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ABSTRACT

70%–80% of our sensory input comes from vision. Light
hit the retina at the back of our eyes and the visual
information is relayed into the dorsal lateral geniculate
nuclei (dLGN) and primary visual cortex (V1) thereafter,
constituting the image-forming visual circuit. Molecular
cues are one of the key factors to guide the wiring and
refinement of the image-forming visual circuit during
pre- and post-embryonic stages. Distinct molecular cues
are involved in different developmental stages and
nucleus, suggesting diverse guidance mechanisms. In
this review, we summarize molecular guidance cues
throughout the image-forming visual circuit, including
chiasm determination, eye-specific segregation and
refinement in the dLGN, and at last the reciprocal con-
nections between the dLGN and V1.
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INTRODUCTION

Neuronal development and axonal wiring in mice visual
system rely on many factors such as molecular guidance
cues, retinal waves and visual experience. Retinal waves
are the driving force in visual pathway patterning, especially
during the first two postnatal weeks. Disrupting retinal waves
in stage II and stage III respectively cause severe impair-
ment in the eye-specific segregation and retinotopic refine-
ment in the dLGN (Rossi et al., 2001; Muir-Robinson et al.,
2002). In ferret, blocking stage II retinal waves damages the
ocular dominance column segregation (Huberman et al.,
2006). Meanwhile, blockage of visual experience by dark-
rearing and binocular deprivation disrupts the maturation of

the orientation selectivity in ferret (Chapman and Stryker,
1993; White et al., 2001). Compared with retinal waves and
visual experience, molecular guidance cues function earlier
because the guidance cues exist as early as E13 when the
first axons arrive at the optic chiasm (O’Leary et al., 1983).
To some degree, molecular guidance cues provide the basic
framework for visual circuit wiring and refinement
(McLaughlin and O’Leary, 2005). The wiring of the image-
forming visual circuit is consisted of several essential stages
including optical chiasm fate determination, eye-specific
segregation in the dLGN, precise wiring of the axonal cir-
cuitry within the dLGN, thalamocortical connection estab-
lishment and corticothalamic feedback innervations. In this
review, we collect and summarize the guidance molecules
that are reported to be of great importance to the develop-
ment of essential stages along the retina-dLGN-V1 pathway.

MOLECULAR GUIDANCE CUES AT THE OPTIC
CHIASM

Axons of retinal ganglion cells (RGCs) exit the eyeball, form
the optic tract and arrive at the optic chiasm, a point where
RGC axons from the two eyes encounter and face the
choice of crossing (contralateral projection) or uncrossing
(ipsilateral projection). Within one retina, about 97%–98%
RGCs project contralaterally and 2%–3% RGCs project
ipsilaterally (Drager and Olsen, 1980). RGCs are generated
at about E11.5 and the first contralateral-projecting RGC
axons arrive at the optic chiasm at around E13. Axons of a
subtype RGCs develop into permanent ipsilateral projec-
tions at around E14 (O’Leary et al., 1983; Guillery et al.,
1995). In the following day, ipsilateral projections arrive at
the optic chiasm (Fig. 1A1–4). Ipsilateral-projecting RGCs
arise exclusively from ventrotemporally (VT) retina, but
contralateral-projecting RGCs are distributed throughout the
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whole retina. In the early studies, it is believed that posi-
tional cues in the retina are not sufficient to determine the
crossing or uncrossing at the optic chiasm (Colello and
Guillery, 1990). Subsequent studies show that the
pathfinding of ipsilateral and contralateral RGC axons are
determined by molecular cues but not the competition
between binocular axons (Wang et al., 1995; Xiang et al.).
Dozens of molecular guidance cues are precisely expres-
sed in spatial and temporal patterns coordinately at the
optical chiasm or in the RGCs, controlling crossing or
uncrossing of RGC axons (Nakagawa et al., 2000; Leung
et al., 2004; Grinberg and Millen, 2005). Such molecules

have been intensively studied in the past two decades
using knock-down or knock-out mice. Several well-defined
phenotypes are observed in these mutant mice, which could
be divided into four groups: 1. ipsilateral projection reduce
in Zic2, EphB1/epherin-B2, CS-PG, Brn3b−/−, Brn3b−/−;
Brn3c−/− and Foxd1 null mice (Fig. 1B1–7); 2. ipsilateral
projection increase in Foxg1, Nr-CAM, GAP-43 and Isl2
eliminating mice (Fig. 1C1–3); 3. no optic chiasm formation
in Vax1 and Pax2 knockout mice (Fig. 1D1–D2); 4. other
molecule guidance cues show interesting and dynamic
phenotypes, such as CD44 loss of function mice display
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Figure 1. Schematics of genes and molecules involved in the pathfinding of RGCs axon at the optic chiasm. (A1–5) Normal

development of RGCs axon pathfinding at the optic chiasm. (B1–7) Molecules lead to ipsilateral projection reduction at the optic

chiasm in mice. (C1–3) Increase of ipsilateral projections at the optic chiasm. (D1–2) No optic chiasm formation in the VAX1 and

PAX2 knockout mice. (E1–3) Some other phenotypes observed at the optic chiasm in different mice models.
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opposite phenotypes at different development stages and
Slit1/2 knockout mice exhibit two chiasms (Fig. 1E1–3).

Genes related to ipsilateral projection reduction

Zinc finger transcription factor, Zic2, is an important factor in
neuronal development. In human beings, diseases including
neural tube defects and holoprosencephaly are closely
related to the abnormal expression or missing of Zic gene
(Grinberg and Millen, 2005). However, knocking out Zic2 in
mouse is lethal during perinatal period or shortly after birth
(Nagai et al., 2000). Among the three homologies in mouse,
Zic2 exclusively expressed at ventrotemporal peripheral
retina. Besides, the expression of Zic2 is spatially and tem-
porally aligned with the outgrowth of ipsilateral projections
during E14.5–E17.5. Ipsilateral projections are reduced
dramatically in Zic2 knock-down mice compared with control
and heterozygous mice. Over-expression of Zic2 in vitro
leads to increased neurite growth and ejection at the optic
chiasm. The loss- and gain-of function together demonstrate
that Zic2 is necessary and sufficient to determine ipsilateral
projecting RGCs (Herrera et al., 2003).

Previous study demonstrates that EphB1/epherin-B2 is
functional in controlling ipsilateral projections at the optic
chiasm in mammals (Nakagawa et al., 2000). Further studies
show that EphB1 expressed restrictedly in ventrotemporal
RGCs and epherin-B2 located specifically in the chiasm
midline. Surprisingly, both EphB1 and epherin-B2 express in
a similar parabola pattern with a peak at E15.5, a time point
when the most ipsilateral projections are generated. The
expression level is lower at E14.5 and E17, which are two
time points related to the start and the end of ipsilateral
projection development (Drager, 1985; Rachel et al., 2002).
Further studies show that blocking epherin-B2 in vitro and
knocking out EphB1 gene in mice both result in remarkable
reduction of ipsilateral projections from the retina (Williams
et al., 2003). Gain-of-function in EphB1 via in utero retinal
electroporation method leads to a dramatic increase in ipsi-
lateral projections by converting some of the contralateral-
projecting axons to ipsilateral-projecting ones (Petros et al.,
2009). These results indicate that epherin-B2 expression in
the midline is repulsive for ipsilaterally projecting EphB1-
positive axons from ventrotemporal retina, mediating the
divergence of retinal axons at the optic chiasm (Williams
et al., 2003).

Aggrecan, versican, phosphacan and neurocan are
members of the chondroitin sulfate proteoglycan (CS-PG)
family. Their expressions are concentrated in the retina or
optic chiasm (Bandtlow and Zimmermann, 2000; Leung
et al., 2004; Popp et al., 2004). The expression of these
molecules has spatial and temporal patterned during RGC
axon pathfinding at the optic chiasm (Leung et al., 2004).
Extracted CS-PG has been verified to function as an inhi-
bitory factor or repellent molecule during outgrowth of RGC
axons in vitro by time-lapse microscopy (Snow et al., 1991).
Similarly, after digestion of chondroitin sulfate moieties from

CS-PG molecules at the optic chiasm using chondroitinase
ABC enzyme at E13, contralateral projecting axons are
disorganized pre-midline and post-midline. Removal of CS-
PG at E14 and E15 produces remarkable reduction of ipsi-
lateral projections while contralateral projections are not
affected. Besides, after treatment with enzyme, the size of
the growth cone increases both before and after they cross
the midline at E13–15 (Chung et al., 2000).

Brn3 POU-domain transcription factors (Brn3b and Brn3c)
are detected in projecting neurons including RGCs (Gan
et al., 1999; Erkman et al., 2000). The first detection of Brn3b
in mice RGCs was at E11.5 (Xiang et al., 1995). In Brn3b−/−

single mutant mice, a lot of RGCs are missing in the retina,
and projections at optic chiasm are reduced and misled
towards the hypothalamus (Erkman et al., 2000). Brn3b−/−;
Brn3c−/− double knockout mice display even greater loss of
RGCs and defect in axonal outgrowth than Brn3b−/− single
mutant mice (Wang et al., 2002a). One raised question here
is whether the abnormal/reduced projection at the chiasm is
caused by the severe loss of retinal ganglion cells in the
Brn3b−/−;Brn3c−/− and Brn3b−/− mice. Explant of Brn3c
containing retina in Brn3b−/− mutant mice has remarkable
recovery in the neurite outgrowth, demonstrating its growth
promoting function. Furthermore, in Brn3b−/− mice, the
morphology of outgrowth axon shows abnormal scattering
and avoiding going through the optic disk. These results
together illustrate the growing guidance function of these
cues (Wang et al., 2002a). Hence, the missing of ipsilateral
projections in Brn3b−/−;Brn3c−/− double knockout mice par-
tially results from a serious loss of RGCs in the ventral-
temporal retina, possibly also because of the loss of growth
promoting and guidance from Brn3b and Brn3c molecules.

Winged helix transcription factor (Foxd1), also known as
brain factor 2 (BF-2), is a powerful molecule in binocular visual
system establishment that guides VT RGC specification,
optic chiasm and retinotopic formation (Herrera et al., 2004;
Carreres et al., 2011). Foxd1 mRNA can be detected in the
retina at E11–E17 with a higher expression level in the
peripheral VT quadrant at E12–E14, which decreases at E17
(Marcus et al., 1999). In Foxd1−/− null mutant, a majority of
axons terminate at the chiasm and the remaining axons fur-
ther separate into four branches after leaving the chiasm with
altered ratio of ipsilateral and contralateral projections (Her-
rera et al., 2004). These studies suggest that Foxd1 is
required in determining the crossing of RGC axons. Some
important guidance molecules such as Foxg1, Zic2 and
EphB1 also dramatically alter their expression patterns in
Foxd1−/− null mutant (Herrera et al., 2004). Loss of inhibitory
force imposed by Foxd1 to Foxg1 directly causes the
expansion of Foxg1 and Slit2 expression into the territory
where Foxd1 expresses. Themost surprising results in Foxd1
knockout mice is that a major loss of Zic2 and EphB1 in
ventrotemporal retina still results in numerous ipsilaterally
projecting RGCs. Foxd1 deletion also perturbs the expression
of topographic mapping effectors such as EphA6/ephrinA5.
Hence, the complex phenotype at the optic chiasm in Foxd1−/
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− null mutant may due to a combination of numerous ectopi-
cally expressed molecular cues including Foxd1.

Genes related to ipsilateral projection increase

Another member of winged helix transcription factor family is
Foxg1, which is also called brain factor 1 (BF-1). This gene
expresses in the nasal retina and optic chiasm, whose ter-
ritory is complementary to Foxd1 (Xuan et al., 1995; Marcus
et al., 1999). In Foxg1 null mutant mice, there is eight times
increase in ipsilateral projections without altered expression
patterns of uncrossing related transcription factors Nkx2.2
and cell surface molecule SSEA-1 or ephrin B2 (Pratt et al.,
2004). The primary study demonstrated reduced proliferation
and immature differentiation in a group of cells in the telen-
cephalon in Foxg1 null mutant mice (Xuan et al., 1995). Pratt
and colleagues speculated that Foxg1 was not autonomous
required by the retina (Pratt et al., 2004). Another phenotype
of the mutant mice includes eye malformation (Xuan et al.,
1995; Pratt et al., 2004).

Cell adhesion molecule (Nr-CAM) expresses in dorsal-
temporal retina (contralateral projecting region) at E12.5,
reaching a peak at E15 throughout the whole retina and
radial glia cells of chiasm midline, followed by a gradual
decrease at the chiasm midline until E18.5 with a sharp
decrease in the peripheral retina. Detailed studies on the
axons show the highest expression level at the end of the
axons (Lustig et al., 2001; Williams et al., 2006). Notably, the
spatial distribution of Nr-CAM expression is complementary
to Zic2 and opposite to EphB1 (Herrera et al., 2003). In vitro
blocking of Nr-CAM by antibody increases axons that do not
cross the midline (Lustig et al., 1999; Lustig et al., 2001;
Williams et al., 2006). Results in the homozygous Nr-CAM
knockout mice display a dramatically larger size in ipsilateral
projections at late embryonic stage, as well as substantially
reduced number of contralateral projections (Sakurai et al.,
2001; Williams et al., 2006). Further quantification of ipsi-
lateral and contralateral cells in the retina under retrograde
labeling experiment shows a smaller proportion of ipsilateral
projections at E15.5–E17.5, but a higher fraction of ipsilat-
eral projections at E18.5, suggesting Nr-CAM is a late-stage
contralateral-specific cue (Williams et al., 2006). As we
described previously in this review, EphB1−/− null mutant
showed a remarkable reduction in ipsilateral projections
(Williams et al., 2003). Nr-CAM−/−;EphB1−/− double knockout
mice exhibit a larger size of ipsilateral projections (Williams
et al., 2006).

GAP-43 is a membrane protein highly expressed in the
growth cone (Skene, 1990). In GAP-43−/− mutant mice, both
the contralateral and ipsilateral projecting RGCs are dis-
tributed all over the retina (Sretavan and Kruger, 1998),
whereas in control mice, the ipsilateral projecting RGCs
locate exclusively in the ventrotemporal part of the retina.
However, the morphology of the eye and retina is normal
(Kruger et al., 1998). Dye labeling illustrates an un-parallel
growth of RGCs axons before crossing the chiasm. When

coming to the chiasm, the RGC axons cannot cross the
lateral wall and hence the ipsilateral and contralateral pro-
jections grow in a random manner (Strittmatter et al., 1995;
Sretavan and Kruger, 1998). GAP-43−/− mutant mice have a
comparable number of ipsilaterally and contralaterally pro-
jecting neurons growing in semicircular trajectories. More
surprisingly, the ipsilaterally projecting axons lack a sharp
turn to the designed track and re-cross after its first crossing
at the chiasm, which results in a 4-day delay in reaching the
optic tract on both sides (Kruger et al., 1998; Sretavan and
Kruger, 1998).

Besides, the knockout of Isl2 can also lead to a major
increase in ipsilateral projections at the chiasm as well as the
dLGN, which will be discussed in detail in the dLGN session.

No optic chiasm formation

Vax1 or Pax2 knockout mice have no optic chiasm formation
with all RGC axons projecting ipsilaterally and coloboma
eyes with unsealed retina. Vax1 is secreted from the ventral
hypothalamus and diffuses to the RGC axons, playing an
essential role in the RGC axonal growth at the chiasm (Kim
et al., 2014). In Vax1−/− mutant mice, the RGC axons do not
enter the brain but stall outside the presumptive chiasm
(Bertuzzi et al., 1999). One possible mechanism is that the
expression of attractive factor Netrin is reduced or lost along
the RGC axon pathway to chiasm, producing overwhelming
repulsive forces on contralateral projections. By contrast,
RGC axons in Pax2 null knockout mice project ipsilaterally
only, due to the loss of activity gene sonic-hedgehog (shh)
expression gap along the A-P axis where the contralateral
projections go (Torres et al., 1996). Consequently, neither
Vax1 nor Pax2 is a path-defining gene. Instead, they can
prohibit the formation of the optic chiasm.

Other molecule guidance cues

CD44 is a transmembrane glycoprotein which is highly
expressed in neurons of ventral diencephalon from E13
(Sretavan et al., 1994). The co-labelling with β III tubulin
reveals that CD44 exists in the early-born cells of the optic
chiasm. In vitro antibody-blocking experiment shows a
dynamic change of CD44 function. Briefly, antibodies
blocking the function of CD44 cause significant reduction of
contralateral projection axons, leaving the ipsilateral projec-
tion axons unchanged in E13 and E14. However, the situa-
tion reverses at E15, when disrupting the function of CD44 at
the chiasm sharply reduced ipsilateral projections but the
contralateral projections are normal (Lin and Chan, 2003).

Slit1 and Slit2 are conserved protein among species and
first demonstrated to function during the commissural axon
pathway-finding in Drosophila (Rothberg et al., 1990). Slit/
Robo acts as repellent in many axon-wiring processes
including the crossing at the optic chiasm (Erskine et al.,
2000; Niclou et al., 2000). In Slit1−/− or Slit2−/− single mutant,
no significant defect at the optic chiasm is found. However, in
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Slit1−/−;Slit2−/− double mutant, the most obvious defect is
that another commissure appears which lies anterior and
ventral to the normal one. Some of the pioneer axons leave
the main axon bundle and project to the pre-chiasm area,
forming a second chiasm-like commissure (Plump et al.,
2002). Slit protein has the same role in both mice and Dro-
sophila, which is a midline repellent during development of
the neuron system (Herrera et al., 2004; Long et al., 2004).

In summary, RGC axons in a variety of genetic mice
models display distinct and independent phenotypes on the
crossing or uncrossing at the chiasm. There are several
possible mechanisms: 1). Molecules that guide the retinal
axons growth from the retina to chiasm are expressed in
spatially distributed mode in the retina (Fig. 2). 2). We have
summarized a network of genes and molecules that could be
involved collectively in axon guidance at the optic chiasm
(Fig. 3). Foxd1 and Foxg1 inhibit each other and guide the
retinal axons through different pathways. Foxg1 is important
for maintaining the ephrinA gradient. The ephrinA and
EphB1 are ligand and receptor that repel each other at the
chiasm. At the same time, Foxd1 regulates the expression of

EphB1, Zic2 and Isl2. Zic2 also regulates the expression of
EphB1. In Foxd1−/− mutant, the expression of Isl2 reduces
dramatically and Isl2 inhibits EphB1 and Zic2. These mole-
cules together modulate the axon growth from the retina to
optic chiasm.

GENES INVOLVED IN THE DEVELOPMENT OF EYE-
SPECIFIC SEGREGATION IN THE DLGN

In mice, all RGC axons go through the optic chiasm and
enter several thalamic nuclei, among which a large fraction
of axons target and arborize in the dLGN (Morin and Stud-
holme, 2014). In the dLGN, axons from the two eyes are well
separated into two distinct territories, which underlies the
binocular vision (Huberman et al., 2008). During the devel-
opment of eye-specific segregation in the dLGN, axons from
the two eyes first mingle together, and later on separate and
refine into their target territory. RGC axons go through a
complicated process in innervating the dLGN and forming
synaptic connections with cells in the dLGN. Molecular
guidance activities during this process are of great
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Figure 2. Spatial distribution of the guidance cues in the retina. (A) Molecules expressed in the VT region. (B) Molecules
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importance. In this article, we summarized most of the
known guidance molecules in the dLGN. Defects in the eye-
specific segregation in the dLGN can roughly be divided into
two groups: increase in overlapping projections (projections
from both contralateral and ipsilateral eyes) and disorder in
ipsilateral projection patterns (Fig. 4).

Increased ipsilateral/contralateral overlap projections
to the dLGN

Neuronal pentraxins (NPs) family members NP1, NP2 and
NP receptor (NPR) play a role in synaptic formation (Reid
and Blobel, 1994; Schlimgen et al., 1995; Dodds et al.,
1997). There are obvious immunohistochemistry signals in
the dLGN with spatial-temporal gradient. At P7, NP1 is
immuno-active in cells throughout the dLGN and NP2 mostly
located at the inner core of the dLGN. At P14, NP1

expression is lower than that at P7, and NP2 shows denser
expression in the outer shell layer of the dLGN (Bjartmar
et al., 2006). In NP1/2 null mutant mice, there is no signifi-
cant difference between NP1/2 null mutant and wild type
mice at P4. By P10, NP1/2 null mutant mice have an obvious
defect in eye-specific segregation and refinement that the
contralateral axons occupy the whole territory and the ipsi-
lateral/overlap projection areas are significantly larger. Up to
P30, eye-specific segregation and refinement is improved
compared with that at P10, but ipsilateral projections still
occupy a larger domain (Bjartmar et al., 2006; Koch and
Ullian, 2010). NP1/2/NPR triple or single knock mice have no
worse phenotype, demonstrating that NP1 together with NP2
are required for eye-specific segregation and refinement in
dLGN. Further study in the retina illustrates a delayed
functional maturation of glutamatergic synapses (Koch and
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Ullian, 2010). Whether the NPs affect eye-specific segre-
gation and refinement through disrupting the retinal waves or
other guidance molecule is still unknown.

Isl2, LIM-homeodomain transcription factor, is expressed
exclusively and strongly in contralaterally projecting RGCs
throughout the retina with a decrease of expression density
in the ventral-temporal crescent where all ipsilateral projec-
tions originate (Pak et al., 2004). Knock out of this gene
causes upregulation of Zic2 and EphB1 as well as increase
in Zic2-positive RGC numbers. In Isl2 double knockout mice
(Thaler et al., 2004), ipsilateral projections to the dLGN
significantly increase, which coincide with an increase in
Zic2 positive RGC cells (Pak et al., 2004). In Isl2 null mutant,
the ipsilateral projections filled almost the entire dLGN.
Despite a significant increase in the ipsilateral projections,
the contralateral projections remain unchanged. Studies in
the Zebrafish, in which all RGCs project contralaterally in the
optic chiasm, show ipsilateral projections in the Isl2 mutant.
These results also indicate an autonomous function of Islr2
during the axon path-finding (Panza et al., 2015). These
results together demonstrate a specific role for Isl2 in
inhibiting the ipsilateral projection. Here Isl2 exhibits almost
the same function in inhibiting the ipsilateral projections to
the tectum and dLGN in mice and zebrafish, respectively
(Thaler et al., 2004; Panza et al., 2015). Because the Isl2 null
mutant pups died within 24 h after birth, the function of Isl2
during the eye-specific refinement is unknown.

Adenylate cyclase1 (AC1) catalyzes to produce cAMP in
a Ca2+/calmodulin-dependent manner, and is required for
the establishment of eye-specific segregation (Dhande et al.,
2012). Deletion of AC1 in mice results in abnormal retino-
geniculate projections, but the retinal waves are normal
(Plas et al., 2004; Nicol et al., 2006a). Study with single RGC
axon labeling demonstrates continuous increase in the size
and decrease in the density of axonal arborization between
P4 and P16 (Dhande et al., 2012). Furthermore, RxAC1 KO
mice in which AC1 is conditionally knocked out in the retina
also have larger ipsilateral targeted zones in the dLGN and a
significant decrease in eye-specific segregation, but these
phenotypes are not as severe as that in AC1−/− null mouse
(Swindell et al., 2006). Nevertheless, knock out AC1 gene in
the superior colliculus (SC) display no abnormality in eye-
specific segregation (Dhande et al., 2012). These results
confirm that the abnormal retinogeniculate projection is
partially due to pre-synaptic AC deletion. In vitro study
reveals that AC1 is involved in the Ephrin-A5 dependent
retinal axon retraction, suggesting the potential mechanism
for the enlarged targeting zone in AC1−/− null mouse (Nicol
et al., 2006b).

Major histocompatibility complex class I (MHCI) is com-
prised of a large number of molecules (>50) which have
important roles in the immune system (Zinkernagel and
Doherty, 1979). Until now, a lot of studies illustrate vital roles
of MHCI in central nervous system development (Syken
et al., 2006; International Schizophrenia et al., 2009; Shatz,
2009). Class I MHC mediate signaling pathway, including

H2-Kb and H2-Db as two members belonging to class Iα
subfamily, is involved in retinogeniculate projections; β2M,
TAP1, C1q and C3 co-subunits are necessary for normal and
functional expression of MHCI at the cell-surface; CD3ζ and
PirB are components of two distinguished MHCI receptors
that participate in this signaling pathway. Each of these
genes expresses in specific neuronal cell types, except for
H2-Kb, H2-Db and C1q that are co-localized in the terminals
of retinogeniculate projections axons (Huh et al., 2000).
Several knock out mouse lines including H2-Kb−/−;Db−/−,
β2M−/−; TAP1−/−, β2M−/−, CD3ζ−/−, C1q−/−, C3−/− show dis-
rupted eye-specific segregation with similar phenotype (Huh
et al., 2000; Datwani et al., 2009). At P5, there is no signif-
icant difference between control and knock out mice, but by
P10, a time window for retinogeniculate projection refine-
ment, the ipsilateral projections of knockout mice are
abnormally larger compared with the control ones, leading to
an increase in the overlap fractions, and this phenotype
persists until P30 (Datwani et al., 2009). C1q and C3 have
been identified to function in synaptic elimination without
disturbing patterns of retinal inputs (Stevens et al., 2007).
This phenotype may partially explain the unusually large
territory occupied by the ipsilateral projections, and may
further provide support for the enhancement of ocular dom-
inance plasticity exhibited in H2-Kb−/−;Db−/− mice, which is
not a topic of this article. It is still unclear whether the
mechanisms for these similar phenotypes are the same or
not.

Factors contributing to the abnormal ipsilateral
projections in the dLGN

Phr1 is known as a regulator of synapse formation and has
been intensively studied in Drosophila, C. elegant and Ze-
brafish (Schaefer et al., 2000; DiAntonio et al., 2001; Bloom
et al., 2007). This gene is highly expressed in the retina but it
turns out that the development of the retina is not severely
affected after conditionally knocking out phr1 gene in the
retina. Moreover, retinal waves and EphA expression are not
disturbed (Pfeiffenberger et al., 2005; Culican et al., 2009).
However, it does affect the eye-specific segregation in the
dLGN after different cre-line driven knocking out, such as
Pax-Cre and Math5-Cre. The ipsilateral and contralateral
projections can be segregated, but there are several more
patches of ipsilateral projections in the ventral-medial area of
dLGN (Culican et al., 2009). Quantification of ipsilateral pro-
jections between different mutants and control mice reveals
comparable proportions of ipsilateral projections. Further, the
morphology of the axon growth cones is abnormal in vitro
culture (Burgess et al., 2004; Lewcock et al., 2007). These
results indicate a retinal-independent mechanism for phr1
gene in guiding eye-specific segregation in the dLGN. This
gene is particularly interesting because it functions differ in
different animal models. In Drosophila and C. elegant, this
gene functions as synaptic synaptogenesis, growth and
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termination effector (Schaefer et al., 2000; DiAntonio et al.,
2001). In zebrafish, Phr1 affects the optic tectum projection
(D’Souza et al., 2005). In mice, phr1 knockout mice has
abornmal eye-specific segregation (Culican et al., 2009).

Methyl-CpG-binding protein 2 (MECP2), a transcriptional
regulator, possesses evident role during synaptic develop-
ment (Lewis et al., 1992; Fukuda et al., 2005; Chao et al.,
2007). In MECP2 null mice, an abnormally increased inner-
vation of retinal axons to dLGN is evident. By P27-34, the
ipsilateral patch is less condensed than control and presents
an irregular edge, but there is no significant difference
between them. Up to P46-51, the ipsilateral projection zone
stretches throughout the dLGN that results in an increase in
overlap fraction (Noutel et al., 2011). However, vesicular
glutamate transporter 2 (VGLUT2), a transmitter at the
retinogeniculate projection terminal in the dLGN, are
reduced in both density and size from P30 to P60 (Schafer
et al., 2016). This time-dependent phenotype may reflect the
synaptic maintenance function of MECP2 at late stage of
development.

Ten-m3, a highly conserved type II transmembrane pro-
tein, expresses in high-ventral to low-dorsal gradient in the
retina and this gradient remains in its corresponding retino-
topic recipient in dLGN, exerting an important role in eye-
specific targeting (Oohashi et al., 1999). Indeed, high-
throughput screening in mice indicates that this gene is
specifically expressed in visual projecting neurons (Leamey
et al., 2008). Tracing retinogeniculate projections in Ten-m3
loss function mutant mice displays complicated and seri-
ously disordered ipsilateral mapping in different parts of the
dLGN. At the caudal region of the dLGN, ipsilateral projec-
tions form several patches. An elongated phenotype mani-
fests in the middle region and a narrow stripe across the
dLGN along the dorsal-medial and ventral-lateral axis in the
rostral region. The majority area occupied by the contralat-
eral patch is unchanged. Moreover, the distribution of con-
tralateral and ipsilateral projecting RGCs is undisturbed by
Ten-m3 knockout, as well as the optic chiasm (Leamey et al.,
2007). The irregular retinogeniculate mapping has passed
on to the visual cortex and further affects some of the visual-
related behavior, especially in the vertical placement test and
visual cliff test (Leamey et al., 2007). Overexpression of Ten-
m3 in the retina leads to a noticeable increase in ipsilateral
projections in wallaby model (Carr et al., 2014). These
results confirm that Ten-m3 work as a molecular guidance
cue in the eye-specific mapping.

β2 is a subunit of the neuronal nAChR (Xu et al., 1999)
that mediates ACh-transduced waves between P1 and P7.
In β2−/− knockout mice, the unusual eye-specific segregation
is temporally dynamic. At P8, contralateral projections
occupy the whole dLGN including the area that generally
receives ipsilateral projections. The ipsilateral projections
still arrive at the dorsal area but form a larger zone, making
them segregated poorly from the contralateral projections
and resulting in an increase in overlap fraction than wild type.
Up to P14, the segregation becomes much better than that at

P8. However, the ipsilateral projection does not form a clear
dense patch and exhibits an irregular shape. At P28, axonal
segregation from ipsi- and contra- eye improves comparing
to P14, but still with an irregular territory of the ipsilateral
projections (Rossi et al., 2001; Muir-Robinson et al., 2002).

The Eph family tyrosine kinase receptors and their cell
surface-binding ligands ephrins serve as a concentration-
dependent cue for the retinotopic mapping of RGCs to the
dLGN and SC (Gebhardt et al., 2012; Cang and Feldheim,
2013). However, Eph subfamily knockout mice display dif-
ferent phenotypes. Take EphB1 null mice and ephrinA2/A3/
A5 triple knockout mice for instance. In EphB1−/− mice, as
summarized in chiasm guidance session, the ipsilateral
projections are visibly reduced. Further observations show
that, consistent with the phenotype at the optic chiasm, there
is evident shrinkage in the ipsilateral projection patch than
control mice. Besides, a surprisingly dense contralateral
RGC axon patch is also observed adjacent to the ipsilateral
area. VT retina tracing (compared with whole retina/eye
tracing) finds out that the ectopic contralateral axon patch
originates from VT RGCs (Rebsam et al., 2009). EphB1 is
not expressed in the dLGN, so the defect most probably
roots in the retina or chiasm. In contrast to receptor EphB,
ephrinA2/A3/A5 ligand expresses in the developing thala-
mus. EphrinA2 and ephrinA5 express in the same gradient,
but ephrinA3 express only in a few cells of the dLGN
(Pfeiffenberger et al., 2005). In ephrinA2/A3/A5 triple
knockout mice, the ipsilateral projection separates into sev-
eral patches with one in the destination and the others lie at
the medial edge of the dLGN. Though several patches are
observed, the ratio of overlap and ipsilateral projection is not
clearly changed compared to the control ones. Further study
in retina waves displays the relatively normal activity pattern
(Pfeiffenberger et al., 2005).

Reelin is a secreted extracellular glycoprotein with
N-terminal f-spondin domain and C-terminal rich in positive
charged amino acid group (D’Arcangelo et al., 1995; D’Ar-
cangelo et al., 1997). The genomic organization of Reelin is
highly similar between mice and human, implying evolu-
tionary conservation in the gene structure (Royaux et al.,
1997). This gene came into sight when it was discovered to
function in the synaptic development of neurons such as
plasticity, polarization and targeting (Borrell et al., 1999;
Matsuki et al., 2010; Rogers et al., 2011). In a chip screening
study aimed at capturing differentially expressing genes
between dLGN and vLGN, reelin gene is identified to involve
in nuclei-specific axon guidance. Reelin binds to very-low-
density lipoproteins receptor (VLDLR) and low-density
lipoproteins receptor-related protein 8 (LRP8) in vivo. After
binding to these receptors, Reelin activates disabled-1
(Dab1) to function downstream (Howell et al., 1997; Sheldon
et al., 1997; Trommsdorff et al., 1999). In reln−/− mutant, two
striking defects are found at P1. First, there is a gap between
IGL and the medial-lateral part of vLGN, which may be
caused by the reduced projection from RGCs, and this
reduction in RGC innervation leads to the shrink in the vLGN
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territory; another abnormality is a large number of misrouted
axons originating from both eyes’ intrinsically photosensitive
retinal ganglion cell (ipRGCs) at the vLGN, but axons aiming
at the dLGN is unaffected (Su et al., 2011). This confirms the
function of reelin in specific targeting at vLGN and IGL but
not dLGN. Reduced targeting in IGL and misrouted fibers
also exist in 50% Dab1 mutant at a less modest degree
compared to reln−/− mice, while in the other half, only mis-
routed axons are found, again less than those in reln−/−

mutant.
vldlr−/− and lrp8−/− single mutant mice display no defects,

while double mutant mice show more severe phenotype than
reln−/− null mutant (See above), providing evidence for
compensatory functions between the two receptors. In vldlr−/
−;lrp8−/− double mutant mice, two distinct abnormalities
emerge, which are not seen in any of the reln−/− or dab−/−

mutants. Specifically, in vldlr−/−;lrp8−/− mutant, an additional
patch from contralateral eye lies lateral-dorsal just under and
adjacent to optic tract bunch. Besides, an ectopic patch
comprising of ipsilateral and contralateral RGCs projections
exist at the dorsal-medial head of the dLGN. Moreover, mice
carrying one copy of the two receptors including vldlr−/−;lrp8+/
− and vldlr+/−;lrp8−/− display similar defects but not so serious
as those in double null mutants (Su et al., 2013). Further
study interestingly demonstrates that these dorsal-medial
projections are the results of mispositioned IGL neurons.
Results verify that Reelin is also expressed in this region,
overlapping with misrouted arbors (Su et al., 2011). The
mechanism of why IGL neurons migrate to the dorsal-medial
head of the dLGN is unclear.

In addition to the molecular guidance cues that affect the
eye-specific segregation in the dLGN, a kind of ipRGCs also
plays a role in the retinal axon targeting. Opn4DTA/DTA ipRGC
ablation mice demonstrate a significant increase in the
overlap projections to the dLGN, leaving the ipsilateral and
contralateral projections similar to those in the wild-type
mice. Moreover, the territories of the ipsilateral projection
form irregular patches. These phenotypes occurred as early
as P8 and last into adulthood. Further studies in the ipRGC
ablation mice show altered retina activity pattern at P6.
These results indicate that the abnormal retinal projections in
the ipRGC ablation mice may be partially due to the abnor-
mal retinal activity in early postnatal days (Chew et al.,
2017).

MOLECULES AS GUIDANCE CUES
ON THE THALAMOCORTICAL PATHWAY

Thalamocortical (TC) connection plays a great role in con-
veying visual information to the neocortex. During develop-
ment, TC axons initiate from dLGN nucleus, pass through
prethalamus, and turn laterally into the ventral telen-
cephalon. They subsequently approach the internal capsule
and finally project to the neocortex. The establishment of TC
connection involves a dynamic interplay between molecular

guidance cues in the thalamic axons and intrinsic cues along
the pathway. A large number of molecules defined as
pathfinding guidance cues have been investigated in trans-
genic mice. Here, we summarize these molecular cues and
divide them into three main groups. The first group is related
to the TC axon guidance including Semaphorin-6A, Lhx2
(Fig. 5A1–B3); the second is the intrinsic cues along the TC
pathway including Ebf1, Dlx1/2, p75NTR, Coup-tfI, Emx2,
Tbr1, Gbx2, Pax6, Celsr3 and Rfx3 (Fig. 5C1–7); the third
group is topographic mapping cues including Eph/ephrin and
Ngn2 (Fig. 5D1–2).

TC axon guidance cues

Semaphorin-6A is widely and intensively expressed in the
dorsal thalamus, the amygdala and the ventral telen-
cephalon, with a relatively lower expression level in the
cortex during the embryonic stage. In functional Sema-
phorin-6A lacking mutants, the experiments of placing DiI in
the dLGN, together with neurofilament (NF) immunohisto-
chemistry and placental alkaline phosphatase (PLAP)
staining, show a large portion of labeled TC axons misrouted
at the ventral telencephalon and the amygdala, with only a
small amount of neurons reaching the cortex at E16.5-P0.
Interestingly, retrograde labeling shows that the presumptive
back tracing target the dorsal thalamus is replaced by the
lateral ventrobasal. Meanwhile, the histology of the cortex is
unchanged, as well as the retina projections which also have
a large amount of Semaphorin-6A expression. However, in
the early postnatal stage, many of the cortex-projecting
dLGN axons follow a different route, which is probably due to
their mispositioning at the embryonic stage (Little et al.,
2009). Among these axons arriving at the visual cortex,
some of them are misrouted to the superficial layer of the
cortex. These results indicate the important function of
guidance of Semaphorin-6A during the TC axons pathfinding
at the embryonic and early postnatal stages.

Lhx2 transcription factor belongs to the LIM-home-
odomain family of transcription factors that is expressed in
the embryonic dorsal thalamus and participates in regulating
the dorsal thalamus patterning (Nakagawa and O’Leary,
2001). In Lhx2 deletion mutant embryos, thalamic axons are
not able to enter the ventral telencephalon and aberrant
topography exists in vitro. In absence of Lhx2, a number of
dorsal-thalamus-specific markers or patterning-related
molecules are normally expressed, implying the normal
development of dorsal thalamus nucleus. Further study finds
that internal capsule (IC) cells are greatly reduced in Lhx2
mutants, which is a putative explanation for the misrouted
TC axons. Besides, a repellent cue Sema6A is verified to be
up-regulated in the ventral telencephalon, which may take
part in the abnormal sorting of TC axon bundles (Lakhina
et al., 2007). Thus, the disruptions of TC pathfinding and
topographic projection are not caused by the cell-au-
tonomous role of Lhx2 in the thalamus, but the impairment in
the ventral telencephalon.
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The intrinsic cues along the TC pathway

In the following part we will introduce the intrinsic cues in
different nuclei along the TC pathway including the ventral
telencephalon (Ebf1, Dlx1/2), the subplate neurons
(p75NTR, Coup-tfI) and the cortex (Emx2). “Handshake”
modal cues Tbr1, Gbx2 are described in detail in “Hand-
shake” modal cues session, as well as some other genes
such as Pax6, Celsr3 and Rfx3.

A number of genes such as Ebf1 and Dlx1/2 express
mainly in the ventral telencephalon, which play crucial roles
in directing TC pathfinding. Early B-cell factor, Ebf1, also
named Olf-1, O/E-1, COE1, encodes a transcription factor
verified to function in the development of basal ganglia
(Hagman et al., 1993; Garel et al., 1999; Dubois and Vincent,
2001). Ebf1 expresses in the dorsal thalamus and basal
ganglia along the thalamocortical pathway at E14.5. In
Ebf1−/− mutant embryos, axons from the dLGN are mis-
routed inside the basal ganglia towards the amygdala.
Additionally, the projections between thalamic nuclei and
neocortical domains have a caudally shifted topography in
the neocortex. Further study finds that a group of cells in the

basal ganglia express Sema6a at a lower level than control
(Garel et al., 2002). These phenotypes lead to the conjecture
that structural defects in the basal ganglia can affect the
thalamocortical pathfinding. Another mutant described below
supports this hypothesis to some degree. Dlx1 and Dlx2
encode homeodomain transcription factors, which are
known to express in the basal ganglia. Dlx1/2−/− embryos
exhibit severe stagnation in the differentiation of basal gan-
glia cells (Bulfone et al., 1993; Anderson et al., 1997). In
Dlx1/2−/− embryos, some thalamic axons fail to grow past the
basal ganglia. Similar as Ebf1−/− mice, a few axons finally
find ways into the cortex, but topographic mapping has an
obvious caudal shift (Garel et al., 2002).

p75 neurotrophin receptor (p75NTR) expresses in the
subplate neurons and exhibits a low-rostral to high-caudal
gradient from E14.5 to P7, a time window when the thalamic
axons invade into the cortex. p75NTR is also highly
expressed in the posterior thalamus at E14.5. In mice lacking
p75NTR, innervation of visual cortex from the dLGN is half
gone compared with the wild type mice. This deficiency is
observed in both P10 and adult mice by dye retrograde and
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Figure 5. Schematics of the pathfinding of thalamocortical axons after knocking out genes related to guidance cues.

(A) Normal development of thalamocortical axon pathfinding from E14.5 to P0. (B1–3) Phenotypes of thalamocortical axons after

knocking out TC axon guidance cues including Semaphorin-6A and Lhx2. (C1–7) Phenotypes of thalamocortical axons after knocking

out TC pathway intrinsic cues including Ebf1, Dlx1/2, p75NTR, Coup-tfI, Emx2, Pax6, Celsr3 and Rfx3. (D1–2) Phenotypes of

thalamocortical axons after knockout of topographic mapping cues such as ephrin-A5; EphA4 and Ngn2. Red dots represent dLGN

projecting neurons. Red lines stand for TC axons.
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radiation labeling respectively at different ages. Moreover,
the study of placing DiI crystal at the LGN shows that TC
axons follow the normal pathway through the internal cap-
sule and get close to the subplate of the neocortex, but stop
there. Lack of p75NTR does not affect the programed cell
death in subplate neurons. In addition, axonal innervation of
the auditory and somatosensory cortex in p75NTR knockout
mice is normal. Hence, p75NTR plays a great role in the
thalamocortical innervation to cortex through an undefined
mechanism (McQuillen et al., 2002).

Chicken ovalbumin upstream promoter-transcription fac-
tors Coup-tfI is reported to be of great importance for neuron
differentiation and development of the central neural system
(Qiu et al., 1997b; Yamaguchi et al., 2004). In Coup-tfI
mutant mice, the majority of TC axons do not pass through
the internal capsule, while a few axons that reach the sub-
plate fail to innervate the proper layer. Besides the defect in
thalamocortical innervation, the layer IV cortical neurons go
through massive cell death during the development, result-
ing in a loss of layer IV (Zhou et al., 1999). Another study
shows high expression of calretinin protein in subplate
neurons (Fonseca et al., 1995), a calcium-binding protein
that should not be detected in subplate neurons at E14.5 and
E16.5, implying some bugs in the differentiation of these
neurons during this period. Hence, the possible mechanism
regarding defect in Coup-tfI null mutant mice is that in
absence of the guidance of Coup-tfI, thalamocortical neu-
rons get lost in the internal capsule, and few survivors come
to the subplate region, but encounter the poorly differentiated
subplate neurons and at last stop there at P0, which may be
responsible for the loss of layer IV neurons.

Mouse transcription factor Emx2, a member of the empty
spiracles family, shows a rostral-caudal and medial-lateral
gradient expression in the dorsal part of developing cerebral
cortex, including neuroepithelium, ventricular zone and
Cajal-Retzius cells during embryonic stages (Gulisano et al.,
1996; Bishop et al., 2000; Cecchi, 2002). It is known that
Emx2 gene is critical to the cortical patterning and area
specification (Mallamaci et al., 2000). In Emx2−/− embryos,
thalamocortical projections separate into two branches, with
some of them end at the border of telencephalon and dien-
cephalon, and the others grow through the telencephalon-
diencephalon border into the designed path to the cortex
(Lopez-Bendito et al., 2002). Histochemistry study provides
evidence that there is an enlarged cell-free area in the
internal capsule where presumably the abnormal thalamo-
cortical pathway arises, which may explain the thalamocor-
tical projection defect in Emx2−/− mice (Lopez-Bendito et al.,
2002).

“Handshake” modal cues Tbr1 and Gbx2 are described in
detail in “Handshake” modal cues session.

There are many other genes determining thalamocortical
and corticothalamic projections at the same time, for
instance, Pax6, Celsr3 and Rfx3. The transcription factor
Pax6 expresses in both the cortex and thalamus. In Pax6−/−

mutants, thalamocortical axons are remarkably reduced at

E14.5 as they grow into the subpallium. Dye tracing exper-
iments find that no axons innervate the cortex. The corti-
cothalamic axons do not reach their target either (Hevner
et al., 2002).

Protocadherin Celsr3 expresses in the developing brain
and is crucial for the development of central neuron bundles
(Formstone and Little, 2001; Tissir et al., 2002). In Celsr3
mutant mice, histology staining shows malformation or
absence of the internal capsule. DiI labeling exhibits disor-
dered connections between the thalamus and the cortex. At
around E14.5, axons from the thalamus pass through the
diencephalon ventrally in a clear bundle. The axons then
separate into two groups, with one group going towards the
dorsal base of the brain and the other turning externally
through the basal forebrain and heading to the homolateral
cortical marginal zone at P0, leading to aberrant corticotha-
lamic axon projections (Tissir et al., 2005).

Ciliogenic transcription factor (Rfx3) is involved with cili-
ogenesis and cilia function. In the Rfx3−/− mutant, some
thalamocortical axons fail to grow out of the diencephalon
and abnormally project towards the amygdala, while corti-
cothalamic axons abnormally migrate towards the pial sur-
face of the ventral telencephalon (Magnani et al., 2015).

The topographic cues

In the complex process of thalamocortical projection estab-
lishment, a precise topographic pattern between thalamus
nuclei and a specific cortical area is extremely crucial. It’s
well documented that projections from thalamic nuclei into
the cortex is topographically organized along rostrocaudal
and mediolateral cortical axes (Lopez-Bendito and Molnar,
2003). However, the underlying mechanism of the exquisite
thalamocortical topographic mapping remains poorly under-
stood. The ventral telencephalon is thought to be an “inter-
mediate target”, responsible for early sorting of
thalamocortical projections before the tract innervates the
cortex (Lakhina et al., 2007).

Ephrins and their receptors, Eph/ephrin signaling path-
way, function in the cell-cell interactions and guidance of
axon growth corns in the developing neocortex (Egea and
Klein, 2007). As thalamocortical axons extend towards the
ventral telencephalon, Eph/ephrin plays a crucial role in the
early topographic sorting and determination of the topo-
graphic mapping of TC axons after their innervation into the
cortex. Mice deficient in EphA4, EphA7, or both ephrin-A5
and EphA4, display a fully penetrant topographic caudal shift
of TC axons (Dufour et al., 2003).

The bHLH transcription factor Ngn2 expresses spatially
and temporally in the dorsal thalamus at the embryonic
stage. In Ngn2 knockout mice, there is a pronounced
pathfinding defect in the ventral telencephalon that axons
from the rostral dorsal thalamus shift caudally and appear in
the internal capsule as opposed to the normal medial-lateral
projections in normal mice (Seibt et al., 2003). In conclusion,
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Ngn2 plays an autonomous role in the topographic organi-
zation of TC projections.

FUNCTIONS OF GENES INVOLVED
IN THE CORTICOGENICULATE FEEDBACK
PROJECTIONS

Robust and specific connections between the cortex and
dLGN are established during the late embryonic stage or
shortly after birth and cortical axons stay outside of the dLGN
for several days before innervation (Brooks et al., 2013).
Corticogeniculate (CT) projecting neurons generates from
the embryonic subplate and identify by specific transcription
factors. The corticothalamic axons pass by several nuclei,
with one day’s pause during E13.5–E14.5 and a sharp turn
for axons to target the dLGN (Fig. 6A1–3). A lot of molecular
guidance cues attend this process, ensuring precise path-
way finding and proper targeting (Fig. 6B1–9).

Fate determination and outgrowth of the neocortex

Fezf2, Ctip2 and Tbr1 are three known genes express in
designated layers or positions where they interact with each
other and control different corticofugal projections, such as
corticothalamic, corticospinal (CS) (Su et al., 2011) and
subcerebral projections (Srinivasan et al., 2012). Among
these three genes, T-box brain gene, Tbr1 is certified as one
of the main factors to determine the corticothalamic projec-
tion neurons in the neocortex. First, Tbr1 is highly expressed
in preplate glutamatergic neurons during the embryonic
stage (Bulfone et al., 1999) in the subplate and postnatal

(P0.5) layer VI, and the high expression level lasts until
adulthood (Hevner et al., 2001). Second, DiI tracing and
PLAP labeling both show that corticothalamic fibers fail to
target the dLGN, in Tbr1 knock out (Tbr1−/−) mice, implying
the defect of corticothalamic projections (Hevner et al.,
2001). Third, the ectopic expression of Tbr1 in layer V leads
to abnormal projections to the thalamus (McKenna et al.,
2011), indicating its important role in the initial fate determi-
nation of cortical neurons. After the classification by different
transcription factors, Tbr1-expressing neurons start to
stretch their axons downwards at about E10 under the
control of semaphorins family that act bi-functionally and in
gradient. Expressed in the cortical plate (CP) to repel CT
axons, Sema3A combines with attraction forces imposed by
Sema3C in the intermediate zone (IZ) which is in a lateral to
medial gradient, and together they induce a tendency of
lateral growth of CT axons (Leyva-Diaz and Lopez-Bendito,
2013). Notably, metalloproteinases (MMP3) participates in
this course due to its ability to activate the signaling trans-
duction of Sema3A and Sema3C by cleavage (Gonthier
et al., 2007). In IZ zone, CT axons encounter further attrac-
tive and repulsive cues induced by SemaE and SemaD
respectively. The expression territory of SemaE and SemaD
overlap spatially in IZ, with the attractive cue being stronger
(Bagnard et al., 1998). We believe that the initially unbal-
anced forces of attraction and repellent guide the cortical
axons to move further ventrally and laterally. Meanwhile,
Sema3A and Sema5B in the ventricular zone (VZ) exert
repulsive functions on outgrowing axons, avoiding misrouted
corticofugal projections from the cortical germinal pathway
(Bagnard et al., 1998; Lett et al., 2009).
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Figure 6. Schematics of defects in corticothalamic axons pathfinding. (A1–3) Normal developmental of corticothalamic axons

pathfinding. (B1–9) Misled corticothalamic axons after knock out of some closely related cues. These cues are listed along the paths

of corticothalamic axons. Blue lines represent CT axons. Blue triangles represent corticothalmic projecting neurons.
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Pathway finding in PSPB

Pallial-subpallial boundaries (PSPB) are also known as
cortical-striatal boundaries, a region separating the neocor-
tex from the striatum. The structure of PSPB itself is thought
to be important for the guidance of CT neurons because it
not only functions as a structural cue but also expresses a lot
of molecular guidance cues (Molnar and Cordery, 1999;
Carney et al., 2009). In PSPB, an abrupt turn is made in the
corticothalamic axons from ventrolateral to medial track
towards the subpallium (Molnar and Cordery, 1999). PSPB is
also characterized by different genes expression gradient
including high in dorsal pallium to low in subpallium of Pax6,
as well as complimentary expression pattern of Gsh2 (Car-
ney et al., 2009). Previous study shows that Pax6 functions
during the formation of CT connections in PSPB. In Pax6−/−

null mutants, the outgrowth of cortical axons is not affected
at E14.5, but fail to invade the internal capsule through the
PSPB due to the abnormally densely-packed cells. Up to
E16.5, the axons begin to misroute towards the lateral
striatum but avoid entering the medal capsule and the cor-
ridor. By E18.5, most of the CTaxons follow an ectopic trace
along the basal surface, but some caudally-located axons go
through the PSPB and follow a more lateral pathway, as a
result, they do not reach the thalamus (Pratt et al., 2000;
Jones et al., 2002).

Guidance of CT axons in the subpallium

After going through the PSPB, the CT axons enter the sub-
pallium. One surprising behavior of CT axons is a one-day
pause in the subpallium of the lateral striatum (McConnell
et al., 1989; Jacobs et al., 2007; Deck et al., 2013). Detailed
study demonstrates that this “first waiting period” during
E13.5 to E14.5 involves Sema3E/PlexinD1 signaling, without
which (mutations of Sema3E−/− or PlexinD1−/−) the CTaxons
would be misled to the globus pallidus (GP) or the cerebral
peduncle (CP), a corticosubcerebral axons (CSA)-like tra-
jectory originating from layer V. Besides the spatial defect,
the mutations are temporally disordered with axons arriving
at the target as early as E14.5 in immaturity. These evi-
dences suggest that the Sema3E/PlexinD1 signaling path-
way plays an important role in the CT axon path-finding and
the “first waiting period” by inhibition or repulsion (Chauvet
et al., 2007; Deck et al., 2013). Another study on Robo1
knock-out mouse discovers that CT axons arrive at their
destination at least one day earlier prenatally, implying the
temporal role of this gene independent of the robo/slit sig-
naling pathway (See below) (Andrews et al., 2006). After the
“first waiting period”, CT axons continue to grow into the
subpallium where TC axons also come and they encounter
each other. The current hypothesis is that the “handshake” of
pioneer CT axons and TC axons takes place in the subpal-
lium and guides each other into their proper pathways
(Hevner et al., 2002) (See details in “Handshake” modal
cues session). Besides the “first waiting period” related

guidance cues and the putative “handshake” cues, in
Brn4Cre;Wnt3aDTA mutant mice model, in which TC projec-
tions are completely ablated because no specific markers
expressing on the pathway are detected, also displays an
undoubted misleading phenotype that all the CT neurons go
through GP and finally reach CP (Deck et al., 2013).

Grow into internal capsule and corridor

Netrin-1, expresses in the internal capsule (IC) and ventral
telencephalon (vTel), attracts DDC positive CT axons and
guides them to grow into the IC (Oeschger et al., 2012).
Here, CT axons and CAS axons separate into distinguish
bundles and make the way to their intended target nuclei.
Shortly after entering the internal capsule, CT axons enter
the corridor in the internal capsule and CAS axons pass on
to the GP and finally enter the CP (Deck et al., 2013). Again,
CT axons made another re-routing towards vTel, which
serves as the basis of relay nuclei targeting at the
prethalamus (Metin et al., 1997). After that, the CT axons
confront with diencephalon–telencephalon boundary (DTB).
Pathfinding during this course is complicated with a lot of
molecular guidance cues involved including FZ3, Celsr3,
Ebf1, Dlx1, Dlx2, Pax6, Emx2 and baffled, all of which are
described in detail below. Notably, these molecular guidance
cues are functionally independent of each other, demon-
strating that several pathways take part in the process of CT
pathfinding in the internal capsule and corridor.

Planar cell polarity genes (PCP) including frizzled3 (FZ3)
and Celsr3 are verified to function during CT axon
pathfinding in the internal capsule. The expression of FZ3
and Celsr3 mostly overlap in mouse CNS (Tissir and Goffi-
net, 2006). Studies demonstrate that FZ3−/− and Celsr3−/−

null mice have a similar phenotype that has a defect in axon
tract including CT and TC pathway finding (Wang et al.,
2002b; Tissir et al., 2005). CT axons disappear in FZ3
forebrain neuron conditional knock out mice but no obvious
defect emerges on CT axons pathfinding in the cortical or
thalamic neurons in FZ3 cKO mice model, implying that the
vanished CT axons are not due to the loss of originating
neurons (Hua et al., 2014). Further study illustrates the
developmental defects in corridor cells in FZ3 forebrain
neuron cKO mice (Morello et al., 2015). Whether the failure
of CT neuronal routing is a direct result of defective corridor
cells is still unclear. Similarly, in Celsr3−/− knockout mouse,
CT neurons fail to enter the ganglionic eminence and thus
cannot enter the prethalamus either (Tissir et al., 2005).

Ebf1 encodes an HLH transcription factor (Wang and
Reed, 1993; Dubois and Vincent, 2001). In Ebf1 null
mutants, the differentiation of cells in IC is irregular during
the embryonic stage (Garel et al., 1999). Meanwhile, CT
axons shift to a more medial position in dorsal thalamus in
the embryonic stage, which may due to an improper turn
within the internal capsule. In spite of the absence of Ebf1
gene, no change is detected on the structure of neocortex,
dorsal thalamus or even expression profiles of molecular
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guidance cues such as Cdh6, Coup-tfI. But Ebf1 knockout
mice have a great reduction in the expression of Sema6a in
a subset of cells located in the basal ganglia (Garel et al.,
2002). Hence, it is likely that disturbed structures of the basal
ganglia could result in a similar phenotype as that in Ebf1
null mutants. Indeed, homeodomain transcription factors
Dlx1 and Dlx2 knockout mice show abnormal differentiation
of basal ganglia cells, and CT axons approach to the pial
surface instead of a sudden turn to the basal ganglia as in
control mice (Bulfone et al., 1993; Anderson et al., 1997; Qiu
et al., 1997a; Garel et al., 2002). In these mutants, the defect
in basal ganglia probably gives rise to the misrouted CT
axons.

Studies in Emx2−/− null mutants demonstrate that the
projecting neurons originating from layer VI are ectopically
guided along the boundary of the cortex and striatum with a
wider distribution compared to the axon bundle observed in
control mice. Because of the outer drift trajectory, axons
reach the ventral edge of telencephalon-diencephalon. As
described in the TC pathway finding part of this review, the
possible mechanism for CT abnormality is also due to the
fact that cells in the internal capsule are displaced (Bishop
et al., 2000; Lopez-Bendito et al., 2002).

In baffled mutant mice, delayed, disorganized and over-
fasciculated CT neurons are observed in the IC. Growth
experiments in vitro demonstrate baffled mutants are slower
in axon growth and shorter in axon length, which is due to a
delay of more than one day in CT growth (Favero et al.,
2013).

The restriction of CT axons in the IC and the induction of
their re-orientation towards the vTel are partially due to the
repulsion arising from Sema5B (Lett et al., 2009; Leyva-Diaz
and Lopez-Bendito, 2013). It is reported that knocking down
or ectopic expression of Sema5B both change the trajectory
of CTaxons along the new border where Sema5B expresses
(Lett et al., 2009).

Targeting at the final destination by CT axons

Once reaching the DTB, CT axons enter the prethalamus
and interact with RTN cells at around E16. During this last
stage in pathfinding for CT axons, Slit/Robo signaling plays
an important role. Slit1 and Slit2 are expressed at the medial
edge of the midbrain in overlap domains which prevents
Robo positive CTaxons from crossing the midline to another
hemisphere through repulsion (Long et al., 2004). In
Robo1−/−;Robo2−/− double knock out mutants, CT axons
separate into two groups, one group targeting at the pretha-
lamus but in a more ventral path; the other group which
contains the majority of CT neurons crossing the midline after
going through the internal capsule nuclei. Strikingly, some of
the abnormally crossed CT axons turn back to cross the
midline again with unknown reasons (Lopez-Bendito et al.,
2007). In Slit2−/− single mutant and Slit1−/−;Slit2−/− double
mutants, similar phenotypes are observed as in Robo null
mutants where CT axons cross the midline into the

contralateral brain (Bagri et al., 2002). Before innervating the
dLGN, CTaxons experience the “second waiting period” for a
while. However, the spatiotemporal regulation mechanism
remains largely unclear and the only known molecule to repel
the innervation of CT neurons is Aggrecan (Brooks et al.,
2013). The expression concentration of this protein is found
negatively correlated to the innervations of CT axons. Diges-
tion of this protein advances CTaxon innervations temporally,
and further studies found that retinal waves could regulate the
degradation of Aggrecan (Brooks et al., 2013).

“Handshake” cues

Several mouse lines provide evidences for the proposal of
“handshake” model in the internal capsule, where pioneer
TC and CTaxons encounter and interact to guide each other.
After that, pioneer TC and CT axons continue to grow in
opposite directions and reach their targets. Here, studies on
some transgenic mice lines like Tbr1 and Gbx2 shed light on
the “handshake” assumption (Hevner et al., 2002) (Fig. 7).

Tbr1, T-box transcription factor gene, expresses in the
cortex including layer VI and subplate neurons but not in the
thalamus. In Tbr1 null mutants, thalamic axons deviate into
the external capsule region without entering the cortex.
Meanwhile, corticothalamic axons terminate in the internal
capsule and never grow into the dorsal thalamus (Hevner
et al., 2002). The evidence of Tbr1’s function of fate deter-
mination in layer VI (See detailed description in Fate
determine and outgrowth of neocortex session) may
suggest the possibility that Tbr1 determines the projection
fate of layer VI neurons and in Tbr1 knockout mice, the CT
axons grow out of their intended trajectories. On losing the
“handshake” guidance in the internal capsule, TC axons also
fail to reach the proper cortical area (Hevner et al., 2002;
McKenna et al., 2011).

The Gbx2 homeobox gene is expressed in the dorsal
thalamic neurons during the early development stage, but
not in the cortex (Jones and Rubenstein, 2004; Chen et al.,
2009). In most Gbx2−/− mutants, thalamocortical axons
decrease in number and grow no farther than the internal
capsule (subpallium). As for the corticothalamic axons, all of
them originate from neurons of layer VI in the cortex and
arrive at the subpallial telencephalon as in control mice at
E14.5. However, axons are observed to grow into the cere-
bral peduncle but unable to be detected in the dorsal tha-
lamus at E16.5, a time point when some pioneer CT axons
have reached the dorsal thalamus. This misrouted guidance
may due to the loss of guidance by TC axons, or the loss of
molecular identity in the thalamus after Gbx2 deletion alter-
natively. In most cases, no axons invade into the thalamus
by E18.5 except for one mouse in which very sparse CTand
TC axons are detected simultaneously (Mallika et al., 2015).
Two recent studies show a dramatic loss of the cortex from
E16.5 and a total loss of CT projections in Tra2β conditional
knockout mice, exhibiting not only mistargeted TC projec-
tions but also missing of the retinogeniculate projections
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(Shanks et al., 2016; Diao et al., 2017). One possible
explanation for the misled TC in Tra2β knock out mice is the
disrupted “handshake” process due to the loss of V1.

CONCLUSION AND FUTURE DIRECTION

Molecular guidance cues play a constructive role on guiding
several streams of axons to target at the right position along
the visual pathway. Different molecular cues function through
diverse mechanisms including concentration gradient, area
specific or cell type specific expression, repellent or attrac-
tive ligand and receptors, and molecules regulated by neu-
ronal activities. Concentration gradient is the most popular
model in the development and patterning of organisms, as in
neuronal development, unbalanced expression of cues
within a certain territory usually provide growth guidance.
Throughout the retina-dLGN-V1-dLGN circuit, many mole-
cules guide the growth of axons via mechanisms such as
CS-PG, Foxd1, Nr-CAM, Ten-m3, p75NTR, ephrinA2/A3/A5,
Pax6. Similar to the gradient, a lot of area- or cell type-
specific guidance cues participate in guiding visual axons
including Zic2, Brn3b, Brn3c, CD44, Isl2, Lhx2, Ebf1, Dlx1/2,
Ngn2 and Tbr1. Ligands such as EphB1/epherin-B2,
Sema3E/PlexinD1 and Slit/Robo that are repellent or
attractive to their corresponding receptors also play roles in
the axon guidance. Besides, NPs, MHCI, and Aggrecan
emerge along the retina-dLGN-V1 pathway, where they
interact with neuronal activity and participate in the visual
development and wiring.

In the past decades, a lot of studies focused on these
guidance cues singly or doubly using genetically knock-out
mice or blocking technology, and little attention is paid to the
relationship between these guidance cues or the pathways
related to these cues. Now, high throughput methods may
provide opportunities to figure out the whole network of the
guidance cues for a better understanding of how the guid-
ance cues instruct axons to be wired precisely step by step.
The interaction between the neuronal activity and the

molecules is also involved in axon guidance. In this review, a
handful of molecules such as MHCI family (Corriveau et al.,
1998), NPs (Tsui et al., 1996) and Aggrecan (Brooks et al.,
2013) are modulated by neuronal activity or retina waves.
MHCI family and NPs link to function in synaptic wiring or
plasticity. However, the Aggrecan protein is down-regulated
by retinal waves which perturb the innervation time of corti-
cothalamic axons. Concluded from these studies, the
diverse and dynamic interactions between neuronal activity
and molecules jointly make excellent networks for input and
output of visual information. New molecular guidance cues
remain to be discovered, aiming at a more comprehensive
understanding of the mechanisms of pathfinding on the
visual pathway.
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