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Abstract

Chemical synapses between taste cells were first proposed based on electron microscopy of fish 

taste buds. Subsequently, researchers found considerable evidence for electrical coupling in fish, 

amphibian, and possibly mammalian taste buds. The development of lingual slice and isolated 

cell preparations allowed detailed investigations of cell-cell interactions, both chemical and 

electrical, in taste buds. The identification of serotonin and ATP as taste neurotransmitters focused 

attention onto chemical synaptic interactions between taste cells. Research on electrical coupling 

faded. Findings from Ca2+ imaging, electrophysiology, and molecular biology indicate that 

several neurotransmitters, including ATP, serotonin, GABA, acetylcholine, and norepinephrine, 

are secreted by taste cells and exert paracrine interactions in taste buds. Most work has been done 

on interactions between Type II and Type III taste cells. This brief review follows the trail of 

studies on cell-cell interactions in taste buds, from the initial ultrastructural observations to the 

most recent optogenetic manipulations.
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This tale begins with a pet swordtail fish, limply swimming upside down in an aquarium 

in Prof. Klaus Reutter’s laboratory. Recognizing that the fish was near its end, Reutter 

anesthetized, fixed, and embedded the swordtail for histological inspection. Captivated by 

the structural beauty of the fish’s taste buds, Reutter went on to study the ultrastructure of 

these gustatory end organs. His ultrastructural analyses on the bullhead catfish (Amiurus 
nebulosus [Lesueur]) [1,2] were the first to identify putative chemical synapses between 

adjacent cells in taste buds. He speculated that in catfish, excitation of one taste cell is 

“intensified or is coordinated” with activity in adjacent cell(s) prior to transmitting signals 
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to the CNS, articulating the first suggestion that there might be signal processing in the 

peripheral sense organs of taste.

Cell-cell synaptic interactions and paracrine synaptic transmitters have since been identified 

using physiological techniques. Shortly after the ultrastructural identification of chemical 

synapses between taste bud cells, researchers also uncovered possible electrical coupling. 

Namely, by penetrating adjacent cells in the large taste buds of the amphibian, Necturus 
maculosus with sharp, dye-filled microelectrodes, West et al [3] and Yang et al [4] observed 

electrical- and dye-coupling, presumably via gap junctions between taste bud cells (Fig. 1a). 

Similarly, researchers reported dye-coupling between taste cells in catfish and frogs [5,6]. 

The concern that this electrical- and dye-coupling between taste cells might be an artifact 

from cell damage during microelectrode penetrations was dispelled by studies where two 

dyes of differing molecular dimensions (Lucifer Yellow, rhodamine dextran) were injected 

into single taste bud cells in Necturus. The larger molecule (rhodamine dextran) remained 

trapped in the one cell, while the smaller, Lucifer yellow, penetrated into adjacent cells 

presumably via gap junctions [4]. Subsequently, Bigiani et al [7–9] extensively studied 

coupling between Necturus taste bud cells with patch clamp recordings in a lingual slice 

preparation. Electrical coupling in these taste buds is quite widespread (~20% of taste cells 

are coupled, [4,7]) and coupling is strong (80–90% of signal is transmitted across the 

junctions [9]) (Fig. 1b). Coupling was strongly reduced by acid (sour) stimuli or octanol [8], 

agents known to block electrical synapses [10,11].

Soon after these findings on cell coupling in fish and amphibian taste buds were published, 

Yoshii [12] briefly reported data on cell-cell communication via gap junctions in mouse taste 

buds. This was consistent with earlier findings using freeze fracture electron microscopy that 

had revealed structures resembling gap junctions in rat taste buds [13]. These two studies 

provided evidence, albeit limited, for electrical coupling in mammalian taste buds.

Since Yoshii’s publication, there have been many descriptions of gap junction channel 

protein (connexin) expression in mouse taste buds. Curiously, however, these reports 

have focused exclusively on the role that these channels might play in secreting the 

neurotransmitter ATP from taste bud cells. The existence of electrical coupling between 

taste bud cells was overshadowed and apparently forgotten. To sum up the expression data, 

RT-PCR and immunostaining reveal a number of connexins, mainly in Types I and II, but 

not Type III taste cells, in fungiform, valate, and foliate taste buds [14–16]. Cx 43 and Cx 

30 are often reported as being present, but as Huang et al [14] point out, these connexins 

are strongly expressed in surrounding, non-taste epithelium; their presence in preparations of 

isolated taste cells or dissected taste tissue might readily be explained by contamination.

Perhaps more convincingly, Sukumaran et al [17] published single cell transcriptome data 

from mouse valate taste buds that revealed a number of connexins (Cx26,30,31,31.1,40,43) 

expressed in Type II cells. Further, RNAseq analyses on pools of identified Type I, II, and III 

taste bud cells from mouse fungiform taste buds reported strong expression of Cx47 in Type 

II cells (unpublished data, Dvoryanchikov and Chaudhari). Interestingly, Cx43 or Cx30, 

were not detected, a finding that differs from Sukumaran et al (ibid.), but that is consistent 

with immunostaining and RT-PCR data [14].
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Lastly, Romanov et al [18] provided electrophysiological evidence for the expression of 

(unspecified) gap junction connexin hemichannels in Type II mouse taste buds. That study 

was conducted on isolated taste bud cells and thus does not provide information, either for or 

against, about gap junctions in situ.

In sum, there is abundant, albeit fragmentary evidence, including ultrastructural, molecular, 

and functional, for dye- and electrical coupling between taste bud cells. The specific 

connexins that might comprise putative gap junctions in taste buds are not known with 

confidence. Evidence for cell-cell coupling in taste buds is most compelling in fish and 

amphibia. Electrical coupling in mammalian taste buds has not yet been studied at the same 

level of detail. Electrical- and dye-coupling between mammalian taste bud cells clearly 

needs to be measured with the same care and attention as has been done in fish and 

amphibia1.

In the years following the discovery of gap junction coupling between taste cells, the 

identification of ATP and serotonin as taste transmitters [23,24] and reports of paracrine 

synaptic interactions in taste buds [25–37] have dominated the field and drawn attention 

away from electrical coupling. Detailed experimentation has led to the realization that taste 

cells communicate among themselves within the taste bud via paracrine neurotransmitters 

while at the same time (or preceding) transmitting signals to the CNS via gustatory primary 

afferent fibers. The principal taste bud transmitter, ATP, not only excites primary afferent 

terminals but also acts as an autocrine (positive feedback) transmitter, possibly to boost 

taste-evoked transmitter release [37]. Type II taste cells release ATP [14,15]. Degradation of 

ATP to adenosine during taste transmitter secretion produces another excitatory transmitter, 

adenosine, that also stimulates Type II taste cells [29], perhaps in an autocrine manner 

(self-feedback) or by acting on neighboring cells (paracrine excitation). Acetylcholine 

(ACh), GABA, and norepinephrine (NE) are additional transmitters released during taste 

stimulation [30,34,38]. ATP, adenosine, and ACh are released by Type II cells and appear 

to be excitatory transmitters, while GABA and serotonin, secreted by Type III taste bud 

cells, are inhibitory to Type II cells [33,35,36,39]. Lastly, glutamate, released from primary 

sensory afferent collaterals (“axon reflex”) [40] or from postulated efferent fibers [41], 

excites Type III cells. By exciting Type III cells and eliciting 5-HT release, glutamatergic 

feedback ultimately inhibits transmitter (ATP) secretion from Type II cells [40]. Figure 2 

summarizes these interactions.

Notably, for clarity, Figure 2 leaves out intercellular communication via electrical 

synapses. It also does not include putative cell-cell transmission in taste buds via peptide 

neurotransmitters [26,43–45] or collateral branches of primary afferent fibers that innervate 

both Type II and Type III taste cells [46].

1Parenthetically, apart from the work of Akisaka et al [13], careful and detailed ultrastructural analyses of rat and mouse circumvallate 
taste buds, including 3D reconstructions from high voltage electron microscopy and scanning electron microscopy of serial blockface 
sections [19–22] have failed to reveal conventional gap junctions between taste cells. This is not unexpected, however, given that 
none of these latter studies used freeze-fracture methodologies that would reveal gap junctions [13]. Moreover, large plaques that 
characterize gap junctions in other tissues would not be needed to explain the extent of dye- and electrical coupling between taste bud 
cells [9].
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Precisely how paracrine transmitters and electrical synapses shape the output from taste buds 

during gustatory stimulation remains to be elucidated. Some years ago, Ewald et al [47] took 

advantage of the large taste cells in the amphibian, Necturus maculosus to explore cell-cell 

transmission in taste buds.

They concurrently impaled and recorded activity in two adjacent taste bud cells—a receptor 

cell and a serotonergic basal taste cell—imaged in a lingual slice preparation2. In 16% of the 

recordings where two adjacent taste cells were impaled with microelectrodes, depolarizing 

the receptor cell evoked small responses in the other (serotonergic) cell, suggestive 

of excitatory synaptic coupling3. Importantly, the converse experiment—stimulating the 

serotonergic basal cell—elicited a slow, prolonged hyperpolarization of the receptor cell 

(Fig. 3a). Moreover, the receptor cell hyperpolarization was mimicked by bath-applying 

serotonin (Fig. 3b). These data foreshadowed later experiments on mammalian taste 

buds that indicate that serotonergic taste cells (Type III) exert feedback inhibition onto 

neighboring Type II receptor cells (summarized in Fig. 2; also see below). Intriguingly, 

Ewald et al [47] stated that their study “suggests that there is extensive synaptic convergence 

from receptor cells onto each (serotonergic) basal cell”, a conclusion that was independently 

reached for mammalian circumvallate taste buds some 13 years later [50].

As noted above, during taste activation, Type III taste bud cells secrete serotonin and 

GABA and these transmitters inhibit neighboring Type II taste receptor cells (Fig. 2). 

Recently, Vandenbeuch et al [51] designed experiments to stimulate Type III cells selectively 

using optogenetic techniques and determine how activating these cells modulates gustatory 

responses from taste buds. They genetically engineered mice to express the light-sensitive 

ion channel, channelrhodopsin (ChR2), in Type III cells, allowing the researchers to activate 

those cells with brief pulses of blue light. Specifically, Vandenbeuch et al [51] excited Type 

III cells during taste stimulation with sweet, bitter, salty, or sour tastants applied to the 

tongue. They monitored tastant-evoked signals by recording electrical activity in the chorda 

tympani nerve. Findings summarized above would predict that selectively stimulating Type 

III cells would inhibit taste cells and reduce signal output during gustatory stimulation. 

Indeed, this is precisely what they found. Blue light pulses projected onto the tongue during 

sweet, bitter, salty, or sour (acid) taste stimulation reduced nerve activity in the chorda 

tympani compared to when these gustatory stimuli were applied in the absence of light 

pulses (Fig. 4).

The ability of selective (optogenetic) activation of Type III cells to reduce the sweet and 

bitter taste-evoked signals [51] by could be explained by the interactions summarized in 

Figure 2 and by the fact that sweet and bitter tastes primarily activate Type II cells. 

Interpreting how stimulating Type III cells reduced acid- and salt-evoked signals is a bit 

more problematic. Acids (sour taste) directly activate Type III cells; the cells underlying 

salt taste are still being identified. Perhaps simultaneous activation of Type III cells by 

2Ewald et al [47] termed the serotonergic cell a “basal” cell, not to be confused, with undifferentiated progenitor taste cells. The 
serotonergic “basal” taste cells in Necturus taste buds may be analogous to Type III taste cells in mammalian taste buds [48,49], 
though homology has not been established.
3Importantly, hyperpolarizing receptor cells failed to show basal cell responses, consistent with chemical, not electrical synaptic 
connections between receptor and “basal” cells.
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optogenetic and taste stimulation is not additive, as the authors explain [51]. Alternatively 

(or additionally), GABA and serotonin secreted by Type III cells may exert an autocrine 

(self) inhibition. Further, the ability of acid stimuli block gap junctions [8] may contribute to 

the observed inhibition4.

Looking forward, one possible way to resolve the question of cell-cell interactions 

and signal processing in taste buds during gustatory stimulation will be to combine 

finer-resolution electrophysiological recordings (e.g., single fiber activity in the chorda 

tympani nerve) or functional imaging of sensory ganglion neurons with optogenetic 

stimulation of Type III cells, and to use pharmacological agents to block GABAergic and 

serotonergic signaling. Given the paucity of information about the molecular composition 

of gap junctions, it is not yet possible to engineer knockout mice that would lack the 

appropriate connexons or to propose specific antagonists to reduce electrical coupling 

between taste cells to test a role of gap junctions. In any case, a formidable challenge to 

any pharmacological manipulations of cell-cell interactions, whether chemical or electrical, 

in taste buds is the presence of a robust barrier protecting taste bud cells from many 

topically-applied or injected agents [54,55].

Summary and conclusions:

There is a rich variety of synaptic interactions among cells within the peripheral end organs 

of taste. These include electrical and chemical contacts, paracrine and autocrine synapses, 

feed forward and feedback influences, and excitatory and inhibitory transmission. Figure 

5 summarizes this cell-cell communication in taste buds. How these interactions shape the 

signals generated in taste buds during gustatory stimulation remains to be explicated.
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FIGURE 1. Dye- and electrical coupling between taste bud cells in the amphibian, Necturus 
maculosus.
a, three taste cells were dye-filled after injecting cell 1 with Lucifer yellow (cells 1, 

2 are slightly superimposed). Modified from [4]. b, Whole-cell currents recorded from 

an electrically-coupled taste receptor cell in Necturus maculosus. Current from an action 

potential in the patched cell (initial inward transient current) was transmitted to and excited 

a neighboring taste cell, seen as the second, smaller and slower transient inward current 

(arrow). The patched cell was excited by momentarily stepping the membrane potential from 

a holding potential of −80 mV to −20 mV. Modified from [9].
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FIGURE 2. Schematic diagram summarizing feedforward and feedback signaling in mammalian 
taste buds.
The diagram shows the three principal types of taste bud cells. Type I cells express 

NTPDase2 on their surface (x). NTPDase2 is an ecto-ATPase that degrades ATP released 

during taste excitation. Type II cells express G protein–coupled taste receptors for sweet, 

bitter, or umami taste compounds. Taste stimulation evokes ATP secretion from Type II 

cells. By activating P2Y and P2X purinergic receptors, ATP excites (a) gustatory primary 

afferent fibers (shown at bottom), (b) neighboring Type III taste bud cells, and (c) (via 

autocrine feedback) Type II cells, as shown above in red. ATP released during taste 

stimulation is degraded to ADP and adenosine (Ado), both of which along with ATP serve 

as autocrine positive feedback signals. Type II cells also release acetylcholine (ACh) as 

autocrine feedback. Type III cells make synaptic contacts with nerve fibers and secrete 
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serotonin (5-HT) (and norepinephrine, not shown). Type III cells also release GABA when 

stimulated by acids (sour tastants). GABA and 5-HT from Type III cells inhibit Type II cells, 

shown above in blue. Type III cells also express ecto-nucleotidases (*), NT5E and prostatic 

acid phosphatase, that convert AMP to adenosine. Lastly, glutamate, possibly released from 

axon collaterals of primary afferent fibers or efferent innervation [40,41], activates Type III 

cells. Not shown are gustatory primary afferent fibers with branches that innervate both Type 

II and Type III taste cells [46]. Receptors for ATP, ADP, adenosine, acetylcholine, GABA, 

glutamate, and 5-HT are identified in the target sites. For clarity, peptidergic interactions 

have been omitted. From ref [42].
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FIGURE 3. Synaptic transmission between taste bud cells in lingual slices from Necturus 
maculosus.
a, Intracellular recording from a taste bud receptor cell. Repeated focal application of a 

salt taste stimulus (KCl) to the taste pore elicits repeated large receptor potentials. [Taste 

stimuli were alternated with brief hyperpolarizing constant current pulses (not shown) to 

monitor the input resistance, resulting in the small ~5 mV hyperpolarizations shown in 

the trace]. During the shaded interval, an adjacent serotonergic basal cell was excited by 

injecting depolarizing current through a second intracellular microelectrode (5 pulses, 1 

sec duration, dashes). The resting potential of the taste receptor cell (red) shows the slow 

hyperpolarization evoked by basal cell stimulation. N.B. the membrane resistance also 

increases (i.e., heightened responses to brief hyperpolarizing current pulses and KCl-evoked 

receptor potentials). b, A different taste bud receptor cell, similar presentation as in a with 
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apical focal KCl stimulation and brief hyperpolarizing constant current pulses. Here, bath

applying 100 μM serotonin (5-HT, shaded region) mimics the hyperpolarization produced by 

stimulating an adjacent basal cell in a. Calib, 10 mV, 10 sec. Modified from [47].
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FIGURE 4. Effect of optogenetically stimulating Type III taste bud cells.
a, Representative integrated chorda tympani responses to 500 mM sucrose applied to 

the tongue before (left) and during optogenetic stimulation (right, “light”) in a mouse 

that expressed channelrhodopsin in Type III taste bud cells. Amplitudes of taste-evoked 

responses are shown by shaded bars, red lines. Baseline during lightevoked response without 

taste stimulation (not shown) shown by dashed line. b, percent reduction of taste-evoked 

responses during Type III cell activation (sucrose 500 mM; quinine 10 mM; NaCl 100 mM; 

citric acid 10 mM). Each symbol represents a different animal for each tastant. Bars show 

averages ± s.e.m. All responses normalized to responses to NH4Cl 100 mM. Statistical 

significance based on single sample t-tests: *P < 0.05; **P < 0.01; ***P < 0.001. Modified 

from [51].
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FIGURE 5. Summary of cell-cell interactions in taste buds.
Red symbols indicate excitatory interactions; blue, inhibitory. Specific taste bud cell type(s) 

and the transmitters involved have not been identified for clarity and simplification. Details 

in text.
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