the ventral retina for orientation,
then ﬂat-mounted to conﬁrm dye placement and extent of labeling.

6.3

Immunohistochemistry

The following primary antibodies were used:
- rabbit polyclonal anti-zsgreen antibody, Clontech (catalog no. 632474), used at 1:500
- rabbit polyclonal anti-laminin (Invitrogen, catalog no. PA1-84171), used at 1:500
- chicken polyclonal anti-GFP, Abcam, used at 1:500
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- rat anti-mCherry, Abcam, used at 1:1000
- mouse monoclonal anti-neuroﬁlament (IgG) antibody (2H3), a gift from T. Jessell and S.
Morton, Columbia University, NY, USA, used at 1:5
- rabbit anti-Zic2 (gift from Stephen Brown, University of Vermont), used at 1:10,000
- mouse monoclonal anti-Islet1/2 (4D5), gift from T. Jessell and S. Morton, used at 1:50
The following secondary antibodies were used:
- goat anti-mouse AlexaFluor 488, 594, or 647, Invitrogen, used at 1:400
- goat anti-rabbit AlexaFluor 488 or 594, Invitrogen, used at 1:400
- goat anti-chicken AlexaFluor 488, Invitrogen, used at 1:400
- donkey anti-rabbit AlexaFluor 350, Invitrogen, used at 1:400
- donkey anti-rat AlexaFluor 594, Invitrogen, used at 1:400
Where Hoechst was used, it was applied at RT at a concentration of 1:5,000 in PBS, for 10-20
minutes (min), after secondary antibody application, and then rinsed three times with 1X PBS.
Immunostaining of retinal explants
Explant cultures were ﬁxed with warm 4% PFA in 1X PBS or warm 4% PFA + 0.1% glutaraldehyde in 10% sucrose/PBS solution, for 15-20 min at RT, then rinsed 2-3 times with RT 1X PBS.
Fixed cultures were incubated for 45-90 min at RT in blocking solution composed of 1X PBS + 1%
Triton X-100 + 10% normal goat serum (NGS). Primary antibodies were applied in a 1X PBS +
1% Triton X-100 + 5% NGS solution and incubated O/N at 4℃. The following day, samples were
rinsed for 15-30 min three times with 1X PBS at RT. Secondary antibodies were applied in a 1X
PBS + 1% Triton X-100 + 5% NGS solution and incubated at RT for 2-4 hours (h). Samples were
rinsed three times and coverslips mounted onto slides with Fluoro-Gel mounting medium (Electron
Microscopy Sciences).
Immunostaining of zsgreen in vibratrome sections with DiD label
After anterograde labeling with DiD, brains were sectioned 50 µm thick and collected into wells
of 1X PBS. Free ﬂoating sections were incubated for 60-90 min at RT in blocking solution composed
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of 1X PBS + 0.25% Tween 20 (Sigma-Aldrich) + 10% NGS. Primary antibodies were applied in a
1X PBS + 0.25% Tween 20 + 5% NGS solution and incubated for 2 nights at 4℃. Samples were
then rinsed 20-30 min 3 times with 1X PBS, and then secondary antibodies were applied in a 1X
PBS + 0.25% Tween 20 + 5% NGS solution and incubated for 3-4 h at RT. Samples were rinsed
once with 1X PBS, incubated with Hoechst for 10-20 min, then rinsed three times with 1X PBS,
and mounted sequentially and coverslipped with Fluoro-Gel mounting medium.
Immunostaining of cryosections
Cryosections 25 µm thick were collected in sequence in 4 parallel series of slides. One or two
sets were immunostained and imaged, resulting in serial sections either 100 µm or 50 µm apart,
respectively. Slides with cryosections were brought to RT from -80℃ and left to dry before being
rinsed with 1X PBS once for 5-10 min. Samples were incubated for 45-90 min at RT with blocking
solution composed of 1X PBS + 0.5% Tween + 10% NGS. Primary antibodies were applied in a
1X PBS + 0.5% Tween 20 + 10% NGS solution and incubated for 2 nights at 4℃. Samples were
then rinsed for 15-20 min three times with 1X PBS, then secondary antibodies were applied in a
1X PBS + 0.5% Tween 20 + 5% NGS solution and incubated for 3-4 h at RT. Samples were rinsed
once with 1X PBS, incubated with Hoechst for 10-20 min, then rinsed three times with 1X PBS,
and coverslipped with Fluoro-Gel mounting medium.

6.4

In Vitro Retinal Explant Cultures

Retinal explant procedures have been described previously by Wang et al. (1996) and Kuwajima et
al. (2012). For all retinal explant experiments, E14.5 embryos were harvested from pregnant dams
that were anesthetized with ketamine/xylazine (100 and 10mg/kg, respectively, in 0.9% saline)
and then sacriﬁced by cervical dislocation. Embryos were quickly removed and collected into cold
DMEM/F12, where they were removed from their individual amniotic sacs and placed into a fresh
dish of cold DMEM/F12. Embryos were then decapitated using forceps and heads were placed
into a fresh dish of cold DMEM/F12. Microscissors were used to dissect each eye of each head,
making a small cut into the ventral retina to indicate orientation. The lens and interior vasculature
were removed and the eyecups collected into separate wells of cold DMEM/F12, keeping left and
right retinas separate. After all retinae were collected, each one was then dissected into retinal
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explants, approximately 300x300 µm, collecting VT and DT explants separately. The central-most
and peripheral-most portions of the retina were removed, and the intermediate region between V
and D on the temporal hemiretina was also discarded before collecting VT and DT explants.
Explants were plated in serum free media (SFM) + 0.4% methylcellulose (Sigma catalog no.
M-0512). SFM is made by vortexing together the ﬁrst two ingredients listed below, then gently
mixing in the second two ingredients:
- 50ml DMEM/F12
- 0.5g fatty acid free bovine serum albumin (BSA)*
- 500 µl ITS supplement (Sigma catalog no. I-1884)
- 100 µl Pen/Strep (Invitrogen catalog no. 15140-122)
* Note

that Sigma catalog no A8806-5G was used for all experiments and diﬀerent BSA strongly

aﬀects outgrowth and fasciculation. SFM + 0.4% methylcellulose solution is left stirring O/N at
4℃ and ﬁltered using a 0.2 µm ﬁlter before using.
Control experiments measuring Zic2 expression in VT and DT cultures in standard culture
conditions shows that VT explants retain ipsi-speciﬁc molecular expression (Figure 6.1). Zic2 expression is preserved at 4 and 24 h in vitro, although it largely disappears by 48 h in vitro. This is
due to the fact that Zic2 protein expression is an imperfect measure of ipsi identity, as its expression
is very transient in vivo, and is therefore likely similarly downregulated in vitro.
For explants in the en face assay, before collecting explants, decapitated embryonic heads were
electroporated with GFP or mCherry in either the dorsal or ventral hemiretina using ex vivo electroporation, as described in Petros et al. (2009a) and schematized in Figure 3.1. After electroporation,
retinae were dissected from the head as described above and incubated in SFM O/N at 37℃ to allow
expression of ﬂuorescent proteins. Before plating explants, glass-bottomed culture dishes were incubated O/N at 4℃ with poly-DL-ornithine, which was rinsed the following day three times with cold
DMEM/F12. Dishes were then incubated at 37℃ for at least 2 h with 8 µg/ml laminin (Invitrogen
catalog no. 23017-015). After incubating in SFM O/N, ﬂuorescently labeled VT and DT retinal explants were collected as above and plated in SFM + 0.4% methylcellulose using ﬁne-pointed forceps
to gently but ﬁrmly push the explants onto the glass coverslip (in a glass bottomed culture dish
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Figure 6.1: Zic2 differential expression between VT and DT retina is preserved in vitro.
Percent of Islet1/2+ that are also Zic2+ in VT and DT explants cultured in vitro for 4, 24,
and 48 h. Differential expression is clearest soon after explants are plated, is well maintained
at 24 h, and is gone by 48 h, likely because Zic2 expression is transient in vivo and has been
similarly downregulated in vitro. Data are shown as means ± standard error of the mean.

prepped as described) with explants pairs placed 1.5mm apart. Explant pairs were incubated O/N
at 37℃, and ﬁxed for 15-20 min with warm 4% PFA the following day, and then immunostained for
GFP, mCherry, and NF.
Analysis of the en face assay was performed in Neurolucida (v11, MBF Biosciences, Williston,
VT, USA). Intra-explant and inter-explant fasciculation events were traced manually and neurite
tips were identiﬁed with unique markers manually (see Figure 3.2 for more detail). Data for fasciculation event number and length of each type, and neurite tip numbers were exported into .csv ﬁles
from Neurolucida Explorer (MBF Biosciences, Williston, VT, USA) and then plotted and analyzed
using Excel.
For explants in the bundle width assay, VT and DT retinal explants were collected as described.
Glass-bottomed culture dishes were prepared by incubating with poly-DL-ornithine O/N at 4℃,
rinsed the following day three times with cold DMEM/F12, and then incubated at 37℃ for at least
2 h with 20µg/ml laminin. For chiasm co-cultures, the chiasm region was dissected from the same
embryonic heads that provided retinae, and cells were dissociated as in Kuwajima et al., 2012.
Dissociated chiasm cells were plated at a density of 3.5* 105 cells/ml and allowed to adhere to the
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laminin-coated dish for at least one hour at 37℃ before explants were plated. Explants of the same
type were plated three to a dish in SFM + 0.4% methylcellulose, spaced equally far apart from each
other, so that they would not touch another explant during growth. Any explants that did meet in
the culture dish were excluded from analysis. Plated explants were incubated O/N at 37℃ and ﬁxed
the following day for 15-20 min with warm 4% PFA, then rinsed with 1X PBS and immunostained
for NF.
Analysis of the bundle width assay was performed in Neurolucida. A low magniﬁcation image
(5X) was collected of the whole explant and explants with marked asymmetry were excluded from
analysis. The explant body radius was measured and then two rings were placed around the neurite
halo, positioned 250 µm and 500 µm radial distance from the edge of the explant body. High
magniﬁcation tiled images (40X) were collected around each ring. The width of each neurite/neurite
bundle intersection was manually traced in Neurolucida, and data exported into .csv ﬁles from
Neurolucida Explorer, to be analyzed with python.
For explants in the Y assay, VT and DT retinal explants were collected as described. 15mm
glass coverslips were prepared by plasma cleaning for 5 min, then epoxy-silanized by incubating
in a 2% solution of (3-Glycidyloxypropyl)trimethoxysilane (GPS, Sigma-Aldrich) in 100% ethanol
(EtOH) at RT for 10 min. Coverslips were then dip-rinsed in 100% EtOH twice for 5 min each
and dried using high purity nitrogen. PDMS stamps with Y pattern (gift from F. Fiederling and
F. Weth) were incubated with 40 µg/ml laminin solution for at least 2 h at 37℃, then dipped into
distilled H2 O (dH2 O) twice and quickly dried under a stream of high purity nitrogen. Stamps were
then placed gently but ﬁrmly onto prepared glass coverslip and the location of the Y pattern was
marked with a sharpie under a dissecting microscope. The stamp was then removed (remaining
on the coverslip for no more than 2 min), and warm SFM + 0.4% methylcellulose added to the
coverslip. Explant pairs were positioned into the branches of each Y shape (two Ys per coverslip)
and immediately placed into the incubator. Each coverslip was stamped and plated individually in
sequence, as we found that minimizing between stamping and plating, and plating and incubating
improved culture outcome. Fresh warm SFM + 0.4% methylcellulose was added at 24 h in culture,
and ﬁxed with warm 4% PFA + 0.1% glutaraldehyde in 10% sucrose solution in 1X PBS for 15
min, and then immunostained for laminin and NF, mounted, and imaged.
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6.5

Imaging

Most of the imaging presented in this thesis was performed using a Zeiss AxioImager M2 microscope
with Apotome, AxioCam MRm camera, Neurolucida software (v11, MBF Biosciences, Williston,
VT, USA); with a 5X objective lens (Fluar, NA=0.25, working distance=12.5mm), a 20X objective
lens (Plan-APO, NA=0.8, working distance=550 µm), or 40X objective lens (Plan-APO, NA=1.4,
working distance=130 µm). Using the principle of structured illumination, the Apotome provides
confocal-like resolution with epiﬂuorescence imaging. The Apotome improves the signal to noise
ratio by acquiring three images of an optical section and subtracting background ﬂuorescence signal.
Images were acquired in MBF raw format and processed in Fiji (ImageJ, NIH).
Confocal imaging was performed at the Confocal and Specialized Microscopy Shared Resource
(CSMSR) of the Herbert Irving Comprehensive Cancer Center at Columbia University, supported
by NIH grant #P30 CA013696 (National Cancer Institute), under supervision of Drs. T. Swayne
and L. Pon. The images in Figure 2.8 were acquired using Nikon Ti Eclipse inverted A1 confocal
microscope with Plan-Fluor 40X Oil objective (NA=1.3) and Nikon NIS Elements software. The
images in Figure 2.9 were acquired using a Nikon Ti Eclipse inverted A1RMP multiphoton confocal
microscope with Plan-Fluor 40X Oil objective (NA=1.3) and Nikon NIS Elements software. Images
were processed in Fiji.

6.6

Statistical Analyses

Statistical analyses for the en face assay of fasciculation and zsgreen+ cells in the retina and axons
in the optic tract of SERT-Cre:zsgreen;EphB1 mice were performed in GraphPad Prism 7, using
the Kruskal-Wallis test. Analysis of fasciculation frequency in the en face assay was performed in
Microsoft Excel using a student’s t-test. P values greater than 0.05 were considered statistically
insigniﬁcant. Graphing and statistical analysis for the bundle width assay of fasciculation were
performed with python using code written by Dr. J. Bylund. The scipy.stats package was used to
run the Mann-Whitney U test to compare cumulative distribution functions between explant types
and conditions. The matplotlib.pyplot package was used to plot cumulative distribution functions.
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Chapter 7

Tract Organization in Other Mutants
Over the course of my PhD, I examined optic tract organization in other mutants in addition to the
EphB1-/- mutant discussed in Chapter 4. My analyses of these other mutants are presented in this
Appendix. The ﬁrst of these mutants was included in a publication in 2015, as part of a larger study
exploring the role of a member of the leucine-rich repeat superfamily (LRR), Islr2 (mouse Linx )
in retinal axon guidance in zebraﬁsh and mouse (Panza et al., 2015). In this collaboration with
Dr. Paolo Panza and Dr. Christian Söllner, I examined the optic tract phenotype in Linx mutants.
The ﬁrst section of this Appendix is a reproduction of selected portions of the manuscript, focused
on the retinal axon guidance phenotype in zebraﬁsh and mice.
The second section is a brief examination of the eye-speciﬁc RGC axon organization in the
Plexin-A1-/- mouse, which stemmed from ongoing work in the lab by a former postdoctoral fellow,
Dr. Alexandra Rebsam. Dr. Rebsam continues studying the Plexin-A1 in her current position as
Research Associate at INSERM, Institut du Fer à Moulin, in Paris, France. The next section
presents preliminary ﬁndings on the eye-speciﬁc projections at the optic chiasm of TAG-1 mutants,
and the ﬁnal section of this Appendix include examinations of the optic chiasm of Protocadherin
mutants, a collaborations with Dr. Weisheng Chen in the Maniatis Lab. Each of these mutants can
be a model, in diﬀerent ways, for examination of variations in axon organization in the optic tract
and fasciculation of retinal axons. Further exploration is warranted in many of these cases, and the
data included in this section hopefully serve as compelling preliminary evidence which can extended
in the future.
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7.1

Linx

The stereotypical trajectory of developing axons is the outcome of chemotactic guidance. However,
it also substantially depends on axon extension by local substrate adhesion and axon-axon fasciculation, and regulated passage through signaling landmarks (Raper and Mason, 2010). One of the
most clearly deﬁned and best studied choice points encountered en route by commissural axons is
the embryonic midline. In the vertebrate visual system, retinal ganglion cell (RGC) axons project
into the optic nerve, across the ventral diencephalic midline and into the optic tracts towards their
dorsal thalamic and midbrain targets. In most binocular animals, retinal axons approaching the
optic chiasm – the crossing point at the midline – diverge into ipsi- and contralateral projections.
While the latter is always predominant in size, ipsilaterally-projecting axons vary in number in
diﬀerent organisms, ranging from zero in zebraﬁsh to 3% in rodents and 45% in primates (Jeﬀery
and Erskine, 2005).
In vitro studies using retinal explants showed that the cells of the optic chiasm suppress retinal
axon growth, irrespective of their laterality of projection (Wizenmann et al., 1993; Wang et al., 1995;
Wang et al., 1996; Kuwajima et al., 2012). Accordingly, growth cones proceed in a saltatory fashion
across the ventral diencephalon and slow down when approaching the midline (Harris et al., 1987;
Mason and Wang, 1997; Hutson and Chien, 2002). In amphibians and mice, a speciﬁc population of
midline radial glial cells expresses Ephrin-B2, which repels ventro-temporal retinal axons (Nakagawa
et al., 2000; Williams et al., 2003). As a consequence, growth cones expressing the Ephrin-B2
receptor EphB1 abruptly change morphology to turn and ultimately follow the ipsilateral trajectory.
Conversely, evidence to date argues that retinal axons with a contralateral trajectory cross the
midline by overcoming chemosuppression at the chiasm. In the murine anterior hypothalamus, a
cluster of CD44/SSEA1-expressing early neurons is required for retinal axon entry into the chiasm
(Sretavan et al., 1995), providing the ﬁrst evidence that the chiasmatic territory is not exclusively
refractory to axon growth. Indeed, the expression of Plexin-A1 in these neurons, in conjunction
with NrCAM on radial glia, reverses the inhibitory eﬀect of midline-derived Semaphorin-6D, thereby
promoting axon growth (Williams et al., 2006; Kuwajima et al., 2012). Similarly, a VEGF isoform
expressed at the mouse optic chiasm acts as an attractant to support crossing of Neuropilin1positive retinal ﬁbers (Erskine et al., 2011).
In contrast to rodents and primates, ﬁsh have an entirely contralateral retinal projection, mak153
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ing it an ideal system in which to dissect mechanisms mediating RGC axon crossing at the midline.
In order to identify new molecular and cellular players in this process, we considered that both
axon growth and guidance crucially depend on cell-cell and cell-extracellular matrix (ECM) interactions mediated by cell surface and secreted proteins (Raper and Mason, 2010). In this respect,
proteins belonging to the leucine-rich repeat (LRR) superfamily âĂŞ including Slits and Trks âĂŞ
meet important requirements to participate in precise and dynamic processes in neurodevelopment
(De Wit et al., 2011). These molecules display highly speciﬁc and dynamic expression patterns,
particularly in the nervous system. Cell surface LRR proteins can mediate low aﬃnity interactions
with their binding partners. Finally, the number of cell surface LRR proteins is greatly expanded in
vertebrates, correlating with the increased complexity of nervous and immune system organization.
Here, by analyzing the spatiotemporal expression patterns of cell surface LRR superfamily members in zebraﬁsh, we identiﬁed islr2 as a LRR receptor-encoding gene expressed in RGCs. Zebraﬁsh
larvae mutant for islr2 aberrantly display ipsilateral retinal projections, demonstrating a role for
Islr2 in RGC axon midline crossing. In Islr2 (alias Linx ) mutant mice, many retinal axons misproject at and distal to the chiasm, conﬁrming the role of Islr2 in ensuring proper axon routing at this
choice point.

7.1.1

Results and Discussion

Islr2 is a cell surface LRR-domain-containing receptor expressed by retinal ganglion
cells.
In order to identify putative novel regulators of midline crossing in zebraﬁsh, we assembled a
catalogue of all annotated LRR receptors listed by the zebraﬁsh model organism database, ZFIN
(Bradford et al., 2011), starting from the collection of mammalian orthologs for these proteins
(Dolan et al., 2007). Within our dataset of 116 genes, we identiﬁed 23 receptors expressed in the
zebraﬁsh RGC layer that we hypothesized may play a role in retinal axon guidance. Because we
are interested in cellular recognition events at the midline, we focused our attention on receptorencoding genes that are expressed in RGCs between 30 and 36 h, the time between the beginning
of RGC diﬀerentiation and chiasm establishment. Most genes (e.g. ntrk2b, lrrc4.1, flrt1a, lrtm2 )
were expressed at later stages (48 hpf onwards), leaving a single candidate, islr2, fulﬁlling the
temporal expression pattern suitable for further study. In general, islr2 is expressed in brain nuclei
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associated with diﬀerentiated neurons (Figure 7.1A), similar to descriptions of mouse and chick Islr2
expression (Gejima et al., 2006; Homma et al., 2009). The dynamic pattern of islr2 transcription
and its correlation with the birthdate of RGCs are suggestive of a postdiﬀerentiation function held
by this protein. Because islr2 expression starts in the very ﬁrst cohort of RGCs developing in the
retina (Figure 7.1A), we hypothesized that Islr2 might be involved in early guidance decisions that
these cells take, such as midline crossing.
Islr2 is necessary for retinal axon midline crossing in zebrafish.
To investigate the function of Islr2 in vivo, we selected a zebraﬁsh mutant strain harboring a
germline mutation in islr2, generated by TILLING. The islr2sa82 locus contains a premature nonsense mutation that leads to a protein truncation before the end of the LRR domain (Figure 7.1B).
As a consequence, this allele is expected to behave as a functional null.
To score for phenotypes related to retinal axon guidance, we anterogradely labeled the optic
nerves by intraretinal lipophilic dye injections at 5 dpf, at which time this axon tract is stable,
since most error correction events have terminated by 72 hpf (Hutson and Chien, 2002) and robust
visual behaviors are displayed by wild-type larvae (Easter Jr and Nicola, 1996; Neuhauss, 2003).
Strikingly, despite being mostly normal morphologically, islr2 homozygous mutant larvae clearly
display ipsilaterally-projecting retinal axons (Figure 7.1C, asterisks). We also observed that a subset
of islr2 mutants had thinner optic nerves compared to wild-type siblings (arrow in Figure 7.1C, D).
The ipsilateral projection phenotype is fully penetrant in larvae with normal optic nerve width,
but varies in expressivity, ranging from just a few misprojecting axons to signiﬁcant innervation
of the ipsilateral optic tectum (asterisks in Figure 7.1C, D′ ). In cases where the optic nerve was
hypoplastic, the extent of ipsilateral innervation was also reduced (Figure 7.1C, D′′ ). This array of
phenotypes indicated that the guidance eﬀect of Islr2 could be uncoupled from a putative trophic
role of this receptor (described in Mandai et al., 2009), which would not, however, be speciﬁc for the
retinal axon projection. We therefore focused further investigation on the axon pathﬁnding defects
we detected.
To characterize the behavior of misprojecting axons during embryonic and early larval development, we labeled the retinal projection of islr2 mutants at diﬀerent stages. Mutant axons slightly
lag behind the rates of axon extension observed in wild-type siblings at 40 and 48 hpf and growth
cones with a spread-out morphology could be recognized in the midline region (Figure 7.2). From 48
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Figure 7.1: Zebrafish islr2 is expressed in RGCs and is necessary for complete retinal axon midline
crossing. A) Time-course of islr2 mRNA expression in zebrafish embryos and larvae. islr2 is in RGCs
(arrowheads) at 36 hpf, when the chiasm is established, and expression decreases by 72 hpf, when there
is a subset of islr2 + amacrine cells. Dashed outlines highlight retinae. Anterior at left. B) Schematic
of islr2sa82 TILLING allele. The mutant ORF haa a premature stop codon, leading to truncation of
the LRR-CT domain. C) islr2 mutant larvae have ipsilateral retinal projections at 5dpf. Rows 2-3: two
homozygote mutant animals, displaying ectopic innervation of the ipsi tectum (asterisks), and larva in row 2
also shows optic nerve thinning (arrow). Dorsal views, maximum intensity projections of confocal Z-stacks.
Anterior at left. Scale=50µm. D) Relationship between optic nerve width (brackets) and ipsi misrouting
of axons (arrowheads) at the chiasm of islr2 mutant larvae. Homozygous mutant individuals with normal
optic nerve (second column) have more ipsi fibers compared to mutants with thinner nerves. Single optical
sections. Ventral views. Anterior at top. ON: optic nerve. Scale=50µm. D′ ) Phenotype distribution in islr2
mutants compared to siblings from two clutches. Mutant larvae (black bars) have more ectopic ipsi neurites
compared to controls (grey bars) and to larvae with thinner optic nerves (compare to D′′ ). Innervation of
contra tectum was unaffected. CL: contralateral. D′′ ) Analysis of two clutches where larvae with thinner
nerves were identified. Only a subset of mutant animals (black bars) display ipsi innervation of the tectum,
while in many mutants these neurites are undetectable, likely because of extreme reduction in axon number.
Innervation of the contra tectum is also reduced, suggesting that optic nerve thinning and ipsi projections
are independent phenotypes. CL: contralateral.
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hpf, it was possible to follow ipsilaterally growing axons from the chiasm (arrow and arrowheads in
Figure 7.2). Accordingly, 5 dpf larvae from the same clutch presented diﬀerent levels of ipsilateral
innervation of the optic tectum (asterisks in Figure 7.2), sometimes associated with optic nerve
hypoplasia.
In addition to their apparently normal morphology, islr2 mutant larvae do not present widespread
axon guidance defects (Figure 7.3A). Sections through the plane of the optic chiasm showed unaﬀected layered retinal structure (Figure 7.3B) and morphologically normal ventral diencephalic
tissue (Figure 7.3C). Collectively, these data led us to hypothesize that Islr2 function is speciﬁcally
required in RGCs. Also, because a cohort of axons misproject ipsilaterally at the chiasm in mutants
(arrowheads in Figure 7.2), we conclude that Islr2 is required for correct midline crossing of RGC
axons and not for their guidance to the optic tectum in zebraﬁsh.
Islr2 mutant mice display retinal axon defects at the optic chiasm.
We examined Islr2 mutant mice (LinxtEGFP mice; (Mandai et al., 2009)) to further explore
the role of Islr2 in the decussation decisions of retinal axons navigating the optic chiasm. Islr2 is
expressed by RGCs in the mouse retina (Blackshaw et al., 2004 and data not shown), and RGC axons
in mutant mice misroute at the optic chiasm and along the optic tract (Figure 7.4). A greater number
of retinal axons aberrantly re-enter the contralateral optic nerve in Islr2 mutants (Figure 7.4B,C)
compared to heterozygous (Figure 7.4A) and wild-type (not shown) littermates. The mutant optic
chiasm also appears widened rostrocaudally relative to the heterozygote chiasm region (Figure 7.4AC). Although Islr2 mutant mice do not directly recapitulate the ipsilateral projection phenotype
found in zebraﬁsh, there are marked errors in axon routing in both the proximal and distal optic
tract in Islr2 mutants. Bundles of axons defasciculate from the rest of the optic tract on both ipsiand contralateral sides of the chiasm (Figure 7.4B,C, high power of contralateral defasciculation in
Figure 7.4B′ ,C′ ), and farther along the tract we detected several axons prematurely leaving the tract
and entering the medial thalamus (Figure 7.4A′′ -C′′ ). The common element in the axon routing
errors in the mouse and the zebraﬁsh mutants is a lack of coherence of RGC axons, whether at
the chiasm or farther along their pathway in the tract. This array of axon routing defects in Islr2
mutant mice further supports a role for Islr2 in fostering axon bundle coherence and proper tract
formation, in response to axon guidance cues at the midline and along the optic tract.
Discussion
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Figure 7.2: Chronological progression of the islr2-/- phenotype. Anterogradely-labeled retinal projections of islr2 mutant embryos and larvae compared to control siblings. At 40 and
48 hpf growth cones can be observed in the proximity of the midline in mutant embryos,
while these seem to have proceeded to the optic tract in wild-type siblings. Additionally,
axonal extension defects can be recognized in mutants compared to controls (40 hpf, 48 hpf,
72 hpf, islr2-/- , first column). From 48 hpf, ipsilateral neurites (arrow) are visible in mutant
embryos and can be traced back to the chiasm. As expected, 5 dpf mutant larvae displayed
ectopic innervation of the ipsilateral optic tectum (asterisks). At this stage, islr2-/- larvae
show misrouted fibers at the chiasm (arrowheads). All pictures are maximum intensity
projections of confocal Z-stacks. Anterior is to the top. Scale=50µm.
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Figure 7.3: Zebrafish islr2 mutants do not display widespread axon guidance defects and
are morphologically normal. a) Acetylated tubulin staining of 24 hpf embryos showing
central axon tracts at the level of the medial longitudinal fasciculus (MLF). Thinner axon
bundles were observed only in a subset of islr2 mutant animals. The general spacing and
directionality of nerve fibers was unaltered compared to controls, indicating absence of
guidance defects in these axons. Maximum intensity projections of confocal Z-stacks. Dorsal
views. Anterior is to the left. Scale=50µm. b) Transverse sections through the retina of
5 dpf islr2 mutants. Normal size, gross anatomy and layering of the retina were observed
in islr2 mutants. RGC number may be decreased in some islr2-/- larvae. L: lens. GCL:
ganglion cell layer. IPL: inner plexiform layer. INL: inner nuclear layer. ONL: outer nuclear
layer. RPE: retinal pigmented epithelium. ON: optic nerve. Scale=50µm. c) Transverse
sections at the level of the optic chiasm in islr2 mutants and siblings. The chiasmatic and
ventral diencephalic tissue appear normal in size and patterning, suggesting that the axon
guidance phenotype of islr2 larvae does not originate from mispatterning effects. OC: optic
chiasm. Scale=100µm.
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Figure 7.4: Loss of Islr2 leads to axon routing errors at the optic chiasm and tract in mice.
E16.5 Islr2 mutant mice display expanded chiasms along the antero-posterior axis (brackets
in B and C, compared to A). In addition, a greater number of axons enter the opposite
optic nerve with retinopetal directionality (arrows in B and C). Although no clear increase
in the number of ipsilaterally-projecting fibers relative to the contralateral projection can
be observed, other defects were identified along the post-crossing route of RGC axons. Defasciculation effects in the optic tract were observed both at ventral (B′ and C′ )and dorsal
locations (B′′ and C′′ ), where many axons stray from their normal course (arrowheads).
Arrowheads in B′ and C′ indicate axons departing rostrally from the chiasm, a common
phenotype observed in situations when guidance through the chiasm is impaired. I: ipsilateral. C: contralateral. ON: optic nerve. OC: optic chiasm. OT: optic tract. Scale=500µm
(A-C), 200µm (A′ -C′ and A′′ -C′′ ).
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Cell surface and secreted proteins are fundamental mediators of axon guidance, especially because they dictate how growth cones interface with the environment during navigation. The identiﬁcation of novel receptor-ligand pairs controlling axon directionality, however, is complicated by
the existence of accessory molecules that modify the interactions between cognate receptors and
ligands and by the transiency of interactions mediated by these molecules. This typical feature
of membrane proteins is essential for regulating dynamic functions during nervous system development, but obfuscates both the identiﬁcation of related phenotypes and their recapitulation ex
vivo. In the context of retinal axon pathﬁnding in zebraﬁsh, even unbiased discovery strategies,
such as large-scale forward genetic screens, have resulted in the isolation of very few guidance receptors acting cell-autonomously in misrouted axons (Karlstrom et al., 1996; Trowe et al., 1996). In
fact, the majority of mutants showing defects in the laterality of the retinal projection also display
mispatterning of the ventral midline tissue, suggesting that local tissue architecture in the ventral
diencephalon is critical for the actuation of midline crossing (Barresi et al., 2005; Seth et al., 2006;
Bergeron et al., 2011). Therefore, genetic approaches to dissect redundant biological processes suﬀer
from intrinsic limitations and might require the utilization of sensitized mutant backgrounds.
Here we have used the zebraﬁsh as a model for the decision of RGC axons to cross the midline,
a process common to the ontogeny of the visual pathway in all animals (Jeﬀery and Erskine, 2005).
To overcome the constraints of genetic analysis mentioned above, we took a candidate approach
by screening the zebraﬁsh repertoire of cell surface LRR molecules, known modulators of axon
pathﬁnding. We spatiotemporally compared the available gene expression patterns with the steps in
axon growth leading to the formation of the retinal projection in zebraﬁsh. The expression dynamics
of our ﬁnal candidate, islr2, correlate with the timing of RGC generation and chiasm establishment.
Islr2 knockout mice display striking neuronal defects, including thinning and increased branching
of sensory and motor limb projections (Mandai et al., 2009) and complete absence of the internal
capsule (Mandai et al., 2014). However, while Islr2 expression in RGCs is shared in zebraﬁsh, chick
(Gejima et al., 2006), and mouse (Blackshaw et al., 2004), nothing was known about the functional
role of Islr2 in the visual system. Here we demonstrate that Islr2 controls axon routing at the
zebraﬁsh and mouse optic chiasm.
Axons of both the optic nerve and of central longitudinal tracts can appear decreased in number
in zebraﬁsh islr2 mutants. To understand whether this phenotype is due to disrupted intraretinal
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axon guidance, we used an RGC-speciﬁc isl2b:GFP transgenic line (Pittman et al., 2008) and did
not detect ectopic neurites in mutant retinas (data not shown). As an alternative explanation,
newly diﬀerentiated RGCs could be susceptible to higher rates of apoptosis in mutant embryos. In
agreement with results from mouse Islr2 mutants (Mandai et al., 2009), islr2/tp53 double mutants
do not rescue islr2-/- defects in ﬁsh (data not shown). These results leave lack of trophic support as a
candidate explanation for the optic nerve hypoplasia observed in islr2 mutants. Although consistent
with a described role of Islr2 in modulating neurotrophin and GDNF/Ret signaling (Mandai et al.,
2009), this phenotype was not fully penetrant.
Data shown here implicate a novel LRR receptor, Islr2, in retinal axon guidance in zebraﬁsh
and mouse. Islr2 larvae with normally populated optic nerves display an ectopic ipsilateral retinal
projection originating from the chiasm. In addition, Islr2 mutant mice present a similar phenotype
of straying axons caudal to the midline, misrouting of axons into the opposite optic nerve, and
manifest a widening of the chiasm. These results reveal a function for Islr2 in controlling RGC
axon guidance and coherence through the optic chiasm, in conjunction with trophic support in the
retina, across species.
One of the zebraﬁsh Islr2 binding partners, Vasnb, is speciﬁcally expressed by cells anterior to
the optic chiasm. We hypothesize that these cells belong to the glial knot and mediate midline
crossing of zebraﬁsh retinal axons along the ventral diencephalon, as they are the primary cell type
contacted by RGC axons extending through the chiasm. These results highlight the redundant
signaling environment at the optic chiasm, orchestrating axon guidance choices to cross or avoid
the midline, all the while maintaining coherent bundles as axons project to their targets.

7.2

Plexin-A1

A former postdoctoral fellow in the lab, Dr. Alexandra Rebsam was concluding her time in the
Mason Lab when I joined the lab. At that time, Dr. Rebsam was studying defasciculation and
targeting defects in PlexinA1, Sema6D, and NrCAM mutants. Some of this work developed out of
ﬁndings from Kuwajima et al. (2012), which identiﬁed, among other things, slight defasciculation
at the PlexinA1-/- optic chiasm, and more severe defasciculation and an increased ipsilateral projection at the Sema6D-/- optic chiasm and at the chiasm of PlexinA1-/- ;NrCAM-/- double knockout
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mice (Kuwajima et al., 2012). Dr. Rebsam subsequently found a striking targeting phenotype in
Plexin-A1-/- mutants. In Plexin-A1-/- mutants and to a greater extent in Plexin-A1-/- ;NrCAM-/double mutants, ipsilateral axons form ectopic patches in the dLGN and SC. Additionally, a subset
of both ipsi and contra axons cluster in the optic tract just outside of the dLGN in both mutants. The Sema6D-/- mutant has similar targeting defects as the Plexin-A1-/- mutant, but much
milder. Most intriguingly in the context of my thesis work, however, is the marked defasciculation Dr. Rebsam identiﬁed in wholemount views of the optic tract and dLGN of Plexin-A1-/- and
Plexin-A1-/- ;NrCAM-/- double knockout mice.
Thus, early in my training in the Mason Lab, and under the guidance of Dr. Rebsam, I conducted
examination of the axon organization in the optic tract of Plexin-A1-/- mutants. After collecting
preliminary data in the Plexin-A1-/- optic tract, I did not continue pursuing an investigation into
the Plexin/NrCAM/Sema mutants, in favor of focusing my eﬀorts on the EphB1-/- mutant instead.
However, work has continued in Dr. Rebsam’s group on Plexin-A1, and there is much left to learn
about fasciculation and axon organization in these mutants. In particular, as shown by Kuwajima et
al. (2012), these mutants are very useful for better understanding the contextual behavior of several
guidance cues when they interact in speciﬁc combinations at diﬀerent stages of circuit development.

7.2.1

Results and Discussion

As identiﬁed by Kuwajima et al. (2012), the Plexin-A1-/- mutants have an increased ipsilateral
projection. This is evident in anterograde labeling of the Plexin-A1-/- optic tract (Figure 7.5),
where the ipsi RGC axon population is larger than in the wild-type tract (compare with Figure 2.6).
Additionally, in both frontal and horizontal sections through the Plexin-A1-/- tract, ipsi RGC axons
(green) appear to extend further medially than they do in wild-type samples, although the majority
of ipsi axons retain the normal position in the lateral optic tract. Whether ipsi RGC axons in the
Plexin-A1-/- optic tract are less well fasciculated is diﬃcult to conclude from anterograde labeling.
Because there are more ipsi axons in these animals, resulting from misrouting of contra RGC axons
into the ipsilateral tract instead, the wider spread in the tract may simply reﬂect the greater number
of ipsi axons. However, it could be indicative of less coherent self-fasciculation among ipsi axons,
allowing them to span a greater swathe of the tract.
Indeed, it is likely that the misrouted axons aberrantly projecting into the ipsi tract do not
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fasciculate normally with the “true” ipsi axons in the Plexin-A1-/- mutant. Evidence from Chapter
3 indicates that ipsi axons are endowed with an intrinsic proclivity to self-fasciculate more than
contra axons, and evidence from Chapter 4 suggests that even when misrouted, aberrantly crossing
EphB1-/- axons still largely retain the ability to associate with other ipsi axons. Similarly, in the
Plexin-A1-/- mutant, axons that have lost their ability to cross the midline and instead misroute
ipsilaterally likely retain other contra markers and it is unlikely that they would gain ipsi-speciﬁc
markers that aid ipsi axon self-fasciculation. Therefore, the axons misrouted into the ipsi tract
would more likely associate with contra axons instead of the “true” ipsi axons. Further examination
of this mutant, both in vitro and in vivo, will more clearly elucidate the role of Plexin-A1 in
fasciculation, ipsi/contra axon segregation, and also uncover why some axons fail to appropriately
enter the dLGN.

Ipsi

Merge

P0 PlexinA1-/Horizontal
Frontal

Contra

Figure 7.5: Ipsi RGC axons spread more medially in the Plexin-A1-/- optic tract. Anterograde labeling of ipsi and contra RGC axon cohorts in P0 Plexin-A1-/- optic tracts. Ipsi
axons are more abundant than in WT, and extend into the medial optic tract, although
they are still largely positioned in the lateral tract (compare to wild-type in Figure 2.6).
Scale=100µm (horizontal sections), 200µm (frontal sections).
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7.3

Tag1

TAG-1 (also known as contactin-2 and, in chick, axonin-1) is a member of the Ig/ﬁbronectin typeIII CAM family, which has been implicated in axon guidance and fasciculation (Dodd et al., 1988;
Stoeckli and Landmesser, 1995). It can bind homophilically (Kunz et al., 2002), and can also bind
heterophilically to other molecules, including L1 (Kunz et al., 1998) to mediate cell-cell adhesion
and neurite fasciculation. Of particular interest is the expression of TAG-1 in the retinofugal
pathway (e.g., Rager et al., 1996; Williams et al., 2006; Chatzopoulou et al., 2008). Chatzopoulou
et al. (2008) showed a slight expansion of the contra RGC projection in TAG-1-/- , defasciculation in
the optic nerve, and several defects axon-glia interactions, especially myelination and axon caliber
in the nerve. Furthermore, they demonstrated TAG-1/L1 mediated fasciculation of retinal axons in
vitro.

7.3.1

Results and Discussion

Chatzopoulou et al. (2008) demonstrated interesting axon-glia interactions mediated by TAG-1 in
the optic, but they did not directly investigate RGC axon divergence at the optic chiasm or fasciculation in the optic tract. Therefore, I collected preliminary data on ipsi/contra axon divergence
and fasciculation at the optic chiasm (Figure 7.6). The ipsi/contra RGC axon ratio appears normal
in both heterozygous and homozygous mutants for TAG-1. There is no obvious defasciculation or
straying of axons in the chiasm region of the mutants, although it is possible that the chiasm is
broader in the caudal direction in mutants compared to wild-type. Especially because the wild-type
sample in this particular litter was poorly ﬁlled by DiI/DiD (a technical anomaly), these mutants
may warrant further study, especially in the tract itself, which I did not thoroughly examine. Similar to the Plexin-A1 mutants, I instead focused my attention on a more thorough assessment of
the EphB1 mutant. Given the ﬁndings presented by Chatzopoulou et al. (2008), it would be particularly interesting to explore RGC axon TAG-1 mediated interactions with glia along the optic
tract. Perhaps TAG-1 participates in axon-glia interactions that are involved in guidance as well as
in myelination.
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Figure 7.6: There are no gross defects at the optic chiasm of TAG-1 mutants. Anterograde
labeling using DiI and DiD in fixed P0 samples of TAG-1 mutants. Samples were imaged as wholemount preparations using a fluorescent stereomicroscope (Leica M165). The
ipsi/contra RGC axon ratio is comparable across genotype. Fasciculation at the chiasm is
relatively comparable across genotype, although the left-hand homozygous mutant sample
appears to have a slightly extended chiasm region in the caudal direction. (The wild-type
sample is less fully labeled than the mutants, but this a technical aberration.) Rostral is
up, caudal is down.
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7.4

Protocadherins

Clustered protocadherins (Pcdhs), comprised of Pcdh-α, -β, and -γ gene clusters, make up the
largest subgroup of the cadherin superfamily (reviewed in Yagi, 2008). Similar to DSCAMs in
invertebrates, Pcdhs in vertebrates are cell-cell recognition molecules capable of conferring a high
degree of speciﬁcity in neural circuit development (reviewed in Zipursky and Sanes, 2010). DSCAMs
and Pcdhs give rise to such speciﬁcity via combinatorial expression of isoforms produced by extensive
alternative splicing (Zipursky and Sanes, 2010). Pcdhs are involved in neuron survival, cell-cell
recognition important for neurite self-avoidance, and dendritic and axonal patterning (reviewed in
Chen and Maniatis, 2013). Given their extensive involvement in cell-cell recognition and homophilic
cell adhesion during neural development, the Pcdh family may be involved in axon organization and
fasciculation during development of the retinogeniculate pathway.

7.4.1

Results and Discussion

Dr. Weisheng Chen in the Maniatis Lab proposed a collaboration exploring whether deletion of
speciﬁc gene clusters or tri-cluster deletions of Pcdhs would induce aberrant fasciculation or axon
sorting at the optic chiasm midline choice point. I therefore examined several litters of Pcdh
mutants produced by Dr. Chen, who was primarily studying their role in serotonergic pathways
and the olfactory system. Clustered Pcdh-α has been implicated in appropriate targeting of RGC
terminals in the dLGN (Meguro et al., 2015), but Pcdh involvement at the optic chiasm midline or
in fasciculation of RGC axons along the pathway had not yet been examined.
I ﬁrst examined eye-speciﬁc axon divergence at the optic chiasm in Pcdh-α mutants, but found
no gross defects at the chiasm (data not shown). Similarly, using whole eye anterograde labeling, I
examined axon divergence and fasciculation at the optic chiasm of tri-cluster Pcdh-α/β/γ mutants
(Figure 7.7). Again, however, I found no gross defects at the optic chiasm. The ratio of ipsi and
contra RGC axon projections at the midline are grossly normal and there is no clear defasciculation.
If anything, in fact, the chiasm region of the homozygous mutant appears smaller and more constrained than the heterozygotes (which are used here as controls, as there are no expected diﬀerences
between heterozygotes and wild-type). Thus, perhaps loss of triclustered Pcdhs leads to increased
fasciculation of retinal axons, although this is a hypothesis in need of more direct testing. Overall,
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clustered Pcdhs do not seem to be involved in RGC axon guidance at the midline. Their function
may be more restricted to targeting and synaptic speciﬁcity than to earlier development steps like
fasciculation and midline choice.
Pcdhα/β/γ+/-

Right: DiI

Left: DiD

Pcdhα/β/γ-/-

Optic
Nerve

Merge

R
C

Optic
Tract

Figure 7.7: There are no gross defects at the optic chiasm of Pcdh-α/β/γ tri-cluster mutants.
Anterograde labeling using DiI and DiD in fixed E18.5 samples of Pcdh-α/β/γ tri-cluster
mutants. Pcdh-α/β/γ tri-cluster mutants are postnatal lethal, so embryos were collected
before birth. Samples were imaged as wholemount preparations using a fluorescent stereomicroscope (Leica M165). There are no obvious defects in ipsi/contra ratio of RGC axons
at the midline, although the optic chiasm region is perhaps more tightly fasciculated in the
homozygous mutant compared to heterozygous controls.
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Chapter 8

ClearT Tissue Clearing Method
In 2012, I assisted Dr. Takaaki Kuwajima, a former postdoctoral fellow in the Mason Lab, with his
development of a new tissue clearing method. At the time, the Scale method had recently been
published (Hama et al., 2011) and we found ourselves in the still relatively early wave of the tissue
clearing trend. Our motivation, in part, was the fact that existing clearing methods at the time
were incompatible with lipophilic dye tracers, which are standard fare not only in our lab but across
the neurodevelopmental ﬁeld. As such, Dr. Kuwajima set out testing various chemical combinations
based on his observation that the hybridization step in the in situ hybridization protocol caused
thin cryosections to become transparent. Formamide, one of the ingredients in the hybridization
buﬀer, became the centerpiece of ClearT and ClearT2 .
One of the other hallmarks of clearing method publications has been the simultaneous development of new long-working-distance objectives and other advanced microscopy methods (e.g. Hama
et al., 2011; Tomer et al., 2014). While such advances are exciting and many labs are putting such
microscopy techniques to use, there are a large number of labs with more limited resources, including access to such cutting edge microscopy systems. With this in mind, one of our goals was to
demonstrate the eﬃcacy of our clearing methods using more standard imaging tools. As such, all of
the imaging conducted for this report was with epiﬂuorescence microscopes with standard objective
lenses. I led the imaging eﬀorts for the project, including guiding our approach to tailoring the
clearing method and imaging approaches, and performing the majority of the imaging. The rest of
this chapter is a reproduction of our 2013 publication (Kuwajima et al., 2013) with minor changes
(some updated references and additional notes and details.)
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8.1

Introduction

Appreciation of neural circuitry and single-cell morphology has beneﬁted from new labeling methods, including ﬂuorescent tracers and genetically encoded ﬂuorescent proteins (Luo et al., 2008).
Although these methods produce superb detail of labeled cells and pathways, tissue opacity limits the depth of imaging, necessitating imaging sectioned material in order to attain high microscopic resolution. However, because images must be reconstructed in three dimensions (3D)
post-acquisition, imaging and reconstructing sections is neither as eﬃcient nor as accurate as imaging thicker tissue samples. New reagents that clear or render tissue transparent include Scal e,
benzyl-alcohol and benzyl-benzoate (BABB), and a combination of tetrahydrofuran and BABB,
all of which preserve genetically expressed ﬂuorescent signal, allowing deep imaging of neural circuitry in 3D (Dodt et al., 2007; Hama et al., 2011; Ertürk et al., 2012). However, these reagents
change tissue volume and require several days to weeks to fully clear the tissue (Hama et al., 2011;
Ertürk et al., 2012). More importantly, owing to their reliance on detergents or organic solvents,
Scal e and BABB disrupt the ﬂuorescent signal of immunohistochemistry, of conventional lipophilic
carbocyanine dyes [such as 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI)]
and of ﬂuorescent tracers such as cholera toxin subunit B (CTB). Here, we describe a rapid clearing
method that maintains tissue volume and preserves ﬂuorescent signal from tracers, immunohistochemistry, and genetically expressed ﬂuorescent proteins.

8.2
8.2.1

Methods
ClearT and ClearT2 Solutions

For ClearT , 20%, 40%, 80% and 95% formamide solutions were made by adding formamide (99.6%,
considered 100%) (Fisher) to PBS (pH 7.4) (vol/vol). For ClearT2 , a 50% formamide/20% polyethylene glycol (PEG) solution was made by mixing formamide (99.6%, considered 100%, as made for
ClearT ) with 40% PEG/H2 O (wt/vol) at a ratio of 1:1 (vol/vol). A 25% formamide/10% PEG solution was made by mixing 50% formamide plus 20% PEG/H2 O (wt/vol) at a ratio of 1:1 (vol/vol).
A 40% PEG solution was made by stirring powdered PEG 8000 MW (Sigma-Aldrich) in warm H2 O
for 30 minutes, and is stable at room temperature for several months.
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8.2.2

Sample Preparation

Procedures for the care and breeding of mice follow regulatory guidelines of the Columbia University Institutional Animal Care and Use Committee. Noon of the day on which a plug was
found was considered to be E0.5. C57BL/6J wild-type and actin-GFP mouse embryos were removed from mothers anesthetized with ketamine-xylazine (100 and 10 mg/kg, respectively, in 0.9%
saline); postnatal wild-type, Thy1 -GFP (M-line) (gift from J. A. Gogos, Columbia University, NY,
USA) and adult Tcf/Lef:H2B -GFP mice (gift from E. Laufer, Columbia University, NY, USA) were
anesthetized with ketamine-xylazine (100 and 10 mg/kg, respectively, in 0.9% saline), ﬁxed in 4%
paraformaldehyde (PFA)/PBS (pH 7.4) overnight, or perfused and washed with PBS at 4℃. Embryos were perfused transcardially for optimal clearing. All clearing protocols took place at room
temperature.

8.2.3

Clearing Procedure

Incubation times in each solution vary according to tissue thickness for the desired transparency
(see Tables 8.1 and 8.2 for details). Scal eA2 has been described previously (Hama et al., 2011).
E14.5 embryos were cleared with Scal eA2 for 14 days; DiI-labeled embryos or CTB-labeled sections
were treated overnight or 2 hours, respectively. BABB has been described (Dodt et al., 2007).
DiI-labeled embryos or CTB-labeled sections were treated with BABB overnight or for 2 hours,
respectively, after dehydration with 30%, 50%, 70%, and 100% ethanol for 1 hour each and with
hexane for 1 hour.

8.2.4

Retinal Axon Labeling with DiI and CTB

Anterograde DiI labeling has been described previously (Plump et al., 2002). The eye was placed
back into the optic cup and heads were incubated in PBS containing 0.1% sodium azide as follows:
E14-E16, 5-7 days at room temperature; E17-P0, 5-7 days at 37℃. The retinogeniculate projection
was labeled with CTB as described previously (Jaubert-Miazza et al., 2005; Rebsam et al., 2009),
and single neuron labeling in the CTB-labeled dLGN was performed as described previously (Krahe
et al., 2011).
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8.2.5

Immunohistochemistry

Vibratome and cryosections were blocked in 5% BSA/1% Tween (Sigma-Aldrich) in PBS (pH 7.4)
for 1 hour at room temperature. Mouse monoclonal anti-RC2 (IgM) antibody (Developmental Hybridoma Bank) (1:4) and mouse monoclonal anti-neuroﬁlament (IgG) antibody (2H3) (a gift from
T. Jessell and S. Morton, Columbia University, NY, USA) (1:5) were incubated in 1% BSA/1%
Tween in PBS overnight at 4℃. After washes with 1% Tween in PBS, Cy3-conjugated anti-mouse
IgM and Cy5-conjugated anti-mouse IgG (1:500) secondary antibodies (Jackson) were applied, incubated in 1% BSA/1% Tween in PBS overnight at 4℃. Hoechst 33258 (Molecular Probes) was used
for nuclear staining. Wholemount immunolabeling of embryos with anti-neuroﬁlament antibody has
been described previously (Huber et al., 2005).

8.2.6

Imaging

Whole brains or sections with DiI, CTB or immunolabeling, or sections of GFP-labeled mice were
imaged on a Zeiss AxioImager M2 microscope with Apotome, AxioCam MRm camera, Neurolucida
software (v10.40, MBF Biosciences, Williston, VT, USA); with a 5X objective lens (Fluar, NA=0.25,
working distance=12.5mm), a 20X objective lens (Plan-APO, NA=0.8, working distance=550µm),
or a 40X objective lens (Plan-Neoﬂuar, NA=0.75, working distance=710µm) ( 8.4B,C,D (bottom); 8.6C,D,F; 8.5B; 8.7). Using the principle of structured illumination, the Apotome provides
confocal-like resolution with epiﬂuorescence imaging. The Apotome improves the signal to noise
ratio by acquiring three images of an optical section and subtracting background ﬂuorescence signal.
Imaging of whole heads and brains was performed using a Zeiss dissecting microscope StemiSV11,
Axiovision software, AxioCam camera (Figures 8.1; 8.4A; 8.6A,B; 8.2; 8.3A). Imaging of whole
embryos with immunolabeling was performed using Nikon SMZ 1500 zoom stereomicroscope and
DS-Qi1Mc camera (Figure 8.6E). A Zeiss Axioplan 2 microscope with AxioCam camera and Axiovision software was used to image thin brain sections using a 10X objective lens (Plan-Neoﬂuar,
NA=0.3) or a 20X objective lens (Plan-Neoﬂuar, NA=0.5) (Figures 8.3B, 8.5A, 8.8). Thick samples were imaged using a home-made slide to keep tissue submerged in formamide solutions and
covered with a regular glass coverslip: a square rim of plastic or silicone elastomer was super-glued
to a regular glass slide creating a “wall” surrounding the sample.
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8.2.7

Statistical Analysis

All experiments were performed three or more times with similar results. Data were analyzed and
graphs constructed using Metamorph or Microsoft Excel. Error bars represent standard error of
the mean and statistical analyses were performed using Student‘s t-test; P>0.05 indicates nonsigniﬁcance.

8.3
8.3.1

Results and Discussion
ClearT is a Rapid Tissue Clearing Method

After observing that 20µm cryosections of embryonic mouse brain became transparent in the hybridization buﬀer used for in situ hybridization, we found that a component of the buﬀer, formamide, could clear thick tissue samples. Here, we demonstrate the versatility of our method,
named ClearT for neuronal and non-neuronal tissue, and compare its clarity, rapidity, and tissue
expansion/shrinkage to existing clearing methods.
Intact embryos, embryonic and postnatal dissected heads, brains, and thick (up to 1000µm) brain
sections, were ﬁxed and sequentially immersed in graded concentrations of formamide (Table 8.1A,
Figure 8.1A).
Table 8.1: Clearing protocol for various sample types using ClearT . Time in final buffer can
be determined by visual inspection for desired transparency. O/N=overnight.

Whole embryos

Whole dissected

Half embryonic

Sections

or heads

brains (E16-P11)

brains

(200-1000µm)

20% formamide

30 minutes

30 minutes

30 minutes

5 minutes

40% formamide

30 minutes

30 minutes

30 minutes

5 minutes

80% formamide

2 hours

2 hours

2 hours

5 minutes

95% formamide

30 minutes

30 minutes

30 minutes

5 minutes

O/N-2 days

4 hours

15 minutes

95% formamide

5-16 hours; E11-E15,
respectively

The ClearT procedure rendered embryonic brains as transparent as with Scal eA2, but did so
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Table 8.2: Clearing protocol for various sample types using ClearT2 . Time in final buffer
can be determined by visual inspection for desired transparency.

Embryonic heads

Sections

or brains

(200-1000µm)

25% formamide/10% PEG

1 hour

10 minutes

50% formamide/20% PEG

1 hour

5 minutes

50% formamide/20% PEG

5-16 hours; E11-E15,
respectively

15-60 minutes

signiﬁcantly faster (1 day versus 14 days) (Figure 8.1B). Completely cleared postnatal day 0 (P0)
brain sections were similar to their original size (before clearing=1.0±0 versus ClearT =1.04±0.02,
not signiﬁcant, n=6 sections) (Figure 8.1C). Even after prolonged treatment with ClearT , sample
volume only increased slightly, signiﬁcantly less than in Scal eA2 [1 day, ClearT =1.33±0.09 versus
Scal eA2=1.81±0.05, P<0.01; 2 days, ClearT =1.27±0.09 versus Scal eA2=1.83±0.06, P<0.01, n=5
(ClearT ), 4 (Scal eA2) sections] (Figure 8.2). Although formamide is not harmful to tissue in the
short term, it is unsuitable for long-term tissue storage. Therefore, we transferred samples treated
with ClearT into PBS, where they became opaque within 30 minutes and could be safely stored for
at least 1 month (Figure 8.1D).

8.3.2

Visualization of DiI or CTB Labeled Axons in Tissue Cleared With ClearT

The projections, connections, and growth cone (GC) morphology of developing axons can be visualized by anterograde labeling with lipophilic dyes (Little et al., 2009; Bielle et al., 2011). Here, we
use the mouse visual system, a classic model for studying neural circuitry development, to demonstrate the advantages of clearing the mouse brain with ClearT in preserving lipophilic ﬂuorescent
dye labeling. We anterogradely labeled retinal ganglion cell (RGC) axons in embryonic day (E)
14.5 embryos with DiI and treated embryos with ClearT , Scal eA2 or BABB for 1 day. DiI labeling of retinal axons in the optic nerve and chiasm was preserved after treatment with ClearT , but
treatment with either Scal eA2 or BABB degraded the ﬂuorescent signal (Figure 8.3A).
We then examined DiI-labeled RGC axons in cleared tissue at the optic chiasm at E15.5 (Fig174
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A

T

Clear

T

B

Clear (1d)

ScaleA2 (14d)

Before
clearing

Clear

E14.5

E14.5

Fixed

T

P0

C

Before
clearing

Before Clearing
T

Clear

PBS

ClearT

E14.5

D

Figure 8.1: Rapid tissue clearing with ClearT . A) Fixed whole embryos (E14.5) and dissected
postnatal brains (P0) were cleared overnight. The grid is visible through tissue cleared by
ClearT . B) E14.5 embryos cleared with ClearT or Scal eA2 reach full transparency in 1 day
or 14 days, respectively. C) ClearT does not lead to volume changes. P0 sections (800µm),
surface area measured: pre-cleared, red line; ClearT, blue line. D) Clearing is reversible
with PBS (30 minutes). Scale bars: 1 mm.
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T

T2

Surface area of brain sections

Clear

Clear

*

2.0

ScaleA2

*

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0
Before

1d

2d

Figure 8.2: Volume changes are minimal after tissue is incubated in ClearT and ClearT2 .
Quantification of size changes of 800mm sections of P0 brain in ClearT , ClearT2 and Scal eA2,
after incubation in each solution for 1-2 days. Surface area was significantly increased after
treatment with Scal eA2 compared with ClearT and ClearT2 . Data are expressed as mean ±
s.e.m. *=P<0.01, one-way ANOVA followed by Tukey’s post hoc test; n=5 (ClearT ), n=6
(ClearT2 ), n=4 (Scal eA2) sections.
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Figure 8.3: DiI and CTB labeling is maintained in axons treated with ClearT and ClearT2 .
A) DiI labeling of E14.5 retinal axons was preserved with ClearT and ClearT2 treatment,
but not with Scal eA2 and BABB. B) CTB labeling of retinal axons in the dLGN at P6 was
maintained with ClearT , ClearT2 , and BABB, but labeling was barely visible in Scal eA2.
Moreover, BABB-treated tissue shrunk considerably: surface area of the section after BABB
treatment, normalized to pre-cleared sections, was 0.50±0.02 (mean ± s.e.m.), n=4 sections;
P<0.01, Student’s t-test. Scale bars: 100µm.
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ure 8.4A). The DiI-labeled retinal projection was not visible prior to clearing, but could be seen
through both dorsal and ventral aspects of the cleared head, with jaw and tongue removed but
skin and skull intact (Figure 8.4A). We examined the resolution of ﬁne morphological detail of
DiI-labeled axons and GCs in the proximal ipsilateral optic tract at E14.5 before and after clearing
(Figure 8.4B). The number and resolution of DiI labeled axons and GC processes (e.g. ﬁlopodia
and lamellopodia) were markedly increased after clearing with ClearT (Figure 8.4B). Furthermore,
E18.5 DiI-labeled RGC axons in the thalamus and superior colliculus were not visible before clearing
when imaged from the midline of parasagittal hemisections, but the full tract was distinctly visible
after clearing with ClearT , even through a depth of 1mm (Figure 8.4C).
CTB is widely used for the analysis of postnatal RGC axon targeting in the dLGN (e.g., JaubertMiazza et al., 2005; Rebsam et al., 2009). To test the compatibility of CTB with ClearT , we
anterogradely labeled each eye of P5 pups with CTB conjugated to either Alexa Fluor 488 or 594.
CTB labeling was preserved after ClearT and BABB treatments, but BABB reduced tissue size
by half (before clearing=1±0 versus cleared=0.50±0.02, P<0.05, n=4 sections), while labeling was
diﬀuse following Scal eA2 treatment (Figure 8.3B). CTB labeling was visible through the entire
depth of a 700µm section of P5 brain treated with ClearT , whereas ﬂuorescence could not be seen
beyond 250µm before clearing (Figure 8.4D). Moreover, it is possible to successively clear, unclear
(in PBS) and re-clear DiI- or CTB-labeled samples without compromising tissue or label integrity
(Figure 8.5A,B).

8.3.3

ClearT Clears Tissue with Fluorescent Protein and with Immunohistochemical Labels

Our original ClearT protocol diminished green ﬂuorescent protein (GFP) intensity in E14.5 actinGFP embryos (Ikawa et al., 1995). Because polyethylene glycol (PEG) stabilizes protein conformation (Rawat et al., 2010), we investigated whether PEG would stabilize GFP expression in
formamide. Whereas 50% formamide failed to clear brains, a 20% PEG/50% formamide mixture successfully cleared brain tissue and preserved ﬂuorescence. This modiﬁed method, named ClearT2 , also
requires immersion in a graded series of formamide/PEG solutions (25% formamide/10% PEG, then
50%formamide/20% PEG) (Table 8.2, Figure 8.6A). Although tissue transparency with ClearT2 was
less complete than with ClearT , application of ClearT2 induced robust transparency of thick P0 brain
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Figure 8.4: Retinal axon projections in brain tissue cleared with ClearT . A) E15.5 eye
was labeled with DiI, the jaw and tongue were cut away and the head was cleared with
ClearT . DiI-labeled contra (C) and ipsi (I) retinal axons and optic chiasm are detected in
both dorsal and ventral views after clearing with ClearT . B) Merged stack (41 images, 5µm
steps) of E14.5 DiI-labeled growth cones (GCs) (arrows) and axons (arrowheads) of the
ipsilateral optic tract; imaged from the ventral surface of 200µm brain section, before and
after clearing. C) DiI-labeled contralateral RGC projection to the thalamus and superior
colliculus at E18.5. Brains were cut sagittally at the midline and cleared with ClearT .
Merged stack (51 images, 20µm steps), viewed from the midline. DiI-labeled RGC axons
in the dLGN in the thalamus (TH) and superior colliculus (SC) were undetectable in precleared tissue, but visible after clearing. D) CTB conjugated to AlexaFluor 488 or 594 was
injected into each eye and a 700µm frontal section of P5 brain was cleared with ClearT .
Optical slices at 250µm, 450µm, and 600µm below the tissue section surface are shown
(from 71 images, 10µm steps). Both CTB labels were observable, though deeper, in cleared
dLGN compared with the same tissue before clearing. Scale bars: 1mm in C (top); 100µm
in A and bottom of C,D (bottom); 10µm in B.
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after being returned to opacity in PBS, enabling eye-specific projections to be clearly seen
in the dLGN. The micrographs are merged stacks of 71 images (10µm steps) of CTB-labeled
retinal axon projections in the P6 dLGN, taken through a 5X objective. Scale bars=100µm.
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sections without volume changes (before clearing=1.0 versus ClearT2 =0.98±0.02, n=6, not signiﬁcant) (Figure 8.6B). Sections treated with ClearT2 for 1 or 2 days were slightly larger than pre-cleared
sections, but these changes were signiﬁcantly less than with Scal eA2 [1 day, ClearT2=1.30±0.02 versus Scal eA2=1.81±0.05, P<0.01; 2 days, ClearT2 =1.30±0.01 versus Scal eA2=1.83±0.06, P<0.01,
n=6 (ClearT2 ), n=4 sections (Scal eA2)] (Figure 8.2). ClearT2 also maintained DiI and CTB labeling
in axons as successfully as ClearT (Figure 8.3A,B).
We next examined whether neurons genetically labeled with ﬂuorescent proteins, such as in
Thy1 -GFP (M-line) mice (Feng et al., 2000), could be visualized with ClearT2 (Figure 8.6C). After
clearing thick hippocampal sections with ClearT , Thy1 -GFP+ neurons were visible deeper within
the granule cell layer and details of GFP+ pyramidal neuron dendrites in the CA1 region were more
distinct than without clearing (Figure 8.6C, bottom). (Figure 8.6C, top) To determine whether
ClearT2 could be applied to adult or non-neuronal tissue, we used Tcf/Lef:H2B -GFP mice, in
which reporter expression is detected in neuronal and non-neuronal tissues from early embryonic
to adult stages (Ferrer-Vaquer et al., 2010). H2B -GFP nuclear labeling in neurons of the cerebral
cortex, cells within the granule cell and molecular layers of the hippocampus, progenitor cells of the
small intestine and satellite cells of skeletal muscle were more apparent after clearing with ClearT2
(Figure 8.7).
Immunohistochemistry is used to visualize protein expression, but labeling is usually visible
only superﬁcially in thick tissue sections. To examine whether immunohistochemistry labeling is
compatible with tissue clearing, we immunostained E14.5 cryosections through the optic chiasm with
an antibody to the radial glia marker RC2 and treated sections with ClearT , ClearT2 , Scal eA2 or
BABB (Figure 8.8A,B). ClearT and Scal eA2 disrupted RC2 immunolabeling, and BABB maintained
ﬂuorescent signal but produced labeling artifacts in bone and cell nuclei that should not express RC2.
As ClearT2 successfully preserved immunolabeling, we applied it to 200µm RC2-immunolabeled
vibratome sections of the optic chiasm at E14.5 (Figure 8.6D). RC2+ glial processes were visible as
deep as 120µm in cleared tissue, twice as deep as in pre-cleared tissue (Figure 8.6D). Finally, ClearT2
treatment of whole mouse embryos immunostained with an antibody to neuroﬁlament (NF) provided
a complete view of axon tracts and arbors in the CNS and PNS in distal appendages (Figure 8.6E).

Finally, we examined whether ClearT2 is compatible with multiple ﬂuorescent labels. After
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and maintained fluorescence. B) P0 sections (800µm) were transparent after ClearT2 , with
no volume change. C) P11 Thy1 -GFP hippocampus section (800µm), before and after
clearing with ClearT2 ; 38 images, 20µm steps (top and middle). GFP+ pyramidal neurons
(arrows) and dendrites (arrowheads) in CA1 region are markedly more visible after clearing; 52 images, 2.5µm steps (bottom). GCL, granule cell layer; ML, molecular layer. D)
Sections of E14.5 optic chiasm (200µm), immunolabeled with the radial glial marker RC2,
cleared with ClearT2 ; 51 images, 3µm steps; three optical slices shown. RC2+ staining
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whole embryos, immunolabeled with neurofilament antibody (NF), treated with ClearT2 .
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applying ClearT2 to a thick brain section with CTB-labeled dLGN, a biocytin-ﬁlled relay neuron was
visualized more deeply and at higher resolution than before clearing, with both labels successfully
maintained (Figure 8.6F).

8.3.4

ClearT and ClearT2 are Solvent and Detergent Free Rapid Tissue Clearing Methods

We have developed two clearing methods, ClearT and ClearT2 , which aid analysis of ﬂuorescent
labeling in embryonic and mature neuronal and non-neuronal tissue. ClearT2 clears specimens
while eﬀectively maintaining the ﬂuorescent signal of genetically encoded proteins, immunohistochemistry labeling, and dye tracers such as DiI and CTB. Whereas ClearT is incompatible with
immunohistochemistry and genetically encoded ﬂuorescence proteins (supplementary material Table S1), transparency of whole brains treated with ClearT is better than with ClearT2 (Figure 8.6A).
Therefore, tissue samples labeled with DiI or CTB alone are best cleared by ClearT .
ClearT and ClearT2 provide several advantages over other available clearing methods. Clearing
time for thick sections, whole brains or embryos is signiﬁcantly faster than with Scal eA2 or BABB.
In addition, ClearT and ClearT2 produce minimal tissue volume changes, signiﬁcantly less than
Scal eA2 or BABB. Most importantly, our methods maintain DiI- and CTB-labeling in axons, unlike
Scal eA2 and BABB (Table 8.3). ClearT and ClearT2 successfully clear postnatal and adult brain
and other tissues. ClearT2 provides a ﬁnal important advantage over Scal eA2 and BABB, in that it
can clear immunolabeled tissue. Thus, ClearT and ClearT2 provide improved clearing of embryonic
and adult neuronal and non-neuronal tissue for viewing ﬂuorescent labeling of cells and ﬁber tracts
by high-resolution optical imaging.
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95% formamide

50% formamide + 20% PEG
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Urea (Hama et al., 2011)

Composition of solution
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Transparency
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+/- (∼1 day)

+ (∼1 day)

+++ (14 days)
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+++ (∼1 day)

++ (∼1 day)
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X

X

×

×

CTB labeling

X

X

×

X

GFP fluorescence

×

X

X(Hama et al., 2011)

X(Dodt et al., 2007)

Volume change
Duration of immersion

Immunostaining
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×

X

×

△*

Plastic

Plastic
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Glass

Table 8.3: Summary of clearing methods. X=suitable, △=partial, ×=does not work. *Immunostaining maintained but with nuclear staining
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artifacts. ClearT and ClearT2 were composed of 95% formamide or 50% formamide plus 20% PEG, respectively, and clear tissue more rapidly
than ScaleA2 and BABB while also producing less volume change. Transparency in ClearT and ClearT2 was better than in ScaleA2 or BABB.
Transparency of whole embryos with ClearT2 was not as extensive as with ClearT . ClearT and ClearT2 are compatible with DiI and CTB labeling.
ClearT2 is also compatible with visualization of fluorescent proteins and immunolabeled tissues. Tissue clearing with ClearT or ClearT2 can be
carried out in plastic chambers.
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