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SUMMARY

The mammalian eye-to-brain pathway includes more than twenty parallel circuits, each consisting 

of precise long-range connections between specific sets of retinal ganglion cells (RGCs) and target 

structures in the brain. The mechanisms that drive assembly of these parallel connections, and the 

functional implications of their specificity remain unresolved. Here we show that in absence of 

contactin 4 (CNTN4) or one of its binding partners, amyloid precursor protein (APP), a subset of 

direction selective retinal ganglion cells fail to target the nucleus of the optic tract (NOT) - the 

accessory optic system (AOS) target controlling horizontal image stabilization. Conversely, 

ectopic expression of CNTN4 biases RGCs to arborize in the NOT, and that process also requires 

APP. Our data reveal critical and novel roles for CNTN4/APP in promoting target-specific axon 

arborization and they highlight the importance of this process for functional development of a 

behaviorally-relevant parallel visual pathway.

INTRODUCTION

Perception, cognition and behavior all arise from highly precise patterns of connectivity 

between functionally specialized sets of neurons. Neural circuit precision emerges during 

development through a series of steps that collectively encompass a broad range of spatial 

scales; axonal growth cones must navigate long distances, often many millimeters, to link 

distantly located structures. At the other extreme, grow cones have to select where to form 

synapses on the dendrites of target neurons (Sanes and Yamagata, 2009; Lichtman and 
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Denk, 2011). The ultimate goal of developmental neurobiology is to understand how 

specificity of circuit connections is established at all spatial scales and to determine how 

discrete alterations in specificity impact circuit function and behavior.

The cellular and molecular mechanisms underlying many steps of mammalian brain circuit 

assembly have been explored in detail. Prominent examples include growth cone navigation 

through intermediate choice points (Dickson, 2002), topographic mapping (Luo and 

Flanagan, 2007; Cang and Feldheim, 2013) and laminar specificity (Huberman et al., 2010; 

Robles and Baier, 2012; Baier, 2013). Among the lesser-understood steps involved in circuit 

assembly, however, is axon-target matching. As growth cones navigate through the brain, 

they encounter many target nuclei; they must recognize which of those targets to innervate 

and which to avoid. While data on axon-target matching in the mammalian brain are starting 

to emerge (e.g., Osterhout et al., 2011; 2014; Schmidt et al., 2014) our understanding of this 

crucial wiring step remains limited compared to the other aspects of circuit wiring.

The vertebrate eye-to-brain pathway is a longstanding model for addressing how CNS axons 

achieve connection specificity. The diversity of retinal ganglion cell (RGC) subtypes and 

their associated patterns of connections with distinct combinations of central targets (Robles 

et al., 2014; Dhande and Huberman, 2014) provide an ideal model to dissect the mechanisms 

of axon-target matching. Mammalian RGCs include ~20 different subtypes, each responding 

to a specific feature in the visual world and connecting to a stereotyped set of retinorecipient 

targets (Morin and Studholme, 2014). The distinct parallel pathways created by precise RGC 

axon-target matching are what enable different features in the visual world to drive the 

appropriate visual perception and behaviors (e.g., Güler et al., 2008; Sweeney et al., 2014), 

offering a unique opportunity to understand how axon-target matching relates to sensory 

circuit function and output.

The anatomical and functional specificity of a particular eye-to-brain circuit, the accessory 

optic system (AOS), make it particularly attractive for exploring axon-target matching in a 

behaviorally relevant context. The AOS evolved to control image stabilization and offset the 

visual “slip” that occurs when the head or eyes move at velocities too slow for the vestibular 

system to respond directly (reviewed in Simpson, 1984; Masseck and Hoffmann, 2009). The 

mammalian AOS consists of three target nuclei: the nucleus of the optic tract/dorsal terminal 

nucleus complex (NOT/DTN), the dorsal medial terminal nucleus (MTNd) and the ventral 

medial terminal nucleus (MTNv), which is also sometimes referred to as the lateral terminal 

nucleus (LTN) (Figure 1A–C) (Simpson et al., 1984; Pak et al., 1987; Yonehara et al., 2009; 

Dhande et al., 2013). These nuclei receive input from a functionally specialized collection of 

RGC subtypes: three subtypes of On-direction selective RGCs (On-DSGCs) and one 

subtype of On-Off DSGCs, all of which are tuned to slow speeds (Yonehara et al., 2009; 

Dhande et al., 2013). The axons that project to the NOT primarily target this region by 

terminal arbors or by collateral branching off an axon en route to the more distal DTN 

and/or superior colliculus (SC) whereas RGC inputs to the MTN are solely terminal arbors 

that arrive via the accessory optic tracts (Figure 1A–C) (Yonehara et al., 2009; Dhande et 

al., 2013). While progress has been made in identifying the RGC subtypes and targets that 

comprise the mammalian AOS (Yonehara et al., 2009; Kay et al., 2011; Dhande et al., 2013) 

the cellular mechanisms controlling development of this crucial visual circuit have only 
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recently been investigated (Osterhout et al., 2014) and the molecular mechanisms are still 

completely unknown.

Here we explored the molecular mechanisms of axon-target matching in the assembly of the 

mammalian AOS. Using genetic labeling of AOS-projecting RGCs, knockout mouse 

analyses and single cell over-expression experiments, we show that the IgG superfamily 

member contactin 4 (CNTN4/BIG-2) is necessary for AOS-projecting RGC axons to 

innervate the AOS target required for horizontal image stabilization (the NOT) and is 

sufficient to bias RGCs to selectively arborize in that target - a process that is contingent on 

expression of amyloid precursor protein (APP). Our findings reveal that axon-target 

matching in the mammalian brain involves target-specific axonal arborization that is 

ultimately, crucial for the function of brain circuits linked to specific behaviors.

RESULTS

Contactin-4 is expressed by RGCs that target AOS nuclei

To explore the molecular signals controlling development of parallel eye-to-brain circuits, 

we screened the expression patterns of IgG superfamily proteins in retinorecipient targets 

and identified Contactin-4 (CNTN4) as a candidate. CNTN4 belongs to a small family of 

axon-associated IgG cell adhesion molecules within the IgG superfamily that has six Ig 

domains, four fibronectin type-III domains and is GPI-anchored to the plasma membrane 

(Yoshihara et al., 1995; Kaneko-Goto et al., 2008; reviewed in Shimoda and Watanabe, 

2009). Labeling of retinorecipient targets by intravitreal injections of cholera toxin beta 

(CTβ-594) followed by staining of tissue sections with an antibody specific for CNTN4 

(Kaneko-Goto et al., 2008; Figure S1E and S1H) revealed it was selectively expressed in 

AOS targets: it was present at high levels in the developing NOT (Figures 1D–F) and at 

lower levels in the MTNd and MTNv (Figures 1G–I). By contrast, there was little or no 

CNTN4 protein expression in other retinorecipient nuclei (Figures S1A–G), even those 

situated adjacent to NOT (Figure 1F, asterisks).

CNTN4 protein expression was absent from RGC somas, but was clearly expressed by a 

small subset of RGC axons within the optic tract (Figures 1J–L), which is consistent with 

previous findings that CNTN4 expression is axonally-localized (Yoshihara et al., 1995). To 

determine if CNTN4 expression in AOS targets arises from RGC axons we removed one eye 

at postnatal day 0 (P0) mice and allowed a period of 7 days for RGC axons from that eye to 

degenerate. We then labeled the RGC axons from the intact eye with CTβ-594 and 

compared the patterns of CNTN4 expression in AOS targets on the two sides of the brain at 

P8. CNTN4 protein was present in AOS targets contralateral to the intact eye (Figures 1M, 

1N, 1R, 1S) but was absent in AOS targets contralateral to the enucleated eye (Figures 1P, 

1Q, 1U, 1V). Thus, we conclude that CNTN4 expression in AOS targets arises from RGC 

axons.

Developmental expression of CNTN4 protein in the nucleus of the optic tract

Next we analyzed the timing of CNTN4 expression in AOS targets during the 

developmental time frame when RGC axons arrive to these targets. CNTN4 protein 

Osterhout et al. Page 3

Neuron. Author manuscript; available in PMC 2016 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression was weak in the NOT from P1–P5 (Figures 2A, and 2B) but increased by P8 

(Figure 2C), the stage when most AOS-projecting RGC axons innervate this target 

(Osterhout et al., 2014). After P8, CNTN4 protein expression in the NOT diminished 

(Figure 2D). We also analyzed CNTN4 expression in the NOT of P8 Hoxd10-GFP 

transgenic mice in which all four subtypes of AOS-projecting RGCs (3 On-DSGC subtypes 

and one On-Off DSGC subtype) selectively express GFP (Dhande et al., 2013). The 

Hoxd10-GFP+ axonal profiles overlapped with CNTN4 protein in the NOT (Figures 2E–G). 

In addition, the specificity of CNTN4 expression in the entire visual pathway matched the 

projection pattern of Hoxd10-GFP RGC axons (Figure S1). Taken together, these data 

indicate that CNTN4 is expressed by the axons of AOS-projecting RGCs during the 

developmental phase when they grow into their targets in the brain.

Reduced innervation of the NOT by AOS-DSGC axons in CNTN4 mutant mice

Does CNTN4 play a functional role in generating axonal connectivity between AOS-

projecting RGCs and their targets? To test this, we crossed CNTN4 null mutant mice 

(CNTN4−/−; Kaneko-Goto et al., 2008) to Hoxd10-GFP reporter mice and analyzed the 

projection patterns of the GFP-expressing axons at P8 and P20. In wildtype (CNTN4+/+), 

Hoxd10-GFP mice the GFP+ axons densely filled the entire NOT at both P8 and P20 

(Figures 3A and 3D). By contrast, there was a reduction in the density of NOT-projecting 

Hoxd10-GFP RGC axons in CNTN4+/−, Hoxd10-GFP mice (Figures 3B and 3E), and in 

CNTN4−/−, Hoxd10-GFP mice (Figures 3C and 3F). At P8 and P20, a small number of 

Hoxd10-GFP RGC axons still terminated along the lateral edge of the NOT (e.g., Figure 3F) 

but there was a clear and consistent defect in overall innervation density within this target. 

This defect was confirmed by comparison of the percentage of NOT area occupied by 

Hoxd10-GFP RGC axons in CNTN4 mutant mice versus their wildtype littermates at both 

P8 and P20 (Figure 3G; p<0.05; n= 4–6 mice per genotype, per age; see Experimental 

Procedures). By contrast, there were no observable changes in the pattern of projections 

from Hoxd10-GFP RGC axons to the MTNd or MTNv (Figures S2A–C). In addition, bulk 

whole-eye labeling of RGC axons showed that the timeframe of NOT innervation was 

unchanged in CNTN4 mutants (Figure S2D–G). Dual-color whole-eye labeling also showed 

that the pattern of binocular RGC targeting to other retinorecipient targets also appeared 

normal (Figure S2H–K).

One possible explanation for the axonal projection phenotype we observed in the NOT is 

that there was a reduction in number of Hoxd10-GFP RGCs present in CNTN4 mutants. 

However, when we quantified the total number of Hoxd10-GFP RGCs in wildtype 

CNTN4+/+ mice and in CNTN4−/− mice at P8, we found no significant differences between 

these groups (Figure 3H). Additionally, the dendritic stratification patterns of Hoxd10-GFP 

RGCs appeared normal (Figures S2L–S). We also studied the electrophysiological 

properties of Hoxd10-RGCs in retinal whole mounts from wildtype and CNTN4 mutant 

mice (Figure S3). In both wildtype and CNTN4 mutant retinas, Hoxd10-GFP RGCs 

included the three expected On-DSGCs subtypes and one On-Off DSGCs subtype (Figure 

S3A–B), all of which were tuned to the correct axes of motion and displayed no significant 

differences in magnitude of direction tuning compared to control Hoxd10-GFP RGCs 

(Figure S3E–F). Together, our data indicate that loss in CNTN4 expression results in 
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perturbed projections to the NOT by AOS-projecting RGCs and that the altered patterns of 

NOT innervation are not the consequence of changes in Hoxd10-GFP RGC number, subtype 

identity or retinal wiring.

Interestingly, although Hoxd10-GFP RGCs comprise the majority of AOS-projecting RGCs 

(Dhande et al., 2013), whole eye labeling showed that the total volume of projections to this 

target was normal in CNTN4−/− mice (Figures 3I–K; n=3 mice per genotype), suggesting 

non-AOS RGCs fill in the target zone. Indeed, when we explored the axon targeting patterns 

of another category of RGCs: the On-Off DSGCs labeled in DRD4-GFP transgenic mice 

(Huberman et al., 2009), we found they had abnormal NOT projections in CNTN4 mutant 

mice (Figure 3L–R). In mature, wildtype DRD4-GFP mice, the GFP+ RGCs project to the 

NOT only transiently during development and by P20 they have retracted from the NOT 

(Figure 3L, 3O, 3R) (Huberman et al., 2009; Kay et al., 2011; Osterhout et al., 2014). By 

exploring multiple ages of CNTN4−/−, DRD4-GFP mice, we discovered that CNTN4 

mutations cause an abnormal maintenance of DRD4-GFP RGC projections to the NOT 

(Figure 3M, 3N, 3P, 3Q). Targeting of DRD4-GFP RGC axons to the dLGN and SC by 

contrast, appeared normal (Figure S4A–D), indicating the impact of CNTN4 mutations on 

these RGCs was AOS target-specific.

To determine whether other RGCs subtypes also alter their axon projection patterns in 

CNTN4 mutant mice, we crossed CNTN4 mutants to Cdh3-GFP mice. These mice 

selectively express GFP in a subset of intrinsically photosensitive RGCs (ipRGCs) that 

project to non-image-forming targets important for pupil reflex and circadian-related 

behaviors (Osterhout et al., 2011; 2014). The projection patterns of Cdh3-GFP RGC axons 

were unaltered in CNTN4 mutants (Figure S4E–L) and they avoided the NOT (Figure S4K–

L) just as they typically would in wildtype mice (Osterhout et al., 2011; 2014). Together, the 

analyses of Hoxd10-, DRD4- and Cdh3-GFP mice carrying CNTN4 mutations indicate that 

the developmental influence of CNTN4 on RGC axon-target matching is limited to the 

axons that interface with AOS targets during development.

Axonal arborization as a key step in CNTN4-mediated axon-target matching

To gain a better understanding of the mechanisms by which CNTN4 mediates targeting of 

RGC axons to the NOT, we tested whether the phenotypes present in CNTN4 mutants 

reflected a decrease in the number of axons targeting the NOT or decreased arbor 

complexity of correctly targeted axons. Either theory could result in an apparent reduction of 

Hoxd10-GFP RGC axons in the NOT. We used sparse in vivo RGC electroporation (Dhande 

et al., 2011) to ectopically express tdTomato in individual RGCs of wildtype and CNTN4 

mutant mice at P0 and then examined their axons in the brain one week later, on P8 (Figure 

4A–A′). Figure panels 4B and 4C show an example of an electroporated RGC expressing 

tdTomato throughout its cell body, dendritic arbor, and axon. By sparse-electroporating 

large numbers of wildtype mice, we succeeded in labeling 4 individual NOT-projecting 

RGC axons in separate animals. Labeling of individual NOT-projecting RGC axons in 

CNTN4−/− mice proved even more challenging. We did, however, successfully label two 

individual NOT-innervating RGC axons in CNTN4−/− mice (e.g., Figure 4F, G). 

Reconstruction and quantification of the morphological features of these axons (branch 
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number, arbor area, etc.) revealed that wildtype NOT-targeted RGC axons were significantly 

more complex than CNTN4 mutant axons (compare Figure 4E, and 4G; quantified in 4H). 

The surface area and volume of CNTN4−/− arbors were also reduced compared to wildtype 

(Figure 4I–J). Notably, the fraction of electroporated RGCs that projected to the NOT was 

also greatly reduced in CNTN4 as compared to wildtype mice (Figure 4K). These data 

suggest that the phenotype of reduced Hoxd10-GFP RGC input to the NOT (Figure 3A–F) 

likely arises from two sources: i) a reduction in the number of AOS-projecting RGCs 

targeting the NOT and ii) reduced branching and overall complexity of the arbors that do 

manage to innervate this target.

Ectopic expression of CNTN4 biases RGCs to branch in an AOS target

To further explore the role of CNTN4 in RGC axon-target matching, we again utilized 

sparse in vivo RGC electroporation to ectopically expressed either control, tdTomato 

plasmid or a plasmid encoding full-length CNTN4 in RGCs that normally bypass the NOT. 

We accomplished this by electroporating one or the other plasmid into the retina of Hoxd10-

GFP mice at P0 and examined the targeting of non-Hoxd10-GFP RGC axons in the brain a 

week later, on P8. Of the 58 control/tdTomato+ RGC axons we examined, 8 of them (~14%) 

innervated the NOT; the remaining 50/58 tdTomato+ axons traveled through or over the 

NOT to arborize in more distal retinorecipient targets such as the SC (Figures 5A–C and 

5H). By contrast, ectopic expression of CNTN4 in individual RGC axons strongly biased 

them to arborize in the NOT. 60% of CNTN4-electroporated RGCs (12/20) targeted and the 

elaborated axonal arbors in the NOT (Figures 5D–E) – a nearly five-fold increase over what 

was observed for control RGCs electroporated with tdTomato (Figure 5H; p=0.0002). We 

note that 10/12 of the CNTN4+ RGC axons that elaborated arbors in the NOT also projected 

to the SC. Thus, CNTN4 expression in individual RGC axons biases them to form axonal 

arbors in the NOT but does not appear to otherwise alter their growth or patterning of 

retinorecipient targeting.

The results of our expression analyses described above indicate that normally CNTN4 is 

expressed by a subset of AOS-projecting RGC axons but not by cells in retinorecipient 

targets. In theory, however, CNTN4 expressed by other RGC axons could bias RGCs to 

elaborate arbors in the NOT. To test this, we electroporated CNTN4 into individual RGCs in 

CNTN4−/− mice and examined their resulting pattern of axon targeting in the brain. 

Remarkably, even in the CNTN4−/− background, ectopic expression of CNTN4 in an 

individual RGC axon strongly biased that axon to arborize in the NOT. Approximately 55% 

(12/21 axons) of the CNTN4-electroporated RGCs arborized in the NOT in CNTN4−/− 

mutants (Figures 5F–H), which was not significantly different from the impact of ectopically 

expressing CNTN4 in mice of wildtype background (Figure 5H).

We also addressed the possibility that CNTN4 non-specifically promotes axon arborization 

independent of target region, by comparing the frequency of innervation within other major 

visual targets by axons electroporated with tdTomato or CNTN4 plasmid. The frequency of 

arborization in the ventral and dorsal lateral terminal nuclei (vLGN and dLGN, respectively) 

or the SC was indistinguishable between control and CNTN4-electroporated groups (Figure 
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5I). Thus, the expression of CNTN4 in an individual RGC axon biases that axon to target 

and establish arbors specifically in the NOT.

Amyloid precursor protein (APP) is necessary for CNTN4-mediated AOS-targeting

What are the possible binding partners required for CNTN4’s influence on axon targeting to 

the NOT? Previously the Flanagan lab used biochemical and in vitro growth cone assays to 

discover the binding partners of β-Amyloid Precursor Protein (APP) and found that CNTN4 

is one of the major binding partners in chick neurons, and that CNTN4 can impact RGC 

growth cone guidance (Osterfield et al., 2008). Intrigued by those findings, we sought to 

determine whether in mice, CNTN4 and APP interact and contribute to targeting of RGCs to 

the AOS. We first co- immunoprecipitated APP from P8 whole brain lysate and 

immunoblotted for CNTN4 protein. We were able to pull down CNTN4 protein with APP in 

lysates from wildtype mice but not from lysates in CNTN4 mutant mice (Figure 6A and B). 

While these experiments do not rule out other binding partners for APP or CNTN4, they 

establish a direct relationship between the two. We next analyzed the developing visual 

pathway for APP protein by immunohistochemistry and found it is expressed by the vast 

majority of cells within the developing ganglion cell layer of the retina, including by 

Hoxd10-RGCs (Figures 6C, and S5I–K). APP protein is also expressed within most 

retinorecipient targets, including the NOT, where it overlaps with the expression of CNTN4 

(Figures 6D–F). Eye removal abolished APP staining in the NOT (Figure 6G) indicating 

that, like CNTN4, APP is expressed by RGC axons that target the NOT and not by cells 

within the NOT.

To examine the role of APP in RGC axon-target matching in the AOS, we generated 

APP−/−, Hoxd10-GFP mice and analyzed the projection patterns of the GFP+ RGCs in the 

brain. The density and extent of Hoxd10- RGC axon targeting in the NOT was significantly 

reduced in both APP+/−, Hoxd10-GFP and APP−/−, Hoxd10-GFP mice, compared to their 

wildtype littermate controls (Figures 6H–J, 6L; n=4–5 mice per genotype). Indeed, the 

fraction of the termination zone occupied by Hoxd10-GFP RGC axons was qualitatively and 

quantitatively similar between CNTN4 and APP heterozygous and homozygous null mice 

(Figure 6L). Similar to CNTN4 mutants, Hoxd10-GFP RGC inputs to the MTN and whole-

eye innervation and binocular segregation of RGC projections to the visual thalamus and SC 

appeared normal in APP mutant mice (Figure S5A–C, 5E–G). Also, the number of Hoxd10-

RGCs was comparable between APP mutant and wildtype retinas (Figure S5D). Thus, 

altering APP expression does not generally perturb RGC targeting or survival but it does 

have a significant impact on axon-target matching to the AOS in a manner resembling 

CNTN4.

To address whether APP and CNTN4 mediate axon-target matching of AOS-projecting 

RGCs through convergent or independent molecular pathways, we generated double-mutant, 

transgenic CNTN4−/−, APP−/−, Hoxd10-GFP mice. Our prediction was that if CNTN4 and 

APP reside in independent pathways then removal of both of them would cause an additive 

reduction to NOT targeting beyond that observed in APP or CNTN4 single mutants alone. 

Instead, however, we observed a similar reduction in Hoxd10-GFP RGC innervation of the 
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NOT in CNTN4−/−, APP−/− double mutant mice as we observed in CNTN4-only or APP-

only mutant mice (Figure 6K and 6L).

To further address the role of APP in CNTN4-mediated RGC targeting, next we used an in 

vivo genetic approach. We ectopically expressed CNTN4 in individual RGC axons by 

electroporation in APP mutants and examined their patterns of targeting in the brain. As 

described above, regardless of whether this manipulation is carried out in wildtype mice or 

in CNTN4−/− mice, the CNTN4-electroporated RGCs were biased to arborize in the NOT. 

By contrast, ectopic expression of CNTN4 in individual RGC axons failed to produce this 

targeting bias in mice lacking APP (Figures 7A, 7C): only 3/21 CNTN4-electroporated 

RGCs arborized in the NOT of APP mutants, the same low frequency observed when RGCs 

were electroporated with tdTomato plasmids (Figure 7C). Importantly, the vast majority of 

CNTN4-electroporated RGC axons still managed to form terminal arbors in the SC of 

APP−/− mice (Figure 7B) indicating that the loss of APP does not generally disrupt an 

RGC’s ability to grow the full distance of the subcortical visual pathway or to elaborate 

axonal arbors within visual targets. Collectively, these results suggest that APP is required 

for normal targeting of Hoxd10-GFP RGCs to the NOT, and that CNTN4 and APP, both of 

which are expressed by NOT-projecting RGC axons, physically interact with each other to 

influence axon-target matching.

Functional defects in AOS circuits and their behavioral outputs in CNTN4 mutant mice

What are the functional consequences of altering Hoxd10-RGC input to the NOT? The NOT 

is responsible for generating horizontal compensatory eye movements in response to slow 

speed motion (Simpson, 1984). To determine whether there are defects in the activity of 

NOT neurons in CNTN4−/− mice, we presented dark-adapted head-fixed wildtype mice and 

CNTN4−/− mice with horizontal or vertical stimuli optimal for driving slip-compensating 

eye movements (Figure 8A) (Dhande et al., 2013). Mice were exposed to 2 hours of 

stimulation with either a sham stimulus (gray screen), a horizontal motion stimulus, or a 

vertical motion stimulus, and then were perfused and their brains processed for c-Fos 

immunoreactivity, which is an indirect readout of neural activation (Omori et al., 2005; 

Yonehara et al., 2009). In wildtype mice, large numbers of intensely labeled c-Fos+ cells 

were observed in the NOT after horizontal motion stimulus as compared to a sham stimulus 

(Figure 8B and 8C) However, in CNTN4−/− mice shown an identical horizontal motion 

stimulus, the number of c-Fos+ cells was significantly reduced and the few c-Fos+ cells that 

were activated appeared dimmer (Figures 8D, E). Notably, the number of c-Fos+ cells in the 

NOT in response to vertical stimulation was similar to the number of c-Fos+ cells elicited by 

sham stimulus (Figure 8E) and c-Fos activation in a different retinorecipient target which 

responds to overall ambient luminance but not to motion, the suprachiasmatic nucleus 

(SCN), revealed no significant differences between wildtype or CNTN4−/− mice using either 

sham or horizontal motion stimuli (Figure 8F–I). These data indicate that loss of CNTN4 

causes a significant defect in the activation of NOT neurons in response to stimuli that 

normally drive this retinofugal pathway.

What are the behavioral consequences of reduced afferent input to the NOT from AOS-

RGCs in CNTN4 mutants? To address this, we measured optokinetic reflex (OKR) behavior 
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where mice display compensatory head movements in response to bar-grating stimuli 

drifting slowly in either the horizontal or vertical axis (Figures 8J, J′, K; Prusky et al., 2008; 

Wang et al., 2009; Tschetter et al., 2011). We quantified the percentage of 15 second 

horizontal or vertical motion trials tracked by P25-P30 wildtype and CNTN4−/− (Figures 8J–

L). Wildtype mice tracked ~95% of the horizontal-stimulus trials and tracked ~80% of the 

vertical-stimulus trials (Figure 8K; n=5 mice) whereas CNTN4−/− mice tracked only ~50% 

of horizontal trials and ~60% of vertical trials, both of which represent significant reductions 

in OKR behavior compared to controls (Figure 8K, L; n=5 mice; p<0.01). These differences 

are highly unlikely to be caused by defects in retinal wiring as the number and physiology of 

RGCs that drive this system was normal in CNTN4 mutants at equivalent ages (Figures S3 

and S5G). These indicate that the reduction in Hoxd10-GFP RGC projections to the NOT 

and the diminished c-Fos activation of NOT neurons are both also associated with a defect 

in AOS circuit performance.

The defects in vertical OKR tracking in CNTN4−/− mice may seem somewhat surprising 

given that Hoxd10-GFP RGC input to the MTN appears normal in these mice (Figures S2B 

and S2C), it is noteworthy that NOT neurons are known to project to and modulate activity 

of a subset of neurons in the MTN (Simpson, 1984). Indeed, in wildtype mice, there were a 

greater number of c-Fos+ cells in the MTN after horizontal full-field motion as compared to 

a sham stimulus, and this effect was lost in CNTN4−/− mice (Figure S6A, 6C–E). 

Importantly, there were no defects in the pupillary light reflex in CNTN4−/− mice, even 

when tested at several irradiance levels (Figure S6F). Together, these data indicate that loss 

of CNTN4 and the associated defects in axon-target matching to the NOT selectively perturb 

AOS circuit function and its behavior-generating capacity.

DISCUSSION

Here we report a molecular mechanism controlling a specific and functionally essential 

aspect of parallel pathway assembly: axon-target matching. We identified CNTN4 as a 

factor required for a subset of RGCs to connect to AOS brain targets for image stabilization. 

Then, through loss-of-function and gain-of-function experiments in wildtype, CNTN4 and 

APP mutant mice, we determined that i) CNTN4 expressed by RGC axons is required for 

collateral branching and target-specific arborization of those RGCs in the NOT, ii) this 

process requires APP, and iii) functional and behavioral consequences result from disruption 

of axon-target specificity in this pathway.

Axon-target matching by target-specific arborization

By exploring the effects of ectopically expressing CNTN4 in individual RGCs, we identified 

key aspects of the axon-target matching process in the developing optic pathway: target-

specific axon arborization. In mice >90% of RGCs project to the most distal retinorecipient 

target, the SC, and the vast majority of projections to other retinorecipient targets represent 

locally-arborized collateral branches of those same SC-projecting axons (Hofbauer and 

Drager, 1985; Huberman et al., 2009; Dhande et al., 2011). When we electroporated RGCs 

with CNTN4, we found that the axons of those RGCs tended to establish branched arbors 

specifically in the NOT. We found that their axons still traveled to the SC where they 
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formed arbors and that there was no increased propensity to establish arbors in other major 

retinorecipient targets – indicating a role in specificity as opposed to non-specific growth. 

Our results suggest several possible mechanisms by which CNTN4 exerts its effects on AOS 

wiring. CNTN4 may promote NOT targeting which in turn initiates arbor formation, or 

CNTN4 may promote axon arborization in the NOT in a manner that reflects ‘targeting’ as 

the final outcome. In the absence of in vivo time-lapse imaging, these two possibilities are 

difficult to separate. Nonetheless, given that CNTN4 mutations both reduced the frequency 

NOT targeting and reduced arbor complexity it is clear that these processes are linked. 

Taken with previous findings, these results indicate that axon-target matching reflects 

molecular programs that can bias axons to i) locally steer toward groups of targets (e.g., 

Ringstedt et al., 1998), ii) remain within those targets once they arrive (Sun et al., submitted; 

Osterhout et al., 2011) and, iii) promote target-specific arborization (the present data). 

Recent work in Drosophila also underscores the extent to which axon-target matching is a 

multi-step process that reflects a series of axon-navigation and arbor maturation events (Joo 

et al., 2013).

What factors control RGC targeting to the MTN? An accompanying paper describes a key 

role for semaphorin-plexin reverse signaling in the development of retino-MTN circuitry 

(Sun et al., in press). It is possible that semaphorin-plexin signaling may override the 

requirement for CNTN4 in the MTN-projection pathway. Also, it is notable that DSGC 

inputs to the MTN comprise a distinct axonal trajectory from the other AOS-projecting 

RGCs and may require unique molecular cues (e.g., Figure 1A; Pak et al., 1987; Yonehara et 

al., 2009; Dhande et al., 2013; Dhande and Huberman, 2014). It is also possible that CNTN4 

is important for arborization in the MTN but the compact, “tract-like” architecture of the 

MTN nuclei make it challenging to detect abnormal arborization patterns within them. 

Nevertheless, we note that ectopic expression of CNTN4 in individual RGC axons did not 

bias RGC axons to terminate in the MTN, suggesting that other pre-target and within-target 

molecular signals govern development of that pathway; an accompanying paper from 

Kolodkin and co-workers supports that model (e.g., Sun et al., in press).

APP is required for CNTN4-mediated RGC axon targeting

Our data reveal a novel role for APP in axon-target matching. Removal of APP caused an 

overall reduction in NOT innervation by Hoxd10-GFP RGCs. Removal of APP was also 

sufficient to occlude CNTN4-mediated biasing of RGC axon arborization in the NOT. Since 

we find that APP is expressed by most RGCs, it seems unlikely that APP directly imparts 

target-specificity. Rather, because both APP and CNTN4 are expressed by RGC axons, we 

favor a model in which APP acts as co-receptor with CNTN4 to allow CNTN4 to impart its 

role in target specificity. At this time, the identity of the putative target-derived ligand is 

unknown but there is a general precedent for this model; Kaltschmidt and co-workers 

recently showed that a closely related contactin, CNTN5, operates with a co-receptor to 

influence axon connectivity in the developing vertebrate spinal cord (Ashrafi et al., 2014). It 

is also interesting that both in our study and that of Ashrafi et al., (2014) axonal targeting 

defects were observed in heterozygous and homozygous CNTN mutant mice, which points 

to the importance of maintaining correct CNTN levels for CNS wiring.
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The fact that whole-eye labeling of all RGCs in APP mutant mice did not reveal any overt 

changes in retinofugal targeting may be due the redundancy between APP and its related 

family members APLP1 and APLP2, which are also expressed by RGCs (Reinhard et al., 

2005; Walsh et al., 2007). In any case, the results presented here that CNTN4-mediated 

targeting requires APP, add to growing evidence obtained in vitro (Osterfield et al., 2008) 

and in vivo (Nikolaev et al., 2009; Olsen et al., 2014) that APP is an important molecular 

determinant of RGC axon targeting.

Circuit alterations in CNTN4 mutants cause altered function and behavioral output of the 
AOS

One of the central goals of developmental neuroscience is to parse how specific 

developmental wiring steps influence circuit function and behavior. We found that loss of 

CNTN4 causes a dramatic decrease in the number and intensity of c-Fos+ cells in AOS 

targets – an indirect readout of neural activity (Omori et al., 2005). In addition, CNTN4 

mutant mice displayed defects in their ability to track drifting gratings, as compared to 

wildtype controls. We interpret these defects as a reduced efficiency of the stimuli to drive 

NOT neurons that generate OKR behavior (Yonehara et al., 2009; Dhande et al., 2013; 

Tschetter et al., 2013). The defect in horizontal tracking is especially intriguing because 

even though Hoxd10-GFP RGC inputs to the NOT were significantly reduced in CNTN4 

mutants, whole-eye labeling revealed that RGC axons still fill this entire target. This 

suggests that RGCs that target the NOT in CNTN4 mutants, such as DRD4-RGCs are less 

efficient in driving NOT neurons – Likely because they are not optimally tuned for full-field 

slow moving horizontal stimuli. A non-mutually-exclusive idea is the RGC axons that 

abnormally target the NOT are unable to establish normal functional connections with NOT 

target cells. This could be due to a mismatch in cell-cell recognition factors, delays in 

developmental timing, or other key steps of synaptic circuit assembly. Regardless, our data 

support the idea that axon-target matching is a crucial step leading to normal activation 

patterns of target neurons and the overall circuits in which they participate.

Disease and broader implications

Finally, although the present study was limited to analysis of optic pathway eye-to-brain 

connections, it is worth noting that CNTN4 is expressed in multiple vertebrate CNS regions 

(Yoshihara et al., 1995) and has been shown to be important for circuit assembly in other 

contexts, including olfactory sensory neuron axonal convergence in the olfactory bulb 

(Kaneko-Goto et al., 2008), and dendritic fasciculation and laminar targeting in the chick 

retina (Yamagata and Sanes, 2012). CNTN4 mutations are also associated with multiple 

neurological disorders, including 3p-deletion syndrome, bipolar disorder and autism 

spectrum disorder (ASD; Fernandez et al., 2004; Roohi et al., 2009; Kerner et al., 2011; 

Zuko et al., 2013). In addition, CNTN4 maps to a chromosome 3p26, which harbors a 

genetic link to Alzheimer’s Disease (Blacker et al., 2003). Understanding the full range of 

ways in which CNTN4 and APP control neural circuit assembly may eventually inform 

better understanding of the specific defects that underlie these diseases (Zuko et al., 2011).
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Experimental procedures

Animals

Homeobox D10-EGFP (Hoxd10-GFP) mice were obtained from MMRRC (Dhande et al., 

2013), Contactin-4 deficient mice (CNTN4−/−) were generated as previously described 

(Kaneko-Goto et al, 2008), Beta-amyloid precursor protein knockout mice (APPtm1dbo) were 

obtained from Jax. All experimental comparisons were littermate controls. Postnatal day 0 is 

day of birth. All procedures carried out in accordance with institutionally approved protocols 

at UCSD.

Tissue processing

See: Osterhout et al., 2014. Briefly, animals were overdosed and perfused with saline 

followed by 4% paraformaldehyde (PFA). Brains were post-fixed overnight (retinas were 

post-fixed for 2–4 hours). After sectioning on a freezing microtome or cryostat (brains, 

45μm thickness; retinas, 30μm thickness), tissue was incubated with blocking solution for 2 

hours [10% goat serum, and 0.25% Triton-X by volume in PBS] then incubated in primary 

antibodies overnight at 4 degrees Celsius. After a series of washes (3 × 20 minutes each in 

1XPBS), secondary antibody staining was performed for 1.5 hours at room temperature by 

diluting secondary antibodies in blocking solution as above. Primary antibodies: rabbit anti-

GFP (1:1000; Invitrogen), guinea pig anti-GFP (1:1000; Synaptic Systems), guinea pig anti-

CNTN4 (1:1000–1500; Kaneko-Goto et al., 2008), rabbit anti-APP (1:1000; Calbiochem) 

guinea pig anti-VAChT (1:1000; Millipore), rabbit anti-c-Fos (1:10,000; Calbiochem)

Monocular enucleation

Postnatal mice (P0/1) were anesthetized on ice, eyelid was parted and eye removed, taking 

care to limit bleeding from the ophthalmic artery. Tissue was harvested one week later, at 

P8.

Quantification of target area occupied by Hoxd10-GFP RGC axons and total target volume

See Osterhout et al., 2014; Retinorecipient nuclei labeled by intraocular CTβ-594 and target 

boundaries determined by landmark shape. Target volume was measured by adding values 

from every section through the target (using the area tool in ImageJ) and multiplying that 

value by the thickness of the individual sections (45μm).

Retinal ganglion cell electroporation

See: Dhande et al., 2011. Mice (P0/1) were anesthetized on ice, the eyelid opened, and DNA 

plasmid (~0.5–1μl; pEF-CNTN4 or pCA-tdTomato) injected by picospritzer. Six square 

wave pulses (25V, 50 msec each, 1s gap x3 pulses of each polarity) were applied with 

forcep electrodes. To quantify the number of electroporated axons that arborized in the 

NOT, Hoxd10-GFP brains were sectioned and stained for GFP and CNTN4. Axons with 

secondary branch confined to the boundaries of the NOT were considered ‘arborizing’ in the 

target. Statistical significance was determined using Fisher analysis (n=20–58 axons per 

plasmid/genetic background condition; 10–20 mice per electroporation group).
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Single axon reconstruction

7 days post-electroporation, brains were sectioned at 200μm, imaged with Zeiss 710 

confocal microscope and axons reconstructed and analyzed with Neurolucida.

Co-immunoprecipitation

Dynabeads Co-immunoprecipitation kit (Life technologies) and protocol were used to co-

immunoprecipitate APP in P8 whole brain lysate from wildtype and CNTN4−/− mice. Lysate 

was spun at 840 Gs × 2 min. Antibody coupled Dynabeads, were incubated with lysate for 

45 min. Western blot was analyzed using guinea pig anti-CNTN4 (1:2000; Kaneko-Goto et 

al., 2008) and rabbit anti-APP (1:1000; Calbiochem) antibodies.

c-Fos

See: Dhande et al., (2013). P20 mice were anesthetized and fitted with a small metal head 

post adaptor using dental cement; recovery: 2–3 days. Mice were dark adapted for 24 hours. 

Head-fixed mice were presented with sham stimulus, horizontal-drifting or vertical-drifting, 

bars (0.16 cycles/degree, 1.25 degrees/second) for 2 hours (Yonehara et al., 2009; Dhande et 

al., 2013). Immediately after stimulation brains were collected and processed for c-Fos. 

Number of c-Fos+ cells was measured from throughout the NOT in both groups (n=5–6 

mice per genotype for horizontal stimulus and n=3 for vertical and sham stimulus).

Analysis of optokinetic reflex behavior

See: Wang et al. (2009). Wildtype and mutant mice (P25–P30) were placed on an elevated 

platform surrounded by 4 computer monitors. Each trial consisted of horizontal or vertical 

drifting-bar stimulus at 0.16 cycles/degree and 12 deg/sec. Each trial lasted 15 seconds; if 

the head of the mouse moved in concert with the gratings, that trial was scored as “tracked”. 

Each mouse was presented with 10–12 trials per day, for 3–4 consecutive days, the same 

time of day. Responses were averaged to generate a mean % of trials tracked; n = 5 mice per 

genotype.

Analysis of pupil reflex

See Sweeney et al. (2014). Mice were dark-adapted for 1 hour. Infrared video of the right 

eye was recorded just prior to and at the finish of a 30s trial of blue light stimulation directed 

at the left eye (Güler et al., 2008). The percent change in pupil area measured in ImageJ; n = 

5 mice per genotype.

Electrophysiology

See: Dhande et al., 2013. Briefly, retinas were harvested and dissected in gassed (95% O2 

and 5% CO2) Ames medium under infrared illumination, and cut along the dorsal-ventral 

axis (Wei et al., 2010; Stafford et al., 2014). Only ventral pieces were used. A piece of retina 

was placed in a chamber and superfused with gassed Ames medium heated to 33–35 C. GFP

+ ganglion cells were visualized at by attenuated mercury light passed through a GFP 

dichroic mirror, and then targeted for recording under IR illumination. Cells were recorded 

with borosilicate glass pipettes (4–6 MΩ) filled with intracellular solution containing (in 
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mM): 120 K-methanesulphonate 10 HEPES, 5 NaCl, 0.1 EGTA, 2 ATP-Mg2+, and 0.3 

GTP-Na, titrated to pH 7.3.

Light stimuli were generated using Psychophysics Toolbox and MATLAB. Stimuli were 

projected onto the retina using a Dell video projector custom fitted with a UV LED 

(398nm), attenuated by a 1.0 ND filter, and focused to the level of rod and cone outer 

segments. The wavelength of the light stimulus is equally efficient at stimulating mouse M- 

and S-cones (Borghuis et al., 2013) and stable S-cone mediated responses can be recorded 

from GFP+ cells in the ventral mouse retina that have been targeted using epifluorescence 

(Stafford et al., 2014). Stimuli were presented over the receptive field center as a contrast 

pulse or as drifting square-wave gratings modulated against a mean luminance. The spatial 

(500 μm/cycle) and temporal frequency (1 Hz) of the gratings were near the peak sensitivity 

of Hoxd10-GFP RGCs (Dhande et al., 2013).

Directional preference was determined by drifting gratings in 12 directions for 4 seconds 

with an inter-stimulus interval of 10 seconds. The number of spikes obtained during a 

presentation of the gratings in a given direction was considered the response for that 

direction. Responses were normalized by the total number of spikes in all directions, and the 

preferred direction was the angle of the vector sum of the normalized response. The DSI was 

calculated as: DSI = (preferred − null)/(preferred+null), where preferred is the response in 

the stimulus direction closest to the preferred direction, and null is the response to the 

stimulus 180° opposite. The tuning width was determined by fitting the cell’s response as a 

function of stimulus direction with the von Mises distribution; the width was defined as the 

full width at half height of the von Mises fit (Elstrott et al., 2008).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• CNTN4 is expressed by axons of image-stabilizing DSGCs

• Loss of CNTN4 or APP alters RGC projections to a specific AOS target

• CNTN4 is sufficient to bias RGC axonal arborization in the NOT

• Loss of CNTN4 alters AOS-driven behaviors for image stabilization
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Figure 1. Contactin-4 is selectively expressed by axons of AOS-projecting RGCs
(A–C) Mouse visual pathway. Blue: accessory optic system (AOS)-projecting RGCs and 

axons. Magenta: retinorecipient targets.

(A) Sagittal view, visual pathway; sf-AOT: superior fasciculus of the accessory optic tract. 

if-AOT: inferior fasciculus of the accessory optic tract; DTN: dorsal terminal nucleus; SCN: 

suprachiasmatic nucleus; LGN: lateral geniculate nucleus; SC: superior colliculus (B and C) 

coronal views of accessory optic system (AOS) targets, (B) the nucleus of the optic tract 

(NOT) and (C) the medial terminal nucleus, dorsal (MTNd) and ventral (MTNv) divisions.

(D–I) Contactin-4 (CNTN4) protein expression in AOS targets, the NOT and MTN.

(D) CTβ–594 (magenta) labeling of all RGC axons. (E) CNTN4 protein (green) is 

selectively expressed in the NOT. (F) Merge of D and E. Asterisks: retinorecipient targets 

that do not express CNTN4. Scale = 100μm

(G) CTβ–594 labeling all RGC axons. (H) CNTN4 protein expression in the medial terminal 

nucleus (MTN). Asterisk: CNTN4 expression outside of the visual system. (I) Merge of G 

and H. Scale = 100μm

(J–L) CNTN4 protein in axons in optic tract (OT). (J) CTβ–594/CNTN4 labeling. Scale in J 

= 200μm. (K) High magnification view framed region from (J). (L) Merged high 
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magnification view of CTβ–594 and CNTN4. Scale in K, L = 100μm. Arrows in K and L: 

CNTN4+ axonal profiles. Asterisk: CNTN4 expression outside of the visual system.

(M–V) Effects of monocular enucleation on CNTN4 expression in the brain; Magenta: CTβ–

594 labeling of RGC axons from intact eye; Green: CNTN4 protein expression.

(M–Q) CNTN4 expression in the NOT in the control (ipsilateral) hemisphere of the brain 

(M, N) and in the enucleated (contralateral) hemisphere of the brain (P, Q). Scale = 250μm. 

Asterisk: CNTN4 protein expression in other brain regions.

(R–V) CNTN4 expression in the MTN in the ipsilateral hemisphere (R, S) and contralateral 

hemisphere (U, V) of the brain. Scale = 250μm. Arrows: lateral border of the MTN.
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Figure 2. CNTN4 protein expression is developmentally regulated and correlates with Hoxd10-
RGC innervation of the NOT
(A–D) CNTN4 protein in the NOT at P1 (A), P5 (B), P8 (C), and P15 (D). Scale = 200μm. 

Asterisk: CNTN4 expression in overlying cortex.

(E–G) Hoxd10-GFP RGC axons (AOS-axons; E) and CNTN4 protein expression (F) in the 

NOT at P8. Asterisk: GFP-expressing cell body outside the NOT.

(G) Merge; inset high magnification of boxed area. Scale = 250μm.
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Figure 3. Loss of CNTN4 results in a decrease of innervation by Hoxd10-GFP RGC axons to the 
NOT
(A–F) Hoxd10-GFP RGC axons in the NOT at P8 (A–C) and at P20 (D–F), in wildtype (A, 

D), CNTN4+/− (B, E), and CNTN4−/− mice (C, F). Scale = 250μm; D = dorsal; L = lateral.

(G) Fraction of the termination zone (in NOT) occupied by Hoxd10-GFP RGC axons in 

wildtype (black), CNTN4+/− (dark grey) and CNTN4−/− (light grey) mice (±SEM). *= 

p<0.05 (n=4–6 mice per genotype, per age).

(H) Total number of Hoxd10-RGCs in the retinas of wildtype and CNTN4−/− mice at P8 

(±SEM). n= 5–6 mice per genotype.

(I–J) RGC axons in NOT of wildtype (I) and CNTN4−/− mice (J) labeled by intraocular 

CTβ-594. Scale = 200μm.

(K) Total volume of the NOT (mm3 ±SEM) in wildtype (black) and CNTN4−/− mice (grey) 

(n = 3 mice per genotype).

(L–Q) DRD4-GFP RGC axons in the NOT at P8 (L–N) and at P20 (O–P), in wildtype (L, 

O), CNTN4+/− (M, P) and CNTN4−/− mice (N,Q). Scale = 250μm.

(R) Fraction of the termination zone (in NOT) with DRD4-GFP RGC axons in wildtype 

(black), CNTN4+/− (dark grey) and CNTN4−/− (light grey) mutants (±SEM).

*= p<0.05 **=p<0.01, (n=5–6 mice per genotype, per age).
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Figure 4. CNTN4 is required for accurate targeting and efficient arborization in the NOT
(A, A′) In vivo electroporation. (A) Plasmid DNA is injected into the eye on P0, receives 

square waves pulses. (A′) P8 brains are examined for labeled RGC axons.

(B) Example of pCMV-tdTomato electroporated RGC. Arrowhead and inset: RGC axon 

expressing tdTomato. (C) High magnification of the RGC shown in (B) the RGC soma, 

dendrites and axon (arrowhead) express high levels of tdTomato. Scale = 125μm.

(D–G) Example of NOT-projecting tdTomato+ axons in wildtype (D, E) and CNTN4−/− 

mice (F, G); arrowhead: parent axon. (E) Wildtype, NOT-projecting RGC axon 

reconstruction from boxed region in D. (G) CNTN4−/−, NOT-projecting axon reconstruction 

from boxed region in F. Scale in D, F= 250μm., Scale in E, G = 50μm.

(H) Quantification of the average number (±SEM) of branches from branch order 1–8 for 

wildtype and CNTN4−/−, NOT-projecting axon (n=4 axons/mice wildtype, n=2 axons/mice 

CNTN4−/−).

(I) Quantification of the average arbor surface area for wildtype and CNTN4−/− mice 

(±SEM), p=0.040.

(J) Quantification of the average arbor volume for wildtype and CNTN4−/− mice (±SEM), 

p=0.062.

(K) The percentage of electroporated axons arborizing in the NOT after electroporation in 

wildtype (8/58) and CNTN4−/− (2/25) mice.
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Figure 5. CNTN4 expression in RGC axons is sufficient to bias arborization in the NOT
(A–F) Electroporation of RGCs with control/pCMV-tdTomato plasmid (A–C) or CNTN4 

plasmid (D–G).

(A) Td-tomato+ axon (magenta) projecting through the NOT in a Hoxd10-GFP mouse 

(green). Scale = 250μm.

(A′) High magnification of tdTomato+ RGC axons from the boxed region in (A). Scale = 

125μm.

(B) Schematic of typical outcome of td-Tomato expression (red) in RGCs of wildtype mice 

(wildtype denoted by blue color). (C) Axon terminal in the SC; this the same axon as shown 

in (A, A′). Inset: high magnification of boxed region in (C), Scale = 250μm. lSGS: lower 

stratum griseum superficialis. uSGS: upper stratum griseum superficialis.

(D–E) Example RGC axon electroporated with pEF-CNTN4 plasmid in wildtype 

background. (D′) High magnification of axon in (D); (E) Schematic of typical outcome of 

electroporation of CNTN4 in RGCs in a wildtype background.

(F–G) Example RGC axon electroporated with pEF-CNTN4 in a CNTN4−/− mouse. (F′) 

High magnification of axon in (F). (G) Schematic of typical outcome of electroporating 

CNTN4 into RGCs of CNTN4−/− mice. Scales in D′ and F′ = 125μm.

(H) Percentage of electroporated RGC axons arborizing in the NOT after electroporation of 

tdTomato or CNTN4. Statistical significance determined by Fisher analysis; ** = p<0.01; 

the fraction of electroporated RGCs for each experiment given at the bottom of the bars.

(I) Percentage of electroporated axons arborizing in other major retinorecipient targets after 

electroporation of tdTomato or CNTN4. Statistical significance calculated using Fisher 

analysis.
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Figure 6. APP is a CNTN4 binding partner and is required for normal RGC targeting of the 
NOT
(A) Schematic of proposed interaction between CNTN4 and APP (Osterfield et al., 2008)

(B) Co-immunoprecipitation: APP protein was immunoprecipitated from wildtype or from 

CNTN4−/− brain tissue and ran on a western blot that was blotted for CNTN4 and APP 

antibodies.

(C) Expression of APP protein in RGC somas within the ganglion cell layer (GCL). IPL: 

inner plexiform layer. INL: inner nuclear layer.

Scale = 100μm.

(D) CNTN4, and APP (E) protein expression and (F) their merge, in the P8 NOT. Scale = 

250μm.

(G) Lack of APP protein expression in the NOT on P8 after binocular enucleation on P0. 

Scale = 250μm.

(H–K) Hoxd10-RGC axons in the NOT of P8 wildtype APP+/+ (H), APP+/− (I), APP−/− (J), 

and APP−/−, CNTN4−/− double-knockout mice (K). Scale = 250μm.

(L) Percentage of the NOT occupied by Hoxd10-RGC axons in wildtype mice, CNTN4 and 

APP mutant mice (±SEM); Statistical comparison to wildtype mice by students one-tailed t-

test. * = p<0.05; ** = p<0.01; ns: no significant difference (n = 3–6 mice per group).
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Figure 7. CNTN4-mediated axon arborization in the NOT requires APP
(A) Individual CNTN4-electroporated RGC axon in the NOT of an APP−/− mouse.

(A′) High magnification of axon in (A); Scale in A = 250μm; Scale in A′ = 125μm.

(B) Terminal arborization of the same CNTN4-electroporated RGC axon in the SC; Scale = 

500μm.

(C) Probability of selective arborization in the NOT in wildtype, CNTN4 or APP mutants. 

Statistical significance determined by Fisher analysis; ** = p<0.01.

(D–F) Schematics depicting typical outcomes of each electroporation experiment.

purple: intact CNTN4 and APP expression; red: APP expression only; blue; CNTN4 

expression only
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Figure 8. Loss of CNTN4 perturbs function and behavioral output of AOS circuitry
(A) Schematic of visual stimulation. Head-fixed mouse is placed in a chamber surrounded 

by video monitors on all 4 sides.

(B–E) Analysis of c-Fos expression in NOT cells to assess the level of activity induced by a 

visual stimulus in wildtype (B, C) or CNTN4−/− mice (D). Insets in (B–D) high 

magnification views of boxed regions. Scale = 250μm. (E) Number of c-Fos+ cells in the 

NOT per mm3. ±SEM. *** = p<0.001 (n = 5–6 mice per group; age = P22–P23).

(F–I) c-Fos activation in the suprachiasmatic nucleus (SCN) of wildtype (F, G) or 

CNTN4−/− (H) mice. Scale = 100μm. (H) Number of c-Fos+ cells per mm3 of the SCN 

(±SEM); ns: no significant difference.

(J–L) Schematic if the optokinetic reflex (OKR) behavioral analysis; head movements in 

response to horizontal (J) or vertical drifting stimuli (J′) measured (see text and 

Experimental Procedures).

(K) The average percentage of trials tracked by CNTN4+/+ or CNTN4−/− mice in response 

to horizontal or vertical motion (n=5 mice per genotype).

(L) Plot of percentage of trials tracked in vertical versus horizontal motion for each animal.
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