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Abstract

The innervation of taste buds is an excellent model system for studying the guidance of axons 

during targeting because of their discrete nature and the high fidelity of innervation. The pre-

gustatory epithelium of fungiform papillae is known to secrete diffusible axon guidance cues such 

as BDNF and Sema3A that attract and repel, respectively, geniculate ganglion axons during 

targeting, but diffusible factors alone are unlikely to explain how taste axon terminals are restricted 

to their territories within the taste bud. Non-diffusible cell surface proteins such as Ephs and 

ephrins can act as receptors and/or ligands for one another and are known to control axon terminal 

positioning in several parts of the nervous system, but they have not been studied in the gustatory 

system. We report that ephrin-B2 linked β-galactosidase staining and immunostaining was present 

along the dorsal epithelium of the mouse tongue as early as E15.5, but was not detected at E14.5, 

when axons first enter the epithelium. Ephrin-B1 immunolabeling was barely detected in the 

epithelium and found at a somewhat higher concentration in the mesenchyme subjacent to the 

epithelium. EphB1 and EphB2 were detected in lingual sensory afferents in vivo and geniculate 

neurites in vitro. Ephrin-B1 and ephrin-B2 were similarly effective in repelling or suppressing 

outgrowth by geniculate neurites in vitro. These in vitro effects were independent of the 

neurotrophin used to promote outgrowth, but were reduced by elevated levels of laminin. In vivo, 

mice null for EphB1 and EphB2 exhibited decreased gustatory innervation of fungiform papillae. 

These data provide evidence that ephrin-B forward signaling is necessary for normal gustatory 

innervation of the mammalian tongue.
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 Background

The discrete nature of islands of gustatory epithelium embedded in a canvas of non-

gustatory epithelium makes the innervation of taste buds an excellent model system for 

investigating axon targeting mechanisms. Several groups have identified guidance cues that 

influence the timing of contact with and penetration of the pre-gustatory epithelium during 

embryonic development. Diffusible repellents are implicated in controlling the timing of 

contact with the epithelium [1,2], and diffusible neurotrophins have a prominent role in the 

final stage of guidance to gustatory papillae and target penetration [3–15]. Given that taste 

axons are ultimately restricted to taste bud epithelium, yet can reside adjacent to non-taste 

epithelium, we reasoned that non-diffusible guidance cues may have a role in preventing 

innervation of non-taste epithelium or otherwise restricting the arbors of taste axons. 

Extracellular matrix (ECM) proteins, including laminin and tenascin, are non-diffusible 

guidance cues for peripheral axons that are known to be present in the core of gustatory 

papillae [16–19] and presumably support the growth of axons or restrict incoming axons to 

appropriate regions. Since there is little ECM within papilla epithelium, cell-cell interactions 

are likely to have a more prominent role than cell-ECM interactions in controlling the final 

position of taste axons, motivating us to explore the involvement of Eph/ephrin signaling in 

taste axon targeting.

Ephs and ephrins are cell-attached proteins that can act as receptors and/or ligands for one 

another to initiate signaling cascades resulting in repulsion, stabilization, growth promotion, 

or branching of axons [20–23]. Although most studies have focused on their role in guidance 

of axons in the central nervous system, they are also implicated in guidance of axons in the 

peripheral nervous system during development and regeneration. Eph/ephrin signaling 

influences the rostro-caudal targeting of motor axons [24,25]. Appropriate targeting of 

sensory neurons of dorsal root ganglia [26,27], the trigeminal ganglion [28], the vestibular 

ganglion [29], and the cochlear ganglion [30] depends on Eph/ephrin signaling as well. The 

role of Eph/ephrin signaling in the innervation of taste buds and surrounding epithelium has 

not been explored.

There are two classes of Ephs and ephrins. Ephrin-B’s are transmembrane proteins that 

interact primarily with EphB’s, whereas ephrin-A’s are glycosylphosphatidylinositol-linked 

proteins that interact primarily with EphA’s [21]. The Ephs constitute one of the largest 

families of receptor tyrosine kinases and mediate “forward signaling” triggered by 

interaction with ephrins on adjacent cell membranes. The ephrins are also capable of 

initiating signaling cascades in their cells when activated by Ephs from adjacent cells, 

termed “reverse signaling” [20]. Owing to preliminary studies indicating that ephrin-B’s 

were present in lingual tissue at targeting stages, our initial study focused on the roles of 

ephrin-B’s and EphB’s in taste axon targeting. We report that ephrin-B2 is expressed in the 

lingual epithelium during penetration by taste afferents; that EphB’s are expressed in 

gustatory afferents arising from the geniculate ganglion; and we provide evidence that EphB 

signaling is sufficient to repel geniculate neurites in vitro and necessary for normal 

innervation in vivo. We also studied the influence of neurotrophin signaling and laminin 

concentration on the response of taste axons to ephrin-B’s in vitro.
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 Methods

All procedures are IACUC approved. The morning that dams are determined to be sperm 

positive is defined as embryonic day 0.5 (E0.5) for mice or E1 for rats.

 Immunofluorescence on wild type rat and mouse cryosections

After the embryos were removed from the dams, the tongues were dissected and immersion 

fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS), and cryosectioned (20 

μm). Sections were briefly rehydrated in PBS. If tyramide/Cy3 amplification was planned, 

then rehydrated sections were dehydrated with a methanol series and endogenous 

peroxidases were quenched with Dent’s fixative [31] for ephrin-B2 labeling, or 3% peroxide 

in PBS for ephrin-B1 labeling. After blocking and permeabilizing with PBSTD (PBS with 

1% tween-20, 5% DMSO) containing 1% fish gelatin and 1.4 mg/ml BSA (all reagents from 

Sigma), sections were labeled overnight with primary antibodies: 2H3 mouse anti-

neurofilament protein, mouse anti-EphB1-3 and hamster monoclonal anti-ephrin-B1 from 

DSHB; goat anti-EphB1, goat anti-EphB2, goat anti-EphB3, goat anti-ephrin-B1 and goat 

anti-ephrin-B2 from Biotechne; rabbit anti-PGP9.5 from Biogenesis, mouse anti-GAP43 

from Millipore, and rabbit anti-P2X3 from Millipore. For routine immunofluorescence, 

Alexa Fluor-conjugated secondary antibodies (Life Technologies) were used to detect 

primary antibodies. For tyramide amplification, we used a secondary antibody conjugated to 

Horseradish peroxidase (Jackson Immunoresearch) and kits obtained from Life 

Technologies or Perkin-Elmer. The slides were then mounted in Vectashield and imaged on 

an Olympus Fluoview 1000 confocal microscope. Z-stack projections were used for all 

images.

 Detection of ephrin-B2 expression in transgenic mice

Ephrin-B2lacZ mice were created by replacing the cytosolic domain of ephrin-B2 with lacZ 

[32,33]. X-gal staining was carried out as previously described [33].

 Tissue Culture

Coverglasses with stripes of ephrin-B-Fc recombinant proteins were prepared as described 

by Knoll et al. [34]. Briefly, 22 mm glass coverslips were first coated with poly-D-lysine or 

poly-L-lysine (0.1 mg/ml, incubated for two hours at 37°C, no differences were noted), 

rinsed twice with deionized water, sterilized with 70% ethanol, and air-dried under sterile 

conditions. Solutions for the first stripes and second stripes were then prepared as described 

below. For experimental coverglasses, first stripe solutions contained ephrin-B-human-Fc 

fusion proteins (Biotechne); for control coverglasses, first stripe solutions contained human 

IgG Fc (Millipore). The fusion proteins or IgG Fc were pre-clustered for 30 minutes on ice 

with 5 μg/ml Alexa Fluor 488 goat anti-human antibody (Molecular Probes) in Hank’s 

Balanced Salt Solution (HBSS, Life Technologies). First stripes were prepared using 2–40 

μg/ml ephrin-B-Fc fusion protein or 40 μg/ml human IgG Fc, as indicated in the text. For the 

second stripe solution, human IgG Fc (the same concentration as ephrin-B-Fc) was pre-

clustered as above but with 5 μg/ml unconjugated goat anti-human Fc (Millipore) in HBSS. 

Next, silicone manifolds with 90 μm channels were applied to poly-lysine treated 

coverglasses. 100 μl of the first stripe solution was then deposited into the matrices and 
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incubated at 37°C for 30 minutes. After three washes with HBSS to remove unbound 

protein, the matrices were removed, and 100 μl of the second stripe solution was deposited 

and incubated again at 37°C for 30 minutes, allowing it to coat the unbound region between 

the first stripes. Following three more washes in HBSS, the coverslips were incubated for 

two hours at 37°C (or overnight at 4 °C) in 100 μl of solution containing 2.5 μg/ml or 20 

μg/ml laminin (see Results) (BD Biosciences) in HBSS, followed again by three HBSS 

washes. To prepare coverglasses with a uniform coating of ephrin (0.5–10 μg/ml), a similar 

procedure was followed, but without the use of matrices. Initially, uniform control 

coverglasses were prepared with human IgG Fc at 10–40 μg/ml, but we determined this had 

no effect on outgrowth and omitted the IgG Fc from the uniform control coverglasses. 

Ganglia explants were dissected under sterile conditions, plated on the coverslips in 100 μl 

serum free medium containing Neurobasal Medium (Life Technologies), 1.4 mM L-

glutamine (Life Technologies), N2 supplement (Life Technologies) and 10 ng/ml BDNF 

(Prospec), or 1 ng/ml NT4 (Sigma) and cultured for 25 to 30 hours at 35°C and 5% CO2.

For labeling, cultures were treated with 37°C 4% paraformaldehyde in 0.1 M cacodylate (pH 

7.4) containing 10 mM MgCl2 and 5 mM CaCl2 for 12 min [35]. Cultures were washed with 

0.1 M cacodylate buffer followed by PBS, treated with PBSTD block, followed by a one 

hour incubation in anti-neurofilament (2H3, 1:80, Developmental Studies Hybridoma Bank) 

and mouse anti-GAP43 (1:2000, Millipore). Cultures were then washed three times in 

PBSTD, and incubated for 40 minutes in donkey-anti-mouse Alexa 555 (1:600, Life 

Technologies). Following three more washes in PBSTD, cultures were mounted in 

Vectashield (Vector Labs).

For measurements of ephrin stripe images, stripes were oriented vertically and ganglion 

outgrowth was divided into quadrants. We measured the longest neurite outgrowth that was 

continuous in the labeled stripes within the upper and lower quadrants (i.e., approximately 

parallel to the stripes) for each ganglion, and took the ratio of that value to the length of the 

longest neurites in the unlabeled stripe for the same ganglion. Neurites that crossed over into 

different stripes were disregarded. For uniformly coated coverglasses, two measurements of 

the furthest extent of the halo of outgrowth were taken from the same quadrant for each 

ganglion, and averaged. We did not include data from coverglasses that were coated with a 

batch of laminin that was found to be less effective than a subsequently used batch. 

Outgrowth on these coverglasses was notably shorter than on those prepared using more 

recently purchased laminin. We omitted data from 2 coverglasses in which there appeared to 

be anomalously low outgrowth (every ganglion explant exhibited 55% or less of the average 

outgrowth of ganglia from the other coverglasses used for that condition). We also excluded 

the data from one experiment in which 9 of the 10 conditions (~27 out of 30 ganglia) had 

notably lower neurite outgrowth than when the same conditions were used in other 

experiments. For both uniform and stripe measurements, statistical outliers were excluded as 

well. At least 3 experiments were performed for each condition.

 Innervation in mouse mutants lacking Ephs

EphB1−/−/EphB2−/− embryos were obtained by mating EphB1−/−/EphB2−/− males with 

EphB1−/−/EphB2−/+ females. The EphB1−/− mice [36] and EphB2−/− mice [37] were 
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generated as described previously. EphB1−/−/EphB2−/− embryos were generated at E13.5, 

E15.5, and E17.5. E13.5 embryo heads were fixed by immersion in 4% paraformaldehyde, 

and the older embryos were fixed by perfusion with cold 4% paraformaldehyde in PBS 

followed by postfixation overnight in 4% paraformaldehyde at 4°C. DiI labeling from the 

geniculate ganglion was carried out as described previously [6]. The tongues were cleared in 

80% glycerol and the dorsal surfaces were imaged on an Olympus Fluoview 1000 confocal 

microscope. We then prepared parasagittal vibratome sections of the tongues (75 μm for 

E13.5 tongues, 100 μm for E15.5 and E17.5 tongues), imaged these on the confocal 

microscope and analyzed the images as described in the Results.

 Results

Ephrin-B and EphB expression in the taste system during lingual innervation. Previous 

investigations have established the progress of gustatory innervation during embryonic 

mouse and rat development. At E12.5 in mouse (~E15 in rat) the chorda tympani has 

branched within the tongue mesenchyme and begun to exhibit targeting toward nascent 

fungiform papillae. At E13.5 (~E16 in rat), fascicles of taste axons are nearly touching the 

fungiform papilla epithelium, and the first axons penetrate this epithelium on E14.5 (~E17 in 

rat). By E15.5 (~E18 in rat), many axons have entered the epithelium in the center of the 

papilla where the taste bud has begun to develop. At E16.5, the proportion of innervated 

fungiform papillae has reached its maximum [38]. For immunolocalization, we obtained two 

well-characterized antibodies against ephrin-B1, a hamster monoclonal [39] and a goat 

polyclonal. Both antibodies strongly labeled the mesenchyme surrounding the spinal cord 

and dorsal root ganglia in spinal cord cross sections, as expected [40], and we could detect 

dorsal radial glia that are known to express ephrin-B1 (Fig. 1A) [41]. In E12.5–17.5 mouse 

tongue, anti-ephrin-B1 labeling was barely detectable in the lingual epithelium and was 

uniformly distributed (Fig. 1A′–A″). The strongest anti-ephrin-B1 labeling in the tongue at 

these stages was in a band of mesenchyme beneath the epithelium (Fig. 1A′, arrows). We 

obtained similar immunostaining results with E15 and E18 rat embryos. These data do not 

support a role for ephrin-B1 in guidance of sensory axons at the lingual epithelium.

For ephrin-B2 localization, we used ephrin-B2lacZ mice, in which β-galactosidase replaced 

the cytosolic domain of ephrin-B2 [32,33], and immunostaining. Ephrin-B2-lacZ is known 

to be expressed on the plasma membranes of cells that normally express ephrin-B2 [33]. No 

labeling was found in E14.5 mouse tongue, but beginning at E15.5 a low level of lacZ 

staining was evident in some fungiform papillae near the tip of the tongue (Fig. 1B) and also 

at more posterior fungiform papillae. In addition, we observed intense, intermittent staining 

along the serosal surface of the dorsal epithelium in the posterior half of the tongue at E15.5 

and along the posterior 3/4ths of the tongue at E16.5 (Fig. 1C). This staining showed no 

relationship to fungiform papillae. By E18.5, ephrin-B2 lacZ staining was continuous along 

the dorsal surface of the tongue, but in fungiform papillae it appeared restricted to the apical-

most surface of the epithelium (Fig. 1D).

Immunolabeling gave results similar to those obtained in the ephrin-B2lacZ mice (Fig. 1F–G

‴), though epithelial staining in the mouse was detectable at E14.5 (Fig. 1E–E″) and 

appeared more continuous along the dorsal epithelium at E15.5 and E16.5 (Fig. 1F–F″, Fig. 
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2 G′). This difference in immunostaining versus the staining in ephrin-B2lacZ mice is most 

likely attributable to the difficulty of blocking all non-specific labeling of epithelia. 

Immunolabeling carried out in rat tongue sections gave similar results for the epithelium 

(Fig. 1H,H′,I), but, surprisingly, not for sensory nerves: In parasagittal sections of mouse 

tongue, ephrin-B2 immunolabeling of sensory afferents was not detectable at E13.5, 14.5, 

15.5 and 16.5. In E17 and E18 rat, anti-ephrin-B2 labeled lingual sensory nerves within the 

tongue musculature and the core of fungiform papillae (Fig. 1H,H′,I). The staining intensity 

was variable in rat nerves, and was typically thinner than neurofilament/GAP43 staining, 

primarily overlapping with only the most intense neurofilament/GAP43 staining. To 

determine if this staining was due to detection of neurofilament/GAP43 staining in the 

ephrin-B2 channel, we stained sections with anti-ephrin-B2 only and observed identical 

staining (Fig. 1I). We also labeled neurites in explant cultures and found that geniculate 

neurites exhibited a low level of ephrin-B2 staining whereas non-neuronal cells were 

negative (Fig. 2E), suggesting that the in vivo nerve staining was from axons rather than 

glial cells.

We used immunohistochemistry to detect EphB1, EphB2, EphB3, and EphB4 in tongue 

sections and in vitro. Anti-EphB1 weakly labeled sensory nerves in E18 rat tongues (Fig. 

2A–A‴) and geniculate neurites in vitro (Fig. 2C). EphB2 labeling was similar to EphB1 

labeling, but weaker (Fig. 2B–B″, D). We did not observe nerve staining with anti-EphB3 or 

anti-EphB4 in mouse and rat tongue sections (not shown). We note that we also tested a 

mouse monoclonal antibody obtained from Developmental Studies Hybridoma Bank that 

recognizes EphB1, B2, and B3 [39], but we discovered that this antibody detects 

microtubules to a much greater extent than any cell surface protein, at least in vitro. The 

localization of ephrin-B2 and EphB1/EphB2 support a role for forward ephrin-B/EphB 

signaling during axon targeting within the lingual epithelium.

Dose-dependent effects of ephrin-B1-Fc and ephrin-B2-Fc in vitro. Since ephrin-B1 labeling 

was detectable in the mesenchyme and ephrin-B2 was present in the lingual epithelium, we 

conducted stripe assays to determine if ephrin-B1-Fc or ephrin-B2-Fc fusion proteins 

repelled or stabilized geniculate neurite outgrowth in vitro. To promote outgrowth, we used 

BDNF and NT4 because both are required for geniculate neuron survival [42] and promote 

substantial geniculate neurite outgrowth in vitro [11,12]. Neither NGF nor NT3 support 

outgrowth from geniculate explants [1]. We focused on BDNF because it has a more 

prominent role than NT4 at targeting stages: BDNF is upregulated in fungiform epithelium 

just prior to innervation [15] and is necessary for targeting [10,43,44], NT4 is downregulated 

in the epithelium prior to innervation [4] and is not necessary for guidance of taste afferents 

[44]. Experimental coverglasses were coated with alternating stripes of labeled ephrin-B1-Fc 

or ephrin-B2-Fc fusion protein and unlabeled stripes of human IgG Fc (see Methods). Since 

results obtained with ephrin-B1-Fc and ephrin-B2-Fc were essentially the same, we provide 

examples only from ephrin-B1-Fc experiments (Fig. 3). Control coverglasses were coated 

with alternating stripes of labeled human IgG Fc and unlabeled human IgG Fc. Neurites 

from rat geniculate ganglia obtained at E15 or E18 showed no preference for either stripe on 

control coverglasses (Fig. 3A; 4A,B white bars adjacent to green and blue bars). On 

experimental coverglasses, neurites emitted parallel to ephrin-Fc stripes grew significantly 

less upon the ephrin-B1 or ephrin-B2 stripes than control stripes if 10 or 40 μg/ml ephrin-B-
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Fc, but not 2 μg/ml ephrin-B-Fc, was used to prepare the test stripe (Fig. 3A–D; 4A,B), 

indicating that high concentrations of either ephrin-B repel geniculate axons. The repulsion 

produced by 10 μg/ml ephrin-B-Fc was significantly less than that observed with 40 μg/ml 

stripes of either ephrin, showing that ephrin-B repulsion is dose dependent.

Although NT4 is not required for targeting, it is more potent than BDNF in promoting 

neurite outgrowth [11] so we also evaluated the response of NT4-promoted neurite 

outgrowth to ephrin-B-Fc stripes. We note that NT4, like BDNF, is necessary for the survival 

of half of the geniculate neurons, and mice null for both BDNF and NT4, or their high 

affinity receptor TrkB, lose 95% of the geniculate neurons [45,46]. Although this is 

consistent with the possibility that BDNF and NT4 support distinct populations of neurons, 

the finding that NT4 can substitute for BDNF [3] suggests that BDNF and NT4 support the 

same population of geniculate neurons. NT4-promoted outgrowth showed no preference for 

either stripe on control coverglasses (Fig. 4A,B white bars adjacent to purple bars) or on 

coverglasses prepared with 2 μg/ml ephrin-B2-Fc stripes at E18 (Fig. 4B, lightest purple 

bar). We found that NT4-promoted neurite outgrowth from E15 and E18 geniculate ganglia 

was repelled by 40 μg/ml ephrin-B2 stripes, and that E18 neurites were repelled by 10 μg/ml 

ephrin-B2 stripes as well (Fig. 4A,B, darker purple bars).

Neurites emitted from ganglion explants perpendicular to the stripes often crossed even the 

40 μg/ml ephrin-B stripes, suggesting that repulsion is not always the dominant influence on 

the direction taken by the growth cones. Notably, the outgrowth halo perpendicular to the 

stripes was significantly shorter than that parallel to the stripes (not shown). This could be 

due in part to neurites turning to avoid growing on the second or third ephrin stripe that they 

encountered, and may also be due to inhibition of outgrowth while crossing ephrin stripes. 

We assessed the latter possibility as discussed below.

To determine if ephrin-B1 or ephrin-B2 is sufficient to promote (at low concentrations [47]) 

or suppress geniculate outgrowth, we plated explants on coverglasses that were uniformly 

coated with ephrin-B-Fc fusion proteins. A dose response assay was carried out, using 

concentrations of 0.5, 2, and 10 μg/ml ephrin-B1-Fc or ephrin-B2-Fc. At E15, neither 

ephrin-B1-Fc nor ephrin-B2-Fc stimulated BDNF-supported outgrowth at any concentration, 

but 10 μg/ml of either ephrin-B-Fc suppressed BDNF-supported outgrowth compared to 

control outgrowth (Fig. 4D, green and blue bars). NT4-stimulated outgrowth was suppressed 

at both 2 and 10 μg/ml ephrin-B2 (Fig. 4D, purple bars). At E18 all three concentrations of 

ephrin-B1 suppressed outgrowth significantly (Fig. 4E, green bars), but only the highest 

concentration of ephrin-B2 suppressed BDNF-stimulated (Fig 3E–H; Fig. 4E; blue bars) or 

NT4-stimulated (Fig. 4E, purple bars) outgrowth. These data indicate that ephrin-B1 and 

ephrin-B2 are capable of repelling and suppressing growth of geniculate axons. We next 

determined if the concentration of laminin influences the response of geniculate neurites to 

ephrin-B-Fc.

It was previously reported that laminin is present in the lamina propria and core of gustatory 

papillae in mammals [18,19], and we confirmed that laminin was concentrated in the lamina 

propria in mouse (Fig. 2F–G′) and rat (not shown). The concentration of laminin in vivo is 

unknown, but it could influence the response of axons to other guidance cues. We therefore 
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investigated whether the concentration of laminin applied to ephrin-B-Fc coated 

coverglasses had an effect on repulsion or growth suppression in vitro. The experiments 

described above were conducted with coverglasses that were coated with a low 

concentration of laminin (2.5 μg/ml) following application of ephrin-B-Fc constructs in 

stripes or uniform coatings. We repeated several experiments using coverglasses coated with 

20 μg/ml (“high”) laminin. High laminin significantly reduced, but did not eliminate, the 

repulsion of geniculate neurites by ephrin-B2-Fc stripes at E18, regardless of whether BDNF 

or NT4 was used to promote outgrowth (Fig. 4C, compare high laminin (HL) bars to low 

laminin (LL) bars). Laminin also decreased suppression of outgrowth by ephrin-Fc’s: At 

E15 and E18, regardless of whether BDNF or NT4 was used to promote outgrowth, no 

significant suppression of outgrowth was observed when high laminin was used on the 

coverglasses (Fig. 4F, G, examples of E18 ephrin-B2 results are shown in Fig. 3I–L). For 

one condition at E18, coverglasses uniformly coated with 10 μg/ml ephrin-B1-Fc, outgrowth 

was significantly stimulated compared to control coverglasses and the 0.5 μg/ml ephrin-B1-

Fc coverglasses (Fig. 4G).

Ephrin-B/EphB signaling is required for proper gustatory innervation of embryonic 

fungiform papillae. To determine if ephrin-B/EphB signaling has an impact on gustatory 

innervation in vivo, we examined innervation of fungiform papillae in the absence of EphB1 

and EphB2. To assess innervation in EphB1−/−/EphB2−/− mice and wild type mice, 

geniculate ganglion neurons in fixed mouse embryos were labeled with DiI (see Methods). 

In wild type (WT) mice, extensive innervation along the length of the tongue was apparent 

from E13.5, prior to contact with the epithelium [44], through E17.5. At E13.5 (Fig. 5A) and 

E15.5 (Fig. 5B), we observed slightly less labeling in EphB1−/−/EphB2−/− tongues than in 

WT tongues. At E17.5 we observed a dramatic decrease in nerve labeling within fungiform 

papillae (Fig. 5C). To quantify this difference at E17.5, we prepared vibratome sections of 

these specimens and control specimens and measured the thickness of the DiI-labeled 

chorda tympani nerve bundle at the base of the papilla epithelium, prior to arborization 

within the epithelium (Fig. 5C, insets). Control nerve bundles were 9.6 + 1.1 (s.d.) μm wide 

(n = 2 mice, 64 buds total), whereas EphB1−/−/EphB2−/− nerve bundles were 6.5 + 0.9 μm 

wide (n = 3 mice, 45 buds total), a significant difference (p < 0.05, Student’s t-test). Since 

the level of epithelial ephrin-B2 expression is low until E17.5, these data are consistent with 

the possibility that ephrin-B2/EphB signaling stabilizes axons during their arborization 

within papillae. However, because these mice had lower EphB signaling throughout 

development and throughout the embryo, and since innervation appeared to be decreased at 

earlier stages, it is also possible that earlier guidance events or neuronal survival were 

affected and that targeting was not specifically affected.

 Discussion

Our data show that ephrin-B/EphB signaling is sufficient to repel or suppress growth from 

gustatory neurites in vitro and necessary for proper innervation of gustatory papillae in vivo. 

EphB’s are expressed in the sensory afferents at targeting stages, ephrin-B1 is expressed in 

the pathway through which gustatory axons advance as they near fungiform papillae, and 

ephrin-B2 is expressed in gustatory papilla epithelium just after initial target penetration. In 

addition, we examined the interactions among ephrins, neurotrophins, and laminin 
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concentration in repellent signaling. To our knowledge, this is the first study to examine the 

role of ephrin/Eph signaling in the developing taste system.

We localized ephrin-B1, ephrin-B2, EphB1 and EphB2 in embryonic tongues at stages 

corresponding to target contact and target penetration. Immunolocalization of ephrin-B1 

with both a monoclonal and a polyclonal anti-ephrin-B1 detected little ephrin-B1 in the 

mouse lingual epithelium from E13.5 through E17.5, prior to and following the arrival of 

gustatory axons at fungiform papilla epithelium (E14.5), arguing against a prominent role 

for ephrin-B1 in sensory axon guidance within the epithelium. Anti-ephrin-B1 did reveal a 

diffuse band of staining in the mesenchyme beneath the epithelium, consistent with the 

possibility of a guidance role prior to target contact. Ephrin-B2 and EphB localization were 

consistent with a role in axon termination within the lingual epithelium. In ephrin-B2lacZ 

mice, β-galactosidase staining was detectable as early as E15.5 in a subset of fungiform 

papillae, and only the most apical surface was labeled. Additional labeling was found 

intermittently along the non-gustatory epithelium. This labeling became increasingly 

extensive such that by E18.5, the entire lingual epithelium was ephrin-B2 β-galactosidase 

positive. Ephrin-B2 immunolabeling gave similar results, although immunostaining 

appeared earlier than ephrin-B2 β-galactosidase detection and tended to be more continuous 

along the epithelium. Anti-EphB1 and anti-EphB2 weakly labeled sensory afferents. Taken 

together, these data are consistent with the possibility that ephrin-B2/EphB forward 

signaling does not occur until after afferents have penetrated the lingual epithelium. 

Surprisingly, we found that rat lingual sensory afferents, but not mouse lingual sensory 

afferents were labeled by anti-ephrin-B2. This raises the possibility that reverse signaling 

occurs during sensory innervation of the rat tongue, or that cis interactions between ephrin-

B2 and EphB’s expressed in rat sensory axons modulate the sensitivity of these axons to 

trans interactions with ephrin-B’s [48].

To determine if ephrin-B/EphB forward signaling repels geniculate neurites in vitro, we 

prepared coverglasses with stripes of recombinant ephrin-B-Fc fusion proteins and a uniform 

coating of laminin [34]. Ephrin-B/EphB forward signaling repelled E15 and E18 geniculate 

neurites dose-dependently. Ephrin-B/EphB forward signaling can also promote growth of 

neurites, typically at lower concentrations than are repellent [49,50]. We used coverglasses 

uniformly coated with a range of ephrin-B-Fc concentrations to determine if ephrin-B-Fc’s 

are sufficient to promote and/or suppress neurite outgrowth. In general, ephrin-B1 and 

ephrin-B2 did not promote geniculate neurite outgrowth at any concentration and both 

tended to suppress outgrowth when 2–10 μg/ml ephrin-B-Fc concentrations were used for 

coating.

Most experiments were conducted with BDNF in the medium to promote neurite outgrowth, 

because BDNF is the predominant neurotrophin expressed in fungiform papilla epithelium at 

targeting stages [3,4,7,15]. However, because NT4 is over 10-fold more potent than BDNF 

[11], it may be present at levels that are sufficient to influence outgrowth, but difficult to 

detect. NT4-promoted outgrowth is more sensitive than BDNF-promoted outgrowth to the 

repellent Sema3A [51], so it is important to determine if it influences the response of axons 

to ephrin-B/EphB repulsion as well. We therefore investigated whether NT4-stimulated 

geniculate neurite outgrowth responded similarly to BDNF-stimulated outgrowth. We found 
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almost no differences between NT4-promoted and BDNF-promoted neurite growth on 

ephrin-B2-Fc-striped coverglasses or uniformly coated coverglasses.

Laminin is present within the core tissue of gustatory papilla [16–19,52], so we investigated 

whether the level of laminin influences the response of geniculate neurites to ephrin-B-Fc’s. 

In stripe assays, neurites were repelled less by ephrin-B-Fc stripes on high laminin 

coverglasses than on low laminin coverglasses, though repulsion occurred on both. For 

uniformly coated coverglasses, high laminin eliminated the suppression of outgrowth by 

higher concentrations of ephrin-B-Fc’s. Ephrin-B expressed on cell surfaces in papilla 

epithelium may slow axon advance along the connective tissue core, where laminin levels 

may be highest, but stop axon advance among the epithelial cells, where a lower level of 

laminin will be encountered (Fig. 2F–G′).

To determine if ephrin-B/EphB signaling is required for proper innervation of fungiform 

papillae in vivo, we studied innervation in EphB1−/−/EphB2−/− mice. EphB1−/−/EphB2−/− 

mice had slightly less chorda tympani innervation than control mice at E13.5 and E15.5, and 

an obvious decrease in innervation at E17.5. The slight decrease in innervation observed at 

E13.5 is similar to the partial loss of innervation of whisker follicles in mice lacking EphA4 

[28]. The loss of whisker innervation was attributed to defasciculation of trigeminal axons 

prior to their arrival, which may have resulted from loss of reverse EphA4/ephrin-A 

signaling. In the case of gustatory afferents, loss of ephrin-B1/EphB forward signaling in the 

tongue mesenchyme also could have led to defasciculation prior to E13.5, and a partial 

reduction in correct targeting. We focused on the dramatic decrease in fungiform papilla 

innervation at E17.5, which was corroborated by a significant decrease in the thickness of 

the nerve bundle in the core of fungiform papillae. The correlation between loss of 

innervation after E15.5 and the elevation of ephrin-B2 levels in the lingual epithelium 

between E15.5 and E18.5 supports the possibility that maintenance of innervation depends 

on ephrin-B2 forward signaling through EphB1/EphB2. It is possible that geniculate axons 

that lack EphB1 and EphB2 are ultimately withdrawn from fungiform papilla epithelium 

because they are not repelled away from unsupportive areas of ephrin-B2-rich epithelium. 

Cochlear afferents, for example, overshoot their targets in the absence of reverse EphB/

ephrin-B signaling [53] or forward ephrin-A/EphA signaling [54]. However, we did not 

observe overexuberant innervation of fungiform papillae epithelium in the double knockout 

mice. Thus, although ephrin-B2 is sufficient to repel geniculate neurites in vitro, the 

EphB1−/−/EphB2−/− data do not provide evidence that ephrin-B2 repels or halts geniculate 

afferents in vivo.

Although we focused on the potential role of ephrin-B/EphB signaling in axon targeting, we 

note that ephrin/Eph interactions are also involved in epithelial cell organization [55,56]. In 

EphB3-rtTA mice, we detected lacZ activity in the mesenchyme adjacent to the epithelium 

at E13.5–14.5 and, at E17.5, in the apical aspect of the dorsal lingual epithelium as well as 

just beneath the epithelium (our unpublished observations). EphB3/ephrin-B interactions 

were recently implicated in epithelial specialization and feather formation [57], so it will be 

important to determine if EphB3 protein is present in the epithelium during fungiform 

papilla development. Feathers, like fungiform papillae, begin as epithelial placodes, so there 

may be an analogous role in fungiform papilla development. We note that EphB/ephrin-B 
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interactions could have an indirect effect on innervation by controlling the expression of 

other axon guidance molecules in the epithelium and mesenchyme.

In summary, we provide the first evidence that an ephrin is expressed in lingual gustatory 

epithelium, that EphB’s are expressed in taste axons, and that ephrin-B/EphB signaling is 

required for normal innervation of fungiform papillae. Our assessment of the interaction 

between ephrin-B forward signaling and the concentration of laminin is, we believe, the first 

of its kind in the study of ephrin signaling, and suggests that both the quantity and quality of 

competing signals influence axon targeting outcomes. Earlier studies showed that the 

diffusible repellent Sema3A prevents premature epithelial contact and that diffusible 

attractant BDNF is necessary and sufficient for guidance into the papilla epithelium 

[4,12,42,44,58]. The current study broadens the lexicon of axon guidance mechanisms 

known to be involved in taste axon targeting by providing evidence for cell-contact 

dependent control of innervation. Our findings invite investigation of other ephrin/Eph 

signaling events that may influence targeting, including ephrin-A/EphA signaling. It will be 

important to determine if ephrin/Eph signaling contributes to refinement of axon terminal 

positions and facilitates coordination of mutually trophic interactions between afferents and 

the target epithelium. Such interactions may be important not only during embryonic 

development, but also during the reestablishment of connections that is mandated by taste 

cell turnover or following regeneration after injury.
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Figure 1. 
Localization of ephrin-B1 and ephrin-B2 in and near the dorsal lingual epithelium during 

target penetration by sensory afferents. A–A″. TSA Plus-enhanced monoclonal ephrin-B1 

immunostaining. A. We labeled sections of mouse E12.5 spinal cord as a positive control for 

ephrin-B1 immunostaining. Anti-ephrin-B1 (red) strongly labels the mesenchyme 

surrounding the spinal cord and DRG (arrow), and moderately labels dorsal radial glia 

(arrowhead). PGP9.5 staining is shown in green. A′–A″. Ephrin-B1 staining (red) was found 

in the tissue subjacent to the epithelium (A′, arrows) and is difficult to detect in the 

epithelium, including the fungiform papillae (arrowheads). The oral surface of the 

epithelium is marked by dots. PGP9.5 was used to label axons (green). Note that the 

brightness and contrast of the ephrin-B1 staining has been enhanced, it is dimmer than the 

Treffy et al. Page 15

Dev Neurosci. Author manuscript; available in PMC 2017 April 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



positive control staining of the dorsal radial glia in the spinal cord (Fig. 1A, arrowhead). B–
D. LacZ staining in ephrin-B2lacZ mouse embryos. A low level of ephrin-B2 lacZ staining 

was often detected at the serosal surface of fungiform papilla epithelium at E15.5 (B, 

arrowhead) and E16.5. In addition, more intense periodic lacZ staining was found in the 

posterior half (E15.5) and 3/4ths (E16.5, C) of the apical aspect of the dorsal lingual 

epithelium. By E18.5 (D), the ephrin-B2 lacZ staining was continuous along the dorsal 

epithelium of the tongue (arrow), but more apically restricted within fungiform papillae 

(arrowhead). E–E″. Intermittent anti-ephrin-B2 labeling (red, arrows) was evident along the 

oral surface of the lingual epithelium, including fungiform papilla epithelium (arrowheads) 

as early as E14.5 in mouse. F–F″. In E15.5 mouse tongue (F″), anti-ephrin-B2 staining (F′) 

was typically continuous along the dorsal lingual epithelium, including fungiform papilla 

epithelium (arrowheads, F–F″), and did not colocalize with 2H3 anti-neurofilament nerve 

staining (F). G–G‴. Anti-ephrin-B2 labels the serosal surface of a murine E17.5 fungiform 

papilla (G′, arrowhead in G″) that is substantially innervated (G). A combination of two 

monoclonal antibodies, 2H3 and anti-GAP43 was used to detect axons. In the negative 

control in which no primary antibody was applied (G‴), no staining was observed in the red 

channel in fungiform papilla (arrowhead). H–I. In E18 rat tongue, however, ephrin-B2 

labeling (red) was present in fungiform papilla epithelium (arrowheads, H,H′) but also 

colocalized with 2H3/GAP43 labeled afferents (H′, green). This staining was also observed 

when anti-ephrin-B2 was the only antibody used to label the tongue section (I), showing that 

it is not due to “bleed through” or adventitious excitation of the alexafluor 488 that we 

typically use to detect 2H3/GAP43 in the axons. Calibration bar in A = 250 μm; bar in A″ = 

100 μm; bars in B, D, and E″ = 50 μm. Bar in B applies to C and bar in E″ applies to E–I.
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Figure 2. 
Localization of EphB’s, ephrin-B2, and laminin during innervation of the lingual epithelium. 

A–A‴. Anti-EphB1 (A′) and 2H3/GAP43 (A) detect sensory afferents near and within the 

fungiform papilla epithelium in an E18 rat tongue (A″, arrowhead). In A‴, the right panel 

shows 2H3/GAP43 labeling in an E18 fungiform papilla (arrowhead) and the left side shows 

the negative control for EphB1 labeling in which no primary antibody was applied and in 

which no signal was detected. B–B″. A low level of EphB2 immunoreactivity (B′) was also 

detected in lingual afferents labeled with anti-PGP9.5 (B), arrows. An overlay of B and B′ is 

provided in B″, in which the arrowhead designates a fungiform papilla. C–E. In vitro 

labeling of E18 rat geniculate ganglion neurites. Anti-EphB1 (C) and anti-EphB2 (D) 

labeling is evident in geniculate neurites. Anti-ephrin-B2 (E) also weakly labels rat 

geniculate neurites. F–G′. Anti-laminin (F, green) labels the basal lamina beneath the 

epithelium (F, arrow) and the lamina propria at E14.5 in mouse, when afferents (red) are just 

beginning to enter the fungiform papilla epithelium (arrowhead). The distribution of laminin 

(green) is similar at E15.5 (G), after penetration of the papilla epithelium by sensory 

afferents. Note that laminin staining within the papilla epithelium (short arrow) is dimmer 

than the staining in the connective tissue core of the papilla (long arrow). In G′, afferents 

(blue, 2H3/GAP43 staining) and ephrin-B2 immunoreactivity in the epithelium are also 

shown (red). Calibration bar in A = 50 μm and applies to A–F except for C and E, which are 

rendered at 3 fold high magnification, as are G and G′.
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Figure 3. 
Ephrin-B/EphB signaling repels and suppresses geniculate neurite outgrowth. The ephrin 

(En) stripes are designated by asterisks. A–D. Control stripes prepared with human IgG Fc 

(A) and stripes prepared with 2 μg/ml ephrin-B1-Fc (B) are not repellent. Stripes prepared 

with 10 μg/ml ephrin-B1-Fc (C) showed moderate repulsion and stripes prepared with 40 

μg/ml ephrin-B1-Fc (D) showed strong repulsion. E–L. Coverglasses that were uniformly 

coated with 2.5 μg/ml laminin and 0.5 (F), 2 (G), or 10 (H) μg/ml ephrin-B2-Fc exhibited 

dose-dependent suppression of outgrowth relative to control coverglasses (E). Suppression 

was not observed if a higher concentration of laminin (HL, 20 μg/ml) was used in 

combination with the same ephrin-B2-Fc concentrations (I–L). Calibration bar = 200 μm.
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Figure 4. 
Ephrin-B/EphB repulsion and suppression of geniculate neurites are significant, independent 

of the neurotrophin used to promote growth, and reduced by high laminin. A,B. The ratio of 

the maximum outgrowth length in the test stripe to the maximum outgrowth length in the 

control stripe is plotted (see Methods). If the ratio for ephrin-B-Fc coverglasses is 

significantly less than for control coverglasses, we infer that the ephrin stripes are repellent. 

Ephrin-B1-Fc (EnB1, green bars) and ephrin-B2-Fc (EnB2, blue bars) stripes repel 

geniculate neurites dose-dependently at E15 (A) and at E18 (B) when the coverglasses are 

coated with 2.5 μg/ml laminin. Similar results are obtained when NT4 is used to promote 

outgrowth (purple bars). Statistical significance (p < 0.05) was determined by ANOVA in 

combination with a Tukey post-hoc adjustment. * = significantly different from the control 

stripe ratio, ** = significantly different from the control ratio and 2 μg/ml stripe ratio, *** = 

significantly different from all other ratios in the set. C. Repulsion of E18 geniculate 

neurites by ephrin-B2-Fc stripes is significantly decreased (p < 0.05, Student’s t-test) when 

coverglasses are coated using a high laminin concentration (HL, 20 μg/ml) vs. low laminin 

(LL, 2.5 μg/ml), regardless of whether BDNF (blue bars) or NT4 (purple bars) is used to 

promote outgrowth. D,E. On coverglasses that are uniformly coated with ephrin-B-Fc’s, a 

low concentration of ephrin-B1-Fc (green bars) or ephrin-B2-Fc (blue or purple bars) (0.5 

μg/ml) did not promote geniculate neurite outgrowth, and higher concentrations (2–10 

μg/ml) suppressed outgrowth at E15 (D) and E18 (E). F,G. If a high concentration of 

laminin (20 μg/ml) is used in combination with uniform coatings of ephrin-B-Fc’s, 
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suppression by ephrin-B-Fc’s is blocked at E15 (F) and at E18 (G). A small increase in 

outgrowth was observed for the high laminin condition at E18 when 10 μg/ml ephrin-B1-Fc 

was used to coat the coverglasses. Statistical significance (p < 0.05) was determined by 

ANOVA in combination with a Tukey post-hoc adjustment. * = significantly different from 

the control average, ** = significantly different from the control ratio and 0.5 μg/ml average, 

*** = significantly different from all other averages in the set. In addition to the *-

designated significant differences, there were two instances in which neurite outgrowth on 2 

μg/ml ephrin-Fc coated coverglasses was significantly different from that on 0.5 μg/ml 

ephrin-Fc coated coverglasses but not control coverglasses: E (ephrin-B2-Fc, low laminin, 

NT4, purple bars); and G (ephrin-B1-Fc, high laminin, BDNF, green bars). The number at 

the base of each bar is the n value for that condition.
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Figure 5. 
Gustatory innervation of fungiform papillae is reduced in EphB1−/−/EphB2−/− mice. 

Geniculate afferents were labeled by applying DiI at the geniculate ganglion in fixed 

embryos (see Methods). A. In E13.5 wild type (WT) mice (A) we observed extensive nerve 

labeling, presumably just below the dorsal epithelium. EphB1−/−/EphB2−/− mice exhibited 

the same pattern of innervation, but labeling was somewhat less intense. B. At E15.5, after 

the afferents have entered the fungiform papilla epithelium, EphB1−/−/EphB2−/− mice again 

exhibit a slight decrease in the amount of innervation. C. At E17.5 there was qualitatively 

much less innervation by geniculate axons in EphB1−/−/EphB2−/− mice than in wild type 

mice. To quantify this phenomenon we prepared parasagittal vibratome sections of the E17.5 

tongues and measured the width of the nerve bundle just below the point of arborization 

within the pre-taste bud (arrowheads in insets). The average thickness of DiI labeled 

geniculate nerve bundles was significantly less in mutant tongues than wild type tongues 

(see Results). Calibration bar in A = 500 μm and applies to A–C, except the insets in C, in 

which the calibration bar = 25 μm.
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