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Abstract

Deciphering the molecular basis for guiding specific aspects of neocortical development remains a 

challenge due to the complexity of histogenic events and the vast array of protein interactions that 

mediate these events. The Eph family of receptor tyrosine kinases is implicated in a number of 

these neurodevelopmental activities. Eph receptors have been known to be capable of responding 

to several ephrin ligands within their respective subgroups, often eliciting similar downstream 

effects. However, several recent studies have reported specificity between receptor-ligand pairs 

within each subfamily, the functional relevance of which is not defined. Here, we show that a 

receptor of the EphA subfamily, EphA4, has distinct effects from its close relative EphA7 in the 

developing brain. Both EphA4 and EphA7 interact similarly with corresponding ligands expressed 

in the developing neocortex. However, only EphA7 shows strong interaction with ligands in the 

somatosensory thalamic nuclei; EphA4 affects only cortical neuronal migration with no visible 

effects on the guidance of CT axons, while EphA7 affects both cortical neuronal migration and CT 

axon guidance. Our data provide new evidence that Eph receptors in the same subfamily are not 

simply interchangeable, but functionally specified through selective interactions with distinct 

ligands in vivo.

Graphical Abstract

Using tissue-binding analysis of EphA-Fc fusion proteins and in vivo overexpression analysis, the 

authors show that two closely related receptors of the EphA subfamily, EphA4 and EphA7, do not 
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have interchangeable effects in the targeting of corticothalamic projections. The data provide new 

evidence for functional specification of Eph receptors of the same subfamily through selective 

interactions with distinct ligands in vivo.
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INTRODUCTION

Development of the nervous system requires sensitive and precise regulatory mechanisms to 

ensure both the proper positioning of neurons and targeting of their projections. Amongst the 

molecules implicated in these processes are the Eph family, a large group of signaling 

proteins comprised of the Eph receptors and their respective ephrin ligands. The Ephs are the 

largest family of receptor tyrosine kinases, playing key roles in a wide array of biological 

functions in the nervous system, vascular networks, ocular tissues, and cancers (Pasquale, 

2008; 2010). These molecules have been extensively studied in neural development 

(Flanagan and Vanderhaeghen, 1998; O’Leary and Wilkinson, 1999; Klein, 2004; Lackmann 

and Boyd, 2008; North et al., 2013; Klein and Kania, 2014), and have been shown to 

mediate both the distribution of neocortical neurons (Steinecke et al., 2014; Dimidschstein et 

al., 2013; Sentürk et al., 2011; Zimmer et al., 2008; Torii et al., 2009) and the formation of 

neural circuits, including projections that connect the neocortex with thalamic structures 

(Vanderhaeghen et al., 2000; Dufour et al., 2003; Torii and Levitt, 2005; Dufour et al., 2006; 

Uziel et al., 2006; Torii et al., 2013a; Torii et al., 2013b; Tai and Kromer, 2014).

Eph receptors are divided into two subfamilies (EphA and EphB receptors) which primarily 

interact with their corresponding subfamily of ligands (ephrin-A and ephrin-B ligands, 

respectively). One key feature of this molecular family is their proposed extensive receptor-
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ligand promiscuity within (Flanagan and Vanderhaeghen, 1998) and, in some cases, between 

subfamilies (Holland et al., 1996; Kullander et al., 2001; Yokoyama et al., 2001; Blits-

Huizinga et al., 2004; Himanen et al., 2004). This wide range of interactions has functional 

consequences, as several studies on retinotopic map formation have reported that molecules 

within the same subfamily can be interchangeable while eliciting similar effects (Gale et al., 

1996; Brown et al., 2000; Reber et al., 2004; Bevins et al., 2011; McLaughlin et al., 2014). 

As a result, a prevailing view within the field has been that the bindings and functions within 

subclasses of the Eph-ephrin family are largely identical and redundant (Orioli and Klein, 

1997; Yokoyama et al., 2001; Himanen and Nikolov, 2003; Pasquale, 2004; Lackmann and 

Boyd, 2008).

However, several studies have suggested distinct specificities in interactions within members 

of each subclass. Preferential binding between certain receptor-ligand pairs have been 

observed between both EphA receptors and ephrin-A ligands (Gale et al., 1996; Monschau 

et al., 1997; Orioli and Klein, 1997) and between EphB receptors and ephrin-B ligands 

(Sakano et al., 1996; Bergemann et al., 1998; Munthe et al., 2000). In addition, ligand–

receptor binding assays in brain tissues have provided compelling evidence of binding 

selectivity between respective EphA/ephrin-A pairs (Janis et al., 1999; Tai et al., 2013). 

Several in vitro studies have also provided functional evidence of differential biological 

activities between specific Eph receptor and ephrin ligand pairs, including within retinal 

ganglion cells (Monschau et al., 1997), hippocampal neurons (Stein et al., 1999), and 

epidermal keratinocytes (Walsh and Blumenberg, 2011). Yet, there is still a question of 

whether functional specificity between Eph receptors subtypes with their respective ephrin 

ligands has relevance in vivo during development.

In this present study, we examined whether EphA4 and EphA7, two closely related receptors 

of the EphA subfamily with distinct binding affinities to different ephrin-A ligands, can 

mediate unique developmental outcomes in vivo. We analyzed this activity through the 

positioning of cortical neurons and the formation of corticothalamic (CT) projections, both 

of which are highly dependent on the Eph family for their precision (Bolz et al., 2004; Torii 

and Levitt, 2005; Flanagan, 2006; Price et al., 2006; Grant et al., 2012; Molnar et al., 2012; 

Leyva-Diaz and Lopez-Bendito, 2013; Garel and Lopez-Bendito, 2014; Tai and Kromer, 

2014). Here, we show that EphA4 has a dissimilar functionality from EphA7 in the targeting 

of CT projections, while retaining similar functions in cortical neuronal migration.

MATERIALS AND METHODS

Animal Care

All mouse experiments were done in accordance with protocols approved by the Institutional 

Animal Care and Use Committees of Yale University and Children’s National Medical 

Center. CD-1 wild-type mice (Charles River) were used for all studies. Embryonic day 0.5 

(E0.5) and postnatal day 0 (P0) were designated as noon of the day on which the presence of 

a vaginal plug was observed and the day of birth, respectively.
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Immunohistochemistry

Brains were dissected and immersion-fixed into 4% paraformaldehyde (PFA) in phosphate 

buffered saline (PBS, pH 7.4) overnight at 4 °C and sectioned coronally at 75 μm via 

vibratome (Leica). Slices were incubated with rabbit polyclonal anti-green fluorescent 

protein (GFP) antibody (1:1000; Cat#A11122; RRID:AB_221569; Invitrogen) overnight at 

4 °C, washed extensively in PBS, and incubated with horseradish peroxidase (HRP)-

conjugated donkey anti-rabbit secondary antibody (1:1000; Cat#711-035-152; 

RRID:AB_10015282; Jackson Immunoresearch). Sections were then rinsed and visualized 

using the TSA Plus Fluorescence system (Perkin Elmer). For double staining, HRP activity 

was inactivated with 3% hydrogen peroxide in methanol after the first staining with the GFP 

antibody. After washing in PBS, slices were incubated with a biotin-conjugated rabbit 

polyclonal anti-red fluorescent protein (RFP) antibody (1: 1000; Cat#ab34771; 

RRID:AB_777699; Abcam) overnight at 4 °C, washed in PBS, and incubated with 

VECTASTAIN Elite ABC Kit (Vector Laboratories). Sections were then rinsed and 

visualized using the TSA Plus Cy3 system (Perkin Elmer). Sections were counterstained 

with 4′, 6-diamidino-2-phenylindole dihydrochloride (DAPI) (Invitrogen) to detect nuclei. 

Images were captured using a confocal LSM 510 NLO system or Axioplan2 microscope 

(Zeiss). Images were not modified other than to balance brightness and contrast.

Antibody Characterization

The anti-GFP (Cat#A11122; RRID:AB_221569; Invitrogen) and anti-RFP (Cat#ab34771; 

RRID:AB_777699; Abcam) antibodies are from the IgG fraction of rabbit serum raised 

against full-length GFP isolated from Aequorea victoria and RFP fusion protein 

corresponding to the full-length amino acid sequence (234aa) derived from mushroom polyp 

coral Discosoma, respectively. These antibodies react with EYFP (a GFP variant) and 

DsRed2 (an RFP variant), respectively. In control experiments, we confirmed the lack of 

staining with these antibodies on sections of mouse brains that were not electroporated (data 

not shown).

In Situ Hybridization

Methods for in situ hybridization on tissue cryosections have been previously described 

(Torii et al., 2009). Probes for EphA4, EphA7, ephrin-A2, ephrin-A3 and ephrin-A5 have 

been previously described (Torii and Levitt, 2005; Torii et al., 2009). The plasmids to 

generate probes for ephrin-A1 (mouse, 646 base-pairs [bps]) and ephrin-A4 (rat, 440 bps) 

were gifts from L. F. Kromer (Georgetown University School of Medicine). Digoxigenin-

labeled sense or antisense probes were transcribed from linearized plasmids containing the 

corresponding cDNA fragment using the DIG RNA Labeling Kit (Roche Diagnostics) 

according to the manufacturer’s protocol. Brains were dissected and immersion-fixed into 

4% PFA in PBS overnight and cryopreserved in 30% sucrose. Sections were then cut on a 

cryostat (Leica) at 14 μm, treated with proteinase K (1Ug/ml in 100 mM Tris-HCl pH 8.0, 

50mM EDTA) for 10 min at room temperature (RT), followed by fixation with 4% PFA in 

PBS. Sections were hybridized overnight at 60°C in hybridization buffer (50% formamide, 

750 mM NaCl, 75 mM Na citrate, 1% SDS, 50 Ug/ml tRNA, 50 Ug/ml heparin) containing 

0.5 Ug/ml of probe. Following hybridization, the slides were washed 3 times with washing 
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solution (50% formamide, 300 mM NaCl, 30 mM Na citrate, 1% SDS) at 60 °C for 45 min, 

and 3 times with TBST (250 mM Tris-HCl pH 7.5, 1.36 M NaCl, 26.8 mM KCl, 10% 

Tween-20) at RT for 15 min. Sections were then incubated in anti-digoxigenin antibody 

(1:5000; #11333089001; RRID:AB_514496; Roche Diagnostics) in 1.5% Blocking Reagent 

(Roche Diagnostics) within B1 buffer (100 mM Tris-HCl pH 7.5, 150 mM NaCl) overnight 

at 4 °C. After washing in TBST, detection was made possible using nitroblue tetrazolium 

chloride (NBT; Roche Diagnostics) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP; 

Roche Diagnostics) as per the instructions by the manufacturer, with images captured using 

a BX61 microscope (Nikon).

Ligand-Binding and Receptor-Binding Histochemistry

Minor modification of previously described ligand- and receptor-binding histochemistry on 

cryosections was used (Janis et al., 1999; Torii and Levitt, 2005; Torii et al., 2013a). Briefly, 

mouse embryos and brains were immersion-fixed in 4% PFA in PBS for 1 hour and 

cryopreserved in 30% sucrose overnight. Sections were then cut on a cryostat (Leica) at 14 

μm. Sections were incubated with recombinant EphA-Fc or ephrin-A5-Fc protein (2 μg/ml; 

#SMPK1, #7396-EA; R&D Systems) for 90 minutes at room temperature, rinsed, and post-

fixed with 4% PFA in PBS for 30 minutes. Samples were rinsed and then incubated with 

biotin- or HRP-conjugated anti-human IgG secondary antibody (1:1000; #715-035-150; 

RRID:AB_2313608; Jackson Immunoresearch). For alkaline phosphatase (AP) detection, 

samples were incubated with the VECTASTAIN ABC-AP kit (Vector Laboratories) with 

detection made possible using NBT (Roche Diagnostics) and BCIP (Roche Diagnostics) as 

per the instructions by the manufacturer, with images captured using a BX61 microscope 

(Nikon). For fluorescence, samples were visualized with the TSA Plus Cy3 System (Perkin 

Elmer), with images captured using an Axioplan2 microscope (Zeiss).

In Utero Electroporation

EphA4 (pCAG-EphA4-IRES-Venus, containing the full-length cDNA of EphA4), EphA7 

(pCAG-EphA7-IRES-Venus, containing the full-length cDNA of EphA7), control (pCAG-

IRES-EGFP), DsRed2 (pCAG-DsRed2) and EYFP (pCAG-EYFP) plasmids have been 

described previously (Torii and Levitt, 2005; Hashimoto-Torii et al., 2008; Torii et al., 2009; 

Torii et al., 2013a; Torii et al., 2013b). In utero electroporation-mediated gene transfer was 

performed as previously described (Saito and Nakatsuji, 2001; Tabata and Nakajima, 2001; 

Torii et al., 2013b). Briefly, E12.5 pregnant mice were anesthetized with ketamine/xylazine 

(100/10 mg/kg) and the uterine horns were exposed. DNA was injected via a pulled glass 

pipette into the lateral ventricle of each embryo, followed by electrodes placed onto either 

side of the head parallel to the sagittal plane. An electrical current (five 50 ms pulses of 30 V 

at 950 ms intervals) was then passed to drive the DNA into parietal cortical areas using an 

ECM 830 Square Wave Electroporator (BTX-Harvard Apparatus). Following 

electroporation, the uterine horns were replaced, and the mouse was allowed time to recover 

and give birth normally. Electroporated mice were screened visually at P0 for EYFP 

expression though a stereo fluorescent microscope. Animals were selected for EYFP 

expression located within the somatosensory cortex prior to analysis for CT axons.
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Quantitative Analysis of the Distribution of CT Axons

For analysis of CT projections via centroid analysis, the ventrobasal complex (VB) and 

medial division of the posterior nuclear group (POm) were outlined. The centroids of the 

area covered by DsRed2+ and EYFP+ CT axons within these nuclei were calculated by 

measuring the average X and Y coordinates of all pixels of DsRed2+ and EYFP+ 

projections, respectively, using ImageJ (http://rsb.info.nih.gov/ij/index.html, 

RRID:nif-0000-30467). The relative position of the centroid of EYFP+ axons from that of 

DsRed2+ axons along the ventro-medial to dorso-lateral (VM-DL) axis (X-axis) and the 

ventro-lateral to dorso-medial (VL-DM) axis (Y-axis) (see Fig. 7I) was determined. The data 

are graphed by setting the relative position of the centroid of EYFP+ projections in control-

electroporated brains at (0.0). Statistical analysis was performed using one-way ANOVA/

Tukey-Kramer’s multiple comparison with SPSS (http://www-01.ibm.com/software/uk/

analytics/spss/, RRID:rid_000042).

RESULTS

Different binding patterns of EphA receptors to the ephrin-As expressed in the developing 
thalamus

We have previously shown that the interaction between EphA7 expressed in the neocortex 

and ephrin-A ligands expressed in the thalamus participates in the topographic targeting of 

primary sensory CT projections within each corresponding thalamic nucleus (Torii and 

Levitt, 2005; Torii et al., 2013b). To determine the relationship of other EphA subfamily 

members with ephrin-As in CT circuits, we compared the binding patterns of Fc-tagged 

EphA receptors within the cortex and thalamus at P4 (Figs. 1 and 2). This age was chosen as 

it corresponds to the time during which CT axons are topographically established within 

their appropriate terminal zones (Torii et al., 2013b). Binding of EphA-Fc fusion proteins 

was observed throughout the early postnatal brain, with all EphA-Fc fusion proteins 

examined (EphA1-Fc – EphA8-Fc) showing significant and specific binding in cortical 

regions (Fig. 1). However, we found variable binding of the different Eph receptor fusion 

proteins in the somatosensory thalamic nuclei, namely in the ventrobasal complex (VB) and 

the medial division of the posterior nuclear group (POm) (Fig. 2). EphA1-Fc and EphA2-Fc 

displayed relatively non-specific binding patterns throughout the thalamus (Fig. 2A and B). 

EphA3, A5, A7, and A8 had similar binding patterns in the VB and POm, with specifically 

high levels of binding in the ventrolateral region of VB (Fig. 2C, E, G, H). The binding 

pattern of EphA4 and A6 lacked a unique labeling distribution within the VB (Fig. 2D and 

F).

We next determined ephrin-A ligand expression within the VB/POm (Fig. 3A–E) and the 

neocortex (Fig. 3F–J) at P4. Of particular interest was ephrin-A5, which exhibited strong 

expression in the ventrolateral region of the VB (Fig. 3E) similar to the gradient observed in 

the binding of EphA3, A5, A7 and A8 (Fig. 2). Ephrin-Bs have not been detected within this 

region at this stage (Allen Brain Atlas and GENSAT), suggesting that the binding patterns of 

each EphA receptor in the VB and POm are mediated through ephrin-A ligands.
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EphA7 expression, and not EphA4, is similar to ephrin-A5 ligand binding pattern

Given the unique binding patterns in the thalamus (Fig. 2), the distinct ligand interactions 

observed in previous studies (Janis et al., 1999; Tai et al., 2013), and our previous analysis 

on the effects of EphA7 on CT projections (Torii and Levitt, 2005; Torii et al., 2013b), we 

focused our analysis on comparing the in vivo biological functions of EphA4 in comparison 

to EphA7. Both EphA4 and EphA7 were expressed throughout the cortex, thalamus and 

striatum, in overlapping but distinct patterns at P4 (Fig. 4A–D). Consistent with the 

similarity of the expression of ephrin-A5 in the VB to the binding of EphA7-Fc but not to 

that of EphA4-Fc, the binding pattern of Fc-tagged ephrin-A5 was similar to EphA7 but not 

to EphA4 in the thalamus (Fig. 4B, D, F), striatum (Fig. 4A, C, E) and neocortex (Fig. 4A–

F). These data support previous reports of ephrin-A5 exhibiting preferential binding to 

EphA7 and not EphA4 (Janis et al., 1999; Tai et al., 2013). Together, this suggests that 

EphA4 has little interaction with ephrin-A ligands, including ephrin-A5, within the thalamus 

and, unlike EphA7 (Torii and Levitt, 2005), may not affect the topographic targeting of CT 

projections.

Overexpression of EphA4 causes columnar segregation of neurons within the neocortex

The differential expression of EphA4 and EphA7 and the unique binding patterns exhibited 

by EphA4-Fc and EphA7-Fc fusion proteins in P4 brains suggest that these receptors may 

exhibit specific biological responses. To determine whether functional differences exist in 
vivo, we overexpressed EphA4 and EphA7 within the neocortex using the in utero 
electroporation-mediated gene transfer method at E12.5. The most striking phenotype 

observed was the strong columnar segregation of EYFP–labeled EphA overexpressing 

neurons in the cortex (Fig. 5B–D, n ≥ 20) compared to the even distribution in the control-

electroporated brain (Fig. 5A, n ≥ 20). The distinct columnar patterns of EphA4-

overexpressing neurons (Fig. 5C and D) are very similar to those generated by EphA7 

overexpression (Fig. 5B) (Torii et al., 2009). Given that the segregation occurs within the 

intermediate zone (IZ) during the embryonic period (Torii et al., 2009), we performed 

binding experiments using EphA4-Fc and EphA7-Fc fusion proteins at E14.5. Although 

each exhibited differential binding patterns in the hippocampus, thalamus and hypothalamus, 

the binding patterns of both EphA receptors were similar within the cerebral wall at this age 

(Fig. 5E–H).

Overexpression of EphA4 does not have the same impacts on topographic targeting of CT 
projections as EphA7

We next examined the effects of EphA4 in the topographic targeting of CT projections in 

comparison to EphA7 (Fig. 6). We had previously reported that EphA7 overexpression in 

cortical neurons results in significant shifts on CT projections compared to controls (Torii 

and Levitt, 2005; Torii et al., 2013b). In addition, our data indicates that EphA4-Fc showed 

little binding in the VB (Fig. 2D) in contrast to EphA7-Fc (Fig. 2G). To compare the actions 

between CT axons overexpressing higher and lower levels of EphA4 or EphA7 originating 

from the same cortical region, control or Eph receptor expression plasmids were co-

transfected in the somatosensory cortex with a high concentration of DsRed2 expression 

plasmid and a low concentration of EYFP expression plasmid (Fig. 6A). This indirect 
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approach to identify the expression levels of electroporated EphA4 and EphA7 was used 

since prior studies indicate that the expression level of each of the transfected genes in 

individual cells strongly correlates with that of other co-transfected genes (Hatanaka et al., 

2004). In this experiment, neurons and their axons expressing both EYFP and DsRed2 

(EYFP+/DsRed2+; designated EYFP+ axons) should have higher levels of the electroporated 

EphA receptor, while CT axons in which only DsRed2 is detectable (EYFP−/DsRed2+; 

designated EYFP− axons) should express lower levels of the EphA receptor (Fig. 6B), as 

previously confirmed by differential levels of ephrin-A5-Fc binding between these neuronal 

populations (Torii and Levitt, 2005).

In the control, the EYFP+ and EYFP− CT axons displayed broadly similar distributions in 

the VB and VB/POm border. Overexpression of EphA7 displayed a markedly different 

effect, resulting in distinct targeting of EYFP+ and EYFP− CT axons, with strong 

accumulation of EYFP+ axons at the border region between the VB and POm (Fig. 6G, H) 

and broader distribution of EYFP− axons in the VB (Fig. 6F,H), corroborating with our 

previous results (Torii and Levitt, 2005). However, in stark contrast to EphA7, EphA4 

overexpression showed broad distribution of EYFP+ and EYFP− CT axons within the VB, a 

pattern very similar to controls (Fig. 6I–K). Increasing the concentration of EphA4 

expression plasmid up to 5 mg/ml did not alter axon distribution (data not shown). The 

VB/POm border is the region at which some EphA4-overexpressing brains show certain 

levels of restrictions in the distribution of labeled CT axons (Fig. 6K), though this is also the 

case for some control-electroporation cases, and the effects appears limited and variable (see 

Fig. 7I). Quantification of the distribution of EYFP+ CT axons along the dorso-medial to 

ventro-lateral axis of the POm and VB, by which strong shift of EYFP+ CT axons to the 

VB-POm border region by EphA7 overexpression was revealed in our previous study (Torii 

and Levitt, 2005), indicated that the effect of EphA4 overexpression on topographic 

targeting of CT axons is statistically insignificant comparing to the control-electropoerated 

brains (Mixed design ANOVA, F(29,290) = 1.06, p = 0.39, K-S test, p = 0.30, n=5 brains per 

group) (data not shown). This may reflect interactions between EphA4 and other more 

evenly expressed ephrin-A ligands in the VB/POm aside from ephrin-A5 (see Fig. 3). These 

results are consistent with the binding data of high binding of EphA7-Fc and low binding of 

EphA4-Fc in the VB (see Fig. 2).

To quantitatively determine the extent of the changes after EphA-receptor overexpression, 

we performed centroid analysis of CT projections in the VB/POm (Fig. 7). The shift in the 

central mass of EYFP+ (Fig. 7B, E, H) axons compared to that of DsRed2+ (Fig. 7A, D, G) 

axons within the VB/POm were respectively averaged. This shift was then plotted along the 

axis perpendicular to dorsomedial-to-ventrolateral axis, with (0.0) denoting the average shift 

observed in controls (Fig. 8). As expected, EphA7 over-expression resulted in a statistically 

significant dorsomedial shift in CT targeting compared to controls (Fig. 7D–F, Fig. 8). In 

contrast, no significant topographic shift was found in thalamus containing EphA4-

overexpressing axons (Fig. 7G–I, Fig. 8). Together, these data indicate that EphA4 and 

EphA7 do not have interchangeable function on controlling topographic targeting of CT 

projections in the somatosensory thalamus.
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DISCUSSION

The present study demonstrates that EphA4 and EphA7 receptors, in spite of their similar 

structure, have distinct in vivo effects on CT projections into the VB/POm. EphA4 and 

EphA7 exhibit both overlapping and non-identical expression and binding patterns in the 

neocortex and thalamus. It is therefore possible that the receptors have the ability to respond 

to distinct sets of ligands with differing affinities. Ephrin-A5 appears to be the preferred 

ligand for EphA7 but not EphA4 in the developing forebrain during early postnatal 

development, based on similarities of EphA7 expression and ephrin-A5 binding patterns, 

and of ephrin-A5 expression and EphA7 binding patterns. This finding has been documented 

previously in relation to receptor-ligand binding in the striatum (Janis et al., 1999). Perhaps 

most important, we found that cell context is a key determinant of EphA4 and EphA7 

neurodevelopmental activities. Thus, overexpression of EphA4 and EphA7 in CT axons have 

distinct effects on projection patterning, but play a very similar role in regulating the 

dispersion patterns of migrating neocortical neurons. Each of the EphA receptors, under 

specific conditions, may therefore respond similarly or differently to ligands. It is not 

possible to conclude a priori, that ligands are interchangeable (or not) unless tested 

specifically in a developmentally relevant context.

It should be noted that while the present study shows the difference in biological activities of 

overexpressed EphA4 and EphA7 in the context of CT axon targeting, the experiments do 

not address directly the different in vivo roles for these EphA receptors. Our previous studies 

used both EphA7 knockdown and overexpression approaches by in utero electroporation to 

manipulate EphA7-mediated topographic targeting of CT projections (Torii and Levitt, 

2005; Torii et al., 2013a; Torii et al., 2013b). Such approaches that manipulate EphA4 will 

be required in the future to determine whether EphA4 activation can mediate any aspect of 

CT targeting.

EphA Promiscuity versus Specificity

One unique property of the Eph family is the promiscuity in the interaction between the 

receptor and ligand pairs both within and, in some occasions, between subclasses (Flanagan 

and Vanderhaeghen, 1998; Himanen and Nikolov, 2003; Blits-Huizinga et al., 2004). Several 

studies, particularly those focusing on retinotopic map formation, have reported that this 

wide range of interaction within the Eph-ephrin system is open to high levels of redundancy, 

and that molecules within the same subfamily can be largely interchangeable (Gale et al., 

1996; Brown et al., 2000; Reber et al., 2004; Bevins et al., 2011; McLaughlin et al., 2014).

There may, however, be fundamental differences in promiscuity driven by context. For 

example, studies involving hippocampal neurons (Henkemeyer et al., 2003), cortical 

pyramidal neurons (Kayser et al., 2006), striatal tissue (Janis et al., 1999; Tai et al., 2013), 

and retinal ganglion cell projections at the optic chiasm (Petros et al., 2009; Chenaux and 

Henkemeyer, 2011) have indicated more defined specificities between Eph receptor-ephrin 

ligand subfamily members. What remains to be determined is whether a physiological 

consequence exists as a result of this difference in binding affinity.
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Binding specificity of Eph receptors within the same subfamily may be due to differences in 

their affinities for specific ephrin ligands within specific cell types. Although the 

mechanisms responsible for such intraclass differences remain unknown, small amino acid 

changes in the ligand binding domain and/or interactions with specific adaptor proteins may 

define the structural features that confer the ligand selectivity of each Eph receptor 

(Chrencik et al., 2006). As a result of the distinctions in interactions with respective ligands, 

the differences within subclasses may elicit different biological effects when comparing Eph 

receptors. Overall homology of the shared sequences in the extracellular domains, however, 

may still allow for EphA receptors to interact with most ephrin-A ligands if applied in high 

enough concentrations.

Given the present findings and those reported in other developing systems (Bevins et al., 

2011), the degree of interchangeability between Eph receptors in vivo remains complex to 

determine and is likely dependent upon the spatial and temporal aspects of characterization. 

Based on our current data, we believe this is partially due to the availability of ephrin ligands 

within a region capable of interacting with EphA4 or EphA7. However, in many of these 

cases, the specific ligands are likely to be expressed in similar patterns within several regions 

within the nervous system, with similar downstream signaling events producing redundant 

effects. For example, the presence of several ephrin-A ligands within the neocortex has been 

reported previously (Mackarehtschian et al., 1999; Depaepe et al., 2005; Torii et al., 2009; 

Lodato et al., 2014). As a result, specific ligands may interact with EphA4 and EphA7 with 

different affinities in order to elicit similar effects in neuronal positioning. In contrast, the 

ephrin-A ligands within the VB and POm may be those only capable of interacting with 

EphA7 efficiently and not EphA4. It also may be possible that binding competition between 

other Eph receptors mediates specific interactions and biological activities, with the most 

preferable receptor-ligand interactions resulting in specific effects. Together, this specificity 

of binding within Eph/ephrin subfamilies would provide greater control in the manipulation 

for axonal guidance, while maintaining some level of promiscuity in their function.

Finally, it is possible that differential interactions and signaling properties exhibited by 

EphA4 and EphA7 may contribute to their different effector activities (Richter et al., 2007; 

Petros et al., 2009; Demyanenko et al., 2011; Seiradake et al., 2013). Future studies using 

chimeric receptors (Petros et al., 2009), in which protein domains of both EphA4 and EphA7 

are combined, or the switching of alleles between EphA4 and EphA7 (Spitzweck et al., 

2010), whereby each of EphA receptors are expressed in each other’s pattern, will provide 

further information about the molecular basis for functional specializations among EphA 

receptors.
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Figure 1. Patterns of EphA receptor binding in the cortex of the perinatal brain
(A–H) Binding patterns of Fc-tagged EphA receptors (EphA1 – EphA8) within the cortex at 

P4. All EphA-Fc receptor displayed binding in the cortex, with significant binding observed 

in the upper cortical layers. V = Visual Cortex, S = Somatosensory Cortex, Au = Auditory 

Cortex. Scale bar = 500 μm.
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Figure 2. Patterns of EphA receptor binding in the VB and POm thalamic nuclei in the perinatal 
brain
(A–H) Binding patterns of Fc-tagged EphA receptors (EphA1 – EphA8) within the VB and 

POm at P4. Note that the labeling by EphA3-Fc, A5-Fc, A7-Fc and A8-Fc binding shows a 

distinct gradient in the VB with the strongest labeling at the ventro-lateral region (C, E, G, 

H), whereas EphA1-Fc, A2-Fc, EphA4-Fc, and EphA6-Fc binding in the VB (A, B, D, F) 

does not. Scale bar = 500 μm.
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Figure 3. Patterns of ephrin-A ligand expression in the VB/POm and cortex of the perinatal 
brain
(A–E) In situ hybridization of ephrin-A ligands within the VB/POm at P4. Expression of 

ephrin-A2 and -A3 (B and C) is observed throughout the VB/POm in a uniform fashion. In 

contrast, the expression of ephrin-A5 is observed in a distinct ventro-lateral gradient within 

the VB/POm (E). Expression of ephrin-A1 and –A4 was low/not expressed (A and D). (F–J) 

In situ hybridization of ephrin-A ligands within the cortex. Strong expression of ephrin-A2, -
A3, and –A5 (G, H and J) are observed in the cortex, while ephrin-A1 and –A4 expression 

was low/not expressed. V = Visual Cortex, S = Somatosensory Cortex, Au = Auditory 

Cortex. Scale bar = 500 μm.
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Figure 4. Distinct expression patterns of EphA4 and EphA7, in comparison to ephrin-A5 binding 
in the early postnatal brain
(A–D) In situ hybridization of EphA4 (A and B) and EphA7 (C and D) in anterior (A, C) 

and posterior (B, D) sections of the P4 mouse brain. In both anterior and posterior sections, 

EphA4 is observed predominantly in upper cortical layers, with lower expression in deeper 

layers (A and B, brackets). In contrast, EphA7 labeling is evident in distinct gradients within 

deeper layers, including layer VI (C and D, brackets). Both EphA4 and EphA7 have distinct 

expression patterns in the striatum (A and C) and thalamus (B and D). (E and F) Binding 

patterns of ephrin-A5-Fc at anterior (E) and posterior (F) levels. The relative labeling 

intensity of ephrin-A5-Fc binding displays an overall similarity to EphA7 expression, 

including the gradients in layer VI (see brackets), striatum, and thalamus. Scale bar = 500 

μm.

Son et al. Page 18

J Comp Neurol. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Columnar segregation of EphA4-overexpressing neurons in the neocortex
(A–D) Effects of EphA overexpression in cortical neurons. E12.5 mice were co-

electroporated (EP) with EYFP and an overexpression or control vector, with brains 

collected at P4. Brains were immunostained for EYFP and counterstained with DAPI (blue, 

C). Overexpression of EphA7 (B) or EphA4 (C and D) in cortical neurons resulted in 

distinct columnar segregation, which was not observed in the control (A). (E-H) EphA4-Fc 

and EphA7-Fc binding of E14.5 brains. Binding of both EphA4-Fc (E) and EphA7-Fc (F) 

receptors are observed in the developing cortex in similar patterns. G and H are higher 

magnification views of the boxed areas in E and F, respectively, showing EphA4-Fc and 

EphA7-Fc binding in the ventricular/subventricular zones (VZ/SVZ), intermediate zone (IZ) 

and cortical plate (CP). Scale bars = 200 μm (A, B, D), 500 μm (C) and 500 μm (E, F).
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Figure 6. Overexpression of EphA4 in the somatosensory cortex does not result in a shift of CT 
projections in the VB/POm at P4
(A) Schema for in utero electroporation with two fluorescent markers at different 

concentrations. The control, EphA4-, or EphA7-expression plasmid together with 0.5 mg/ml 

(low concentration) of EYFP-expression plasmid and 3 mg/ml (high concentration) of 

DsRed2-expression plasmid was injected into the lateral ventricle of E12.5 brains, followed 

by electroporation. (B) P4 cortical neurons in the somatosensory cortex electroporated with 

low concentration of EYFP (green) and high concentration of DsRed2 (magenta). EYFP+ 

cells (white; EYFP+/DsRed2+) displays neurons with higher levels of ectopic EphA 

expression, while EYFP− cells (magenta; EYFP−/DsRed2+) shows cells with lower levels of 

ectopic EphA expression. (C–E) The VB/POm of control electroporated (EP) brains. EYFP+ 

and EYFP− CT axons are distributed similarly in the center of the VB (insets show higher 

magnification views of the boxed areas) as well as at the border region between the VB and 

POm (arrowheads). (F–H) The VB/POm of EphA7 electroporated brain. CT axons with high 

levels of EphA7 expression (EYFP+) show a restricted distribution at the border region 

between the VB and POm (arrowheads) and are segregated from axons with low levels of 

ectopic EphA7 expression (EYFP−) that distribute also in the body of the VB (insets show 

Son et al. Page 20

J Comp Neurol. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



higher magnification views of the boxed areas). (I–K) The VB/POm of EphA4 

electroporated brain. Unlike EphA7 overexpression, EphA4 has no effect on CT axons in 

this region similar to that of controls, with high (EYFP+) and low (EYFP−) levels of 

expression distributed similarly at the VB and POm (insets show higher magnification views 

of the boxed areas). Scale bar = 100 μm (for B), 200 μm (for C–K).
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Figure 7. Centroid analysis of control, EphA7- and EphA4-overexpressing CT projections within 
the VB
(A–C) The VB/POm of control electroporated brains. The centroids of the area covered by 

DsRed2+ and EYFP+ CT axons (dots in magenta and green, respectively) are closely 

positioned. (D–F) The VB/POm of EphA7 electroporated brains. The centroid of EYFP+ CT 

axons are shifted dorsally from that of DsRed2+ CT axons compared to controls. (G–I) The 

VB/POm of EphA4 electroporated brains. The centroids of DsRed2+ and EYFP+ CT axons 

are closely positioned.
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Figure 8. No significant shifts in CT projections within the VB by overexpression of EphA4
The relative position of the centroid of EYFP+ axons from that of DsRed2+ axons along the 

ventro-medial to dorso-lateral (VM-DL) axis (X-axis) and the ventro-lateral to dorso-medial 

(VL-DM) axis (Y-axis) (arrows in Fig. 7I). The data for EphA4-, EphA7- and control-

electroporated brains are graphed by setting the relative position of the centroid of EYFP+ 

projections in control-electroporated brains at (0.0). The differences only along the VL-DM 

axis (Y-axis) are significant between control- and EphA7-electroporated brains, and between 

EphA4- and EphA7-electroporated brains (p < 0.01, ANOVA/Tukey-Kramer’s multiple 

comparison). Error bars show the SEM, and n = the number of brains analyzed in each 

condition.
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