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            Abstract
In mammals, taste buds typically contain 50â€“100 tightly packed taste-receptor cells (TRCs), representing all five basic qualities: sweet, sour, bitter, salty and umami1,2. Notably, mature taste cells have life spans of only 5â€“20 days and, consequently, are constantly replenished by differentiation of taste stem cells3. Given the importance of establishing and maintaining appropriate connectivity between TRCs and their partner ganglion neurons (that is, ensuring that a labelled line from sweet TRCs connects to sweet neurons, bitter TRCs to bitter neurons, sour to sour, and so on), we examined how new connections are specified to retain fidelity of signal transmission. Here we show that bitter and sweet TRCs provide instructive signals to bitter and sweet target neurons via different guidance molecules (SEMA3A and SEMA7A)4,5,6. We demonstrate that targeted expression of SEMA3A or SEMA7A in different classes of TRCs produces peripheral taste systems with miswired sweet or bitter cells. Indeed, we engineered mice with bitter neurons that now responded to sweet tastants, sweet neurons that responded to bitter or sweet neurons responding to sour stimuli. Together, these results uncover the basic logic of the wiring of the taste system at the periphery, and illustrate how a labelled-line sensory circuit preserves signalling integrity despite rapid and stochastic turnover of receptor cells.
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                    Figure 1: SEMA3A is expressed in bitter TRCs.[image: ]


Figure 2: Removal of SEMA3A from bitter TRCs increases the population of multi-tuned bitter geniculate neurons.[image: ]


Figure 3: Rewiring of bitter geniculate ganglion neurons.[image: ]


Figure 4: Rewiring of sweet geniculate ganglion neurons.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Expression profiling of fluorescently labelled TRC populations identifies candidate signalling molecules enriched in bitter TRCs.
a, Confocal microscopy images of circumvallate papilla taste buds from a TRPM5â€“BFP (labelling sweet and bitter TRCs32, pseudo-coloured red); T2R32â€“GFP (labelling bitter TRCs) double-labelled transgenic mouse. These are the animals used in the profiling of sweet/umami and bitter TRCs. Note the expected co-expression of bitter taste receptors and a subset of TRPM5+ cells (right; TRPM5+, but T2Râˆ’ TRCs are indicated by asterisks). b, Taste bud from a TRPM5â€“BFP transgenic mouse showing co-expression of the BFP reporter (pseudo-coloured red) and PLCÎ²2 (a marker of sweet, umami and bitter TRCs32, green). c, Taste bud from a PKD2L1â€“TdTomato transgenic animal demonstrating expression of the TdTomato reporter (red) in sour TRCs (marked by CAR4 (ref. 34), green). d, qRTâ€“PCR illustrating the relative expression of several candidate connectivity molecules in bitter, sweet and sour TRCs. Data are presented as meanâ€‰+â€‰s.e.m. relative to the expression levels in the whole circumvallate papilla (referred to as taste tissue); nâ€‰=â€‰3.


Extended Data Figure 2 Expression of semaphorin receptors in geniculate ganglion neurons.
a, qRTâ€“PCR analysis showing expression of candidate SEMA3A receptors5,6 (Nrp1, Plxna3 and Plxna4) and SEMA7A receptors5,6 (Itgb1 and Plxnc1) in the geniculate ganglia. P2x3 (also known as P2rx3) and T1r3 were used as controls for geniculate ganglia35 and TRC9 tissue integrity, respectively. Nrp1, neuropilin 1; Plxna3, plexin A3; Plxna4, plexin A4; Itgb1, integrin Î²1; Plxnc1, plexin C1. Data are presented for each gene as its relative abundance in the ganglia compared to TRCs. Values are meanâ€‰+â€‰s.e.m. (nâ€‰=â€‰3). bâ€“d, Confocal microscopy images of immunostaining illustrating the expression of NRP1 (c) and PLXNC1 (d) in subsets of geniculate ganglion neurons. b, The anatomy of the ganglion highlighting the location of fibre tracks.


Extended Data Figure 3 Targeted misexpression of SEMA3A and SEMA7A.
a, Confocal microscopy images of circumvallate papilla taste buds from a T1r3::SEMA3A mouse demonstrating transgene expression (marked by Flag tag; green) in T1R3-expressing TRCs (red). b, The SEMA7A transgene of T2r::SEMA7A animals (green) is expressed in a subset of TRCs not overlapping with T1R3 (red). c, SEMA7A (green) in Pkd2l1::SEMA7A animals is expressed in sour TRCs (marked by CAR4, red).


Extended Data Figure 4 Responses of ganglion neurons in T1r3::SEMA3A mice.
a, Dose responses to sweet and bitter in control and T1r3::SEMA3A mice. The number of cells that respond at each stimulus concentration is shown, cells are classified by their response profile (that is, sweet-responding, bitter-responding or sweet-bitter responding). Note that the tuning profiles are maintained at all three sweet and bitter concentrations, including extremely high concentrations of bitter10 and sweet9. Control, nâ€‰=â€‰58 cells; T1r3::SEMA3A, nâ€‰=â€‰34 cells. b, Responses are similar for different tastants within a modality. Tuning properties of bitter- and sweet-responding neurons in the T1r3::SEMA3A animals to two structurally different bitter- and sweet-tasting chemicals are shown. Quinine (5â€‰mM), cycloheximide (Cyx, 100â€‰Î¼M), AceK (30â€‰mM) and sucrose (300â€‰mM). Control, nâ€‰=â€‰178 bitter-responding cells, nâ€‰=â€‰227 sweet-responding cells (seven mice). T1r3::SEMA3A, nâ€‰=â€‰130 bitter-responding cells, nâ€‰=â€‰165 sweet-responding cells (five mice).


Extended Data Figure 5 Aversion to bitter tastants is impaired in T1r3::SEMA3A;Sema3aM/M mice.
a, Doseâ€“response to the bitter quinine in control and Sema3aM/M-mutant mice. Animals were tested using a brief-access lick assay as previously described10. The relative fraction of licks to each concentration of quinine is shown (0.25â€‰mM, 0.5â€‰mM, 1â€‰mM, 2â€‰mM, 4â€‰mM). Control, nâ€‰=â€‰4; Sema3aM/M, nâ€‰=â€‰5; mean Â± s.d. b, c, Targeting bitter neurons to sweet TRCs results in a significant loss of bitter taste sensitivity (see also Fig. 3f). b, The graphs show the relative fraction of licks to water and to two different concentrations of PROP in control and T1r3::SEMA3A;Sema3aM/M animals. c, The graphs show the relative fraction of licks to water and to two different concentrations of denatonium in control and T1r3::SEMA3A;Sema3aM/M animals. nâ€‰=â€‰3, meanâ€‰+â€‰s.d., **Pâ€‰<â€‰0.01, Studentâ€™s two-tailed, unpaired t-test. d, Chorda tympani whole-nerve recording32 in control and T1r3::SEMA3A;Sema3aM/M-mutant mice. Responses were normalized to 60â€‰mM NaCl (nâ€‰=â€‰3, meanâ€‰+â€‰s.d.). Note that whole-nerve responses to bitter and sweet are unchanged, probably because nerve recording measures bulk neural activity, further highlighting the importance of recording single-neuron activity; GCaMP-based imaging of ganglion activity is markedly more informative than whole-nerve, or even single-fibre physiological recordings, because it allows simultaneous sampling of large numbers of neurons with single-cell selectivity.


Extended Data Table 1 The distribution of geniculate ganglion neurons according to their responses to each of the five basic taste qualities in SEMA3A-mutant and control animalsFull size table


Extended Data Table 2 The distribution of geniculate ganglion neurons according to their responses to each of the five basic taste qualities in T1r3::SEMA3A-transgenic and control animalsFull size table


Extended Data Table 3 The distribution of geniculate ganglion neurons according to their responses to each of the five basic taste qualities in T2r::SEMA7A, wild-type controls and Pkd2l1::SEMA7A-transgenic animalsFull size table
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Taste cells experience a very rapid turnover, having life spans of only 5 to 20 days, but it is not yet known how the constantly replenishing taste cells re-establish appropriate connections with their respective ganglion neurons. Here, Charles Zuker and colleagues reveal that taste receptor cells make connections with neurons representing the same taste quality based on the different axon guidance molecules expressed by each taste receptor cell type. To demonstrate this molecular logic, the authors forced a sweet taste receptor cell to establish a connection with a bitter taste quality neuron simply through the ectopic expression of the bitter guidance molecule in the sweet taste receptor cell. These findings provide insights into how the gustatory system remains organized and specific despite experiencing cell turnover on such a large scale.
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