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Abstract

When solid or liquid stimuli contact the tongue tip during eating, the sensations of taste, touch and
temperature are immediately evoked, and tongue function relies on these simultaneous multimodal
responses. We focus on the fungiform papilla of the anterior tongue as a complex organ for taste,
tactile and thermal modalities, all via chorda tympani nerve innervation from the geniculate
ganglion. Rather than a review, our aim is to revise the classic archetype of the fungiform as
predominantly a taste bud residence only and instead emphasize an amended concept of the papilla
as a multimodal organ. Neurophysiological maps of fungiform papillae in functional receptive
fields demonstrate responses to chemical, stroking and cold lingual stimuli. Roles are predicted for
elaborate extragemmal nerve endings in tactile and temperature sensations, and potential functions
for keratinocytes in noncanonical sensory signaling. The fungiform papilla is presented as a
polymodal lingual organ, not solely a gustatory papilla.
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Introduction

The instantaneous and simultaneous sensations of taste, touch and temperature when solid or
liquid stimuli contact the tongue tip are necessary for eating. Once in contact with the tip,
potential food stimuli are manipulated by licking and tongue movements to create a bolus,
relying on co-attendant saliva secretion [1,2]. The detection and recognition of oral sensory
stimuli are transformed into perceptions related to flavor via central projections.

Corresponding author: Charlotte M. Mistretta, Department of Biologic and Materials Sciences, School of Dentistry, University of
Michigan, Ann Arbor, M1 48109 United States, chmist@umich.edu, telephone: 734 647-3911.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

CONFLICT OF INTEREST STATEMENT
Nothing declared.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mistretta and Bradley Page 2

The tongue is clearly reliant on multimodal sensation to execute lingual functions. Our
premise here is that the fungiform papilla (FP), and chorda tympani innervation only, is a
complete multimodal organ on the anterior tongue for taste, gentle touch, and moderate
temperature reception that serves principally to transmit sensations for eating. The FP has a
dual innervation: the chorda tympani nerve with soma in the geniculate ganglion (GG)
directed to taste buds and the immediate perigemmal surround, and the lingual nerve with
soma in the trigeminal ganglion (TG) directed mainly to papilla walls.

We propose a re-conceptualization of the classic archetype of the FP as a gustatory organ
that functions via chorda tympani fibers responding principally to taste stimuli and
separately via lingual nerve fibers responding principally to touch and temperature stimuli.
The FP and chorda tympani innervation should no longer be considered as simply a taste
papilla, but rather as a taste and somatosensory organ or polymodal sensory papilla. For
optimal sensitivity that colocates taste, touch and temperature responses, one organ with
innervation from functional subsets of neurons in one ganglion, the GG, is adaptive for
eating. On the other hand, the lingual nerve innervation in FP is especially dedicated to
responding to irritant chemicals, and noxious tactile or thermal stimuli.

Our re-conceptualization of the FP is based on emerging data in the taste field and is not
intended as a review. In earlier recordings from the chorda tympani nerve, innervating
anterior tongue taste buds, responses to chemical, temperature and tactile lingual stimulation
were shown [3,4]. Only recently, however, have responses from the intact nerve itself been
experimentally separated from taste bud responses, with the potential for long term
experiments and recovery [5,6]. Taste buds require Hedgehog (HH) signaling for
development, homeostasis and regeneration [7,8]. When signaling from the HH pathway is
repressed or blocked in the tongue epithelium, genetically [9] or pharmacologically [5], taste
buds are eliminated from the tongue. There are selective effects of signaling inhibition in
proliferation and differentiation in FP without widespread cell death or loss of ganglion cells
[6-9]. With restoration of signaling, effects are rapidly reversible. Throughout, the nerves
that innervate the taste buds are retained [5-7, 9]. Therefore, it is possible to study chorda
tympani nerve responses with intact taste buds or without taste buds. Recordings from the
chorda tympani after taste bud elimination demonstrate that responses to chemical stimuli
are lost (as the taste buds are lost) but responses to tactile and temperature responses remain
[5,6,10] (Figure 1). Thus the fungiform papilla is a complex organ that robustly subserves
taste, touch and temperature modalities in the anterior tongue, all via the chorda tympani
nerve innervation alone.

What is the fungiform papilla and where are these papillae located?

The anterior tongue is rich in polysensory fungiform papillae (FP) that inform about taste,
touch and temperature. In rat over 50% of the 187 FP are on the tongue tip with a gradual,
posterior reduction in density [11] (Figure 2A). A similar FP distribution is seen in other
mammals, including cat, sheep and human [12]. The high FP density at the tip, combined
with mobility of the free tongue, underlies the fundamental role of the anterior tongue in
initial stimulus identification [13]. Although rat, mouse, hamster and gerbil FP contain a
single taste bud each, cat, sheep, primate and human FP may contain from 1 to 20 taste buds
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[12]. Thus, the concentrated FP distribution also indicates high taste bud density on the
lingual tip, dedicated to inceptive oral stimulus processing.

The dome-shaped FP is covered with keratinocytes of a stratified squamous epithelium and
incorporates taste buds (Figure 2A). The epithelium and taste buds encompass a connective
tissue corpus populated with fibroblasts, inflammatory cells, blood vessels, nerves and
extracellular matrix molecules. Around the fungiform are spinous, heavily keratinized, non-
gustatory filiform papillae [8]. The chorda tympani nerve fibers are directed to innervate
taste bud cells in the FP, and also innervate perigemmal non-taste bud or extragemmal
epithelial cells, with soma in the GG. The fibers of the lingual nerve are directed to non-taste
bud regions of the FP, with soma in the TG. Although the extragemmal endings in fungiform
papillae had been attributed to the lingual fibers from TG neurons [14], in other papers these
projections are identified as chorda tympani endings from the GG with Phox2b, P2X3 and
Shh labeling [6-8,15]. Some sympathetic innervation also is proposed (15).

How are fungiform papillae connected to peripheral nerve and ganglion

elements? Fungiform papilla receptive fields

Multimodal responses from chorda tympani fibers in fungiform papillae can be understood
through study of all papillae in a receptive field. The sensory receptive field, or receptor
elements connected to a single neuron that transmits to the central nervous system, identifies
the organs and tissue area committed to a neuron [16]. Receptive field properties determine
responses of projecting neurons and shape sensory circuits. For the fungiform papillae (FP)
and taste buds, receptive field identifications can be made from chorda tympani nerve fibers
or from GG neurons. Taste buds and FP converge via branches onto single chorda tympani
fibers, and chorda fibers converge onto single GG soma (Figure 2B).

In general, several FP are innervated by branching, single chorda tympani fibers (and see
Ohman and Krimm, this issue). Receptive field size ranges widely [17-21] from up to 8
papillae in rat [21] and as many as 40 papillae per field in sheep [20]. Not only do afferent
fibers branch to individual FP but also a single taste bud and FP can be innervated by a
number of GG neurons [22,23].

Study of GG neurons elucidates receptive field characteristics of the projecting neurons per
se. In prior investigations of GG responses to tongue stimulation, the emphasis had been
mainly on use of chemicals with limited attention to thermal or mechanical stimulation alone
[24,25]. To address potential multimodality of GG receptive fields, individual FP were
mapped during extracellular single neuron recordings with electrical stimulation of single
papillae [26]. Then chemical, thermal, and tactile stimuli were applied to characterize
response properties of the neuron and receptive field.

There were unique multisensory characteristics of GG neurons projecting to chorda tympani
receptive fields [26]. Receptive field sizes varied from 2 to 8 FP. Subsets of neurons were
observed that responded only to: chemical; chemical and thermal; thermal; or tactile stimuli
(Figure 3). The largest receptive fields responded to chemicals whereas those responding
specifically to thermal and tactile stimulation were smallest. Thermal responses were to cold
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stimuli, not warm. Responses to tactile stimuli were elicited by tongue stroking only.
Pressure applied to a single fungiform papilla was ineffective.

We predict that the functional GG groups will relate to GG transcriptome signatures. With
RNA sequencing, GG neurons were profiled broadly into gustatory (soma of chorda tympani
and/or greater superficial petrosal nerves) and somatosensory (soma of ear pinna
innervation) groups [27]. One cluster of gustatory neurons also expressed genes
characteristic of mechanoreception [27]. Newer transcriptome data expand the earlier report
and indicate that the proposed gustatory-mechanosensitive neurons innervate papillae but not
taste buds, express the mechanosensitive channel Piezo2, have axons that form P2X3+
perigemmal specializations, and are hypothesized as transducing mechanical stimuli
(Rosales et al. International Symposium on Olfaction and Taste, 2020). Also, in an
independent study with transcriptional profiling of Phox2b-expressing, GG gustatory
neurons, several ganglion clusters were defined that include a possible mechanosensitive
gustatory cluster that expressed Phox2band Piezo2[28].

Receptive fields of fungiform papillae (FP) innervated by TG neurons.

Each FP is also innervated by lingual nerve fibers of the TG soma, although these do not
project to taste buds. Conventional taste stimuli are relatively ineffectual stimuli for the
lingual nerve [29,30]. Receptive field size and tactile and thermal somatosensory responses
of rat TG neurons projecting through the lingual nerve were determined by mechanically
stimulating individual FP (Sato H, Kumari A, Mistretta CM, Bradley RM AChemS
Abstracts, 2019). Field sizes ranged from 2 to 6 FP. In contrast to GG neurons, the TG
neurons for lingual nerve fibers responded to punctate pressure stimulation of a single FP
and response frequency increased with increasing pressure. Responses of the FP
mechanoreceptors were in two groups, of high or low sensitivity to tactile stimulation, and
highest sensitivity receptors were at the tongue tip.

The TG differs from the GG in responses to oral stimuli. (1)TG neurons do not respond
robustly to moderate concentrations of taste chemicals. (2) TG neurons respond to noxious,
irritant chemical stimuli, not effective in eliciting in GG neuron responses. TG nociceptive
neurons respond to noxious hot temperatures and temperature-receptive neurons respond
with substantial overlap to capsaicin, menthol and mustard oil that elicit sensations of
pungency and irritation [31,32]. Such properties are not reported in GG neurons. (3) TG
neurons respond to static pressure on FP, whereas the GG neurons respond to stroking only.

What is the particular response of chorda tympani and GG neurons to

fungiform

papilla (FP) receptive field tactile stimulation?

Chorda tympani nerve fibers responded to tactile stimulation by stroking in the absence of
taste buds [5,7,10]. GG neurons projecting via the chorda tympani responded, similarly, with
a sustained discharge, only to light stroking across the lingual receptive field, not to punctate
pressure application [26]. Stroking the lingual epithelium between FP did not elicit a
response. Mechanosensitive responses from cat chorda tympani also were predominantly to
lingual stroking [33]. What is the fiber type mediating responses to lingual stroking? In
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human skin Ap fibers are a principal class for light touch sensation and Ap field-low
threshold mechanoreceptors respond to gentle skin stroking and are not responsive to hair
deflection or skin indentation [34]. Mechanoreceptors that respond maximally to slow
velocity stroking also have been classified as small diameter, C-fiber low-threshold
mechanoreceptors [35-37]. The chorda tympani fiber types for tongue stroking have yet to
be classified.

What are the transducers and receptors for fungiform papilla (FP)
responses to taste, touch and temperature stimuli?

Taste bud cells and/or intragemmal fiber endings.

Responses from the FP to chemical/taste stimuli are transduced by taste bud cell types, with
purported phenotypic and molecular specializations associated with chemical taste qualities
[38,39]. Responses to moderate temperature and or tactile stimuli have not been directly
attributable to taste bud cells.

In review of TRP channels in taste and in chemethesis (sensing irritation, pungency, pain)
unequivocal attribution within taste bud cells is only ascribed to TRPMS5 [40]. However, in
chemethesis responses in anterior tongue, via trigeminal nerve fibers, roles for TRPV1
(capsaicin agonist) and TRPM8 (temperature sensation) are reported.

Chorda tympani fiber extragemmal endings, outside of the taste bud.

FP innervation is extensive with 196 unmyelinated and 28 myelinated nerve profiles at the
papilla base, described in rat [41]. Fibers branch apically and into the taste bud, and many
terminate in the epithelium around the taste bud. Outside of the taste bud, globose and
varicose perigemmal nerve endings were attributed to trigeminal endings [42]. However,
chorda tympani fiber endings that are extragemmal have been experimentally identified [6—
8,15]. With labeling by the transcription factor Phox2B, chorda tympani fibers after
Hedgehog pathway inhibition were specifically demonstrated (Kumari A, Li L, Donnelly
CR, Pierchala BA, Bradley RM, CM Mistretta CM AChemS Abstracts, 2019). These fibers
extend to the base of the taste bud, into the taste bud, and into complex endings around the
taste bud. After taste buds are eliminated in Hedgehog signaling inhibition, the fibers remain
in the FP core and in perigemmal epithelium. These remaining chorda fibers respond to
tactile and cold stimuli [5,6,10] (Figure 1). Piezo2 protein, an ion channel active in touch
mechanotransduction, was reported in extragemmal fiber endings around FP taste bud cells
[43]. The authors noted that the fiber types were previously attributed to those with TG soma
but more recently were identified as including neurons from a Phox2b lineage. We find that
this Piezo2+ area is comparable to that reported for chorda tympani fiber terminations.
Overall, in tongue sensation, our understanding of chorda tympani fiber endings of the GG
neurons is woefully inadequate.

End organs in the fungiform papilla (FP).

The human tongue is more sensitive to tactile contact and two-point touch discrimination
than the upper lip border or the fingertip [44], and there have long been attempts to identify
lingual nerve endings and organs that respond to touch stimuli. Free endings, semiorganized

Curr Opin Physiol. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mistretta and Bradley Page 6

endings, and coiled nonmyelinated fibers are in human tongue, most dense at the tip. These
match well with the extragemmal chorda tympani endings that we have observed (Kumari A,
Li L, Donnelly CR, Pierchala BA, Bradley RM, CM Mistretta CM, AChemS Abstracts,
2019). Single lingual nerve afferents were also recorded in human tongue [45]. Low
threshold units, rapidly adapting or slowly adapting, had small receptive fields in anterior
tongue. There is not, however, a known association between histological and functional
classifications in the tongue, as shown for skin mechanoreceptors in the human hand [46].

Merkel cell-neurite complexes or Meissner corpuscles for skin light touch sensation [47],
have not been identified in the tongue [43] but are in gingiva and hard palate [43,48]. The
Meissner corpuscle is essential for gentle touch detection in glabrous skin [47], but
presumably is not a principal end organ in FP. The corpuscles are innervated by Ap neurons
for gentle touch responses in skin, and two neuron subtypes, which express TrkB or Ret,
have different sensitivity to tactile stimuli, [47]. Similarly there is mechanoreceptive
signaling in GG neurons that include GDNF/ret [49]. Perhaps the absence of identified end
organs for light touch or stroking in the FP is not that odd if one fully considers the nature of
this lingual organ. In large FP with multiple taste buds and innervation (e.g., human,
primate, sheep) the concept is evoked of a modified touch dome with a collection of Merkel
cell-nerve complexes that have CGRP/K8/K18/K20+ paracrine/neuroendocrine cells in the
epidermis innervated by AP, As and C fibers [50,51].

Fungiform papilla keratinocytes.

Keratinocytes are prominent in the fungiform papilla (FP) epithelium and roles for these
non-neuronal cells in touch reception were defined recently in a proposed paradigm shift in
skin sensation [52]. Skin keratinocytes mediated innocuous and noxious touch stimuli by
releasing ATP that acted via P2X4 on closely apposed neurons [52]. In taste sensation, ATP
released from taste bud cells in response to lingual taste stimuli activates P2X2/P2X3
purinergic receptors on gustatory nerves [38]. Roles for lingual keratinocytes in FP
multimodal sensation should be considered.

Thinking About The Multimodal Fungiform Papilla (FP) Organ

Several receptor components in the biologically powerful, multimodal, taste, temperature
and tactile FP organ are dedicated to sensory detection, recognition and transmission in
eating: taste bud cells; chorda tympani nerve fibers within the taste bud and extragemmal to
the taste bud; specialized nerve endings or complexes; and, keratinocytes of the apical
papilla epithelium (Figure 4). Lingual nerve, TG-derived elements in the fungiform organ
respond to painful, noxious, irritant stimuli which participate in chemethesis [53]. Notably,
however, the FP with its chorda tympani nerve, GG neuron innervation a/oneis a polymodal,
complex taste, touch and temperature lingual organ, not solely a gustatory papilla. A recent
demonstration of a multimodal epithelial organ of the octopus sucker defines receptors and
cells of the octopus chemotactile sense [54]. Chemotactile receptors mediate touch-taste
sensation in probing surfaces to seek prey, and these project through ganglia to a nerve cord.
It is intriguing to think of this organ as an ancestor of the multimodal fungiform papillae on
the tongue tip.
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Fresh perspectives in thinking about the polymodal FP and attendant chorda tympani
innervation from the GG could yield a revised vision for considering how chemosensory and
somatosensory modalities integrate oral taste, touch and temperature. To clarify similarities
with skin somatosensation and consider noncanonical signaling, the types of chorda tympani
fibers (AR, Ay, A, C) that respond to tactile stroking and cold sensation should be
identified (e.g., see 12 functional subtypes of somatosensory neurons in the dorsal root
ganglion and morphologically distinct axon endings [55]). The particular nerve endings or
organs that respond to lingual stroking should be determined. Investigating potential
signaling from keratinocytes to nerves would bring new ideas about sensory signaling in FP.
A renewed focus on the FP and associated receptive fields as multimodal will highlight the
complex lingual signaling required for eating.
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Figure 1.

Chorda tympani nerve fibers remain and are functional after taste bud elimination in
Hedgehog (HH) pathway inhibition. A. Chorda tympani fibers (red) in fungiform papillae
(FP) in Phox2b-td Tomato mice after treatment with Vehicle or the HH pathway
pharmacologic inhibitor Sonidegib for 28 days. Dashed lines outline the papillae. Chorda
tympani fibers are in the FP connective tissue core, in the taste bud (TB, Vehicle) and extend
into the epithelium outside of the taste bud. After Sonidegib treatment, and HH pathway
inhibition, taste buds are eliminated in all FP. (Images are from work in progress and
AChemS 2019.) B. Recordings from the chorda tympani nerve in Vehicle- (with taste buds)
and Sonidegib-treated (with no taste buds) mice demonstrate loss of responses to chemical
stimuli and retained robust responses to tactile and cold stimuli after treatment. At various
times after drug removal, Recovery of responses to chemical stimuli is demonstrated. (Data
from Figure 8, Ref. 6.)
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Figure 2.
Fungiform papilla distribution, histology and innervation, and receptive fields of chorda

tympani fibers and geniculate ganglion (GG) neurons. A. (a) Fungiform papillae (FP) are
most dense on the anterior tongue tip, seen with blue X-Gal staining in G/illacZ+mouse
tongue. Data in the graph insert demonstrate lingual distribution of FP (redrawn from Ref.
11). (b) The single taste bud in rodent FP is in stratified squamous lingual epithelium
encompassing a connective tissue core of cells, vessels and nerves (H&E stain). Filiform
papillae, without taste buds, bracket the FP. (¢) Diagram of FP innervation illustrates fibers
of the chorda tympani nerve (yellow) that distribute in the central papilla core to the taste
bud and to epithelium around the taste bud (and see Figure 1). Fibers of the lingual nerve
(blue) project to lateral papilla walls and around, but not into, the taste bud. B. FP receptive
fields of chorda tympani fibers from GG neurons vary in size, with FP converging on fibers
and neurons, and potential overlap of fields. The receptive fields have functional subtypes in
the GG, shown in Figure 3. GG neurons project centrally to second order cells in the nucleus
of the solitary tract (NST).
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Figure 3.
Functional groups of geniculate ganglion (GG) neuron receptive fields. Three types of GG

receptive fields are shown in boxes that include extracellular recordings from single GG
cells, mapping of individual FP in the receptive field by electrical stimulation, and drawing
of FP in the receptive field on a tongue diagram. A. GG responses to several chemicals and
to cold water (4°C) in a chemical/thermal receptive field of 7 FP. There were no responses to
tactile stimuli. B. GG responses to lingual stimulation with cold water. There were no
responses to a mixture of chemical or taste stimuli, or to tactile stroking. The field has 2 FP.
Surrounding FP do not respond to stimulation. C. GG responses to lingual tactile stroking
only, not to lingual stimulation with a mixture of chemicals or to cold water (4°C). The field
has 3 FP. In general, GG receptive fields for responses to temperature and tactile stimuli are
smaller than those for chemicals. (Data from Ref. 26).
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Figure 4.
The Fungiform Papilla (FP) multimodal taste, touch and temperature organ. Taste bud cells,

innervated by the chorda tympani nerve, respond to tongue stimulation with chemicals.
Chorda tympani fibers (thin, blue) also project into the epithelium in extragemmal, complex
nerve endings that we propose respond to tongue stroking and temperature stimuli. Lingual
nerve fibers (thick, purple) project to lateral FP walls, not into the taste bud, but do project
into the epithelium. The lingual nerve fibers are principally committed to responding to
noxious, irritant and painful lingual stimuli, not to taste chemicals or light stroking or
moderate temperatures. Keratinocytes in the FP epithelium are proposed as potential
response elements for lingual stimuli through non-neuronal to neuronal pathways as shown
in the skin [52]. In Hedgehog Pathway Inhibition the taste buds are eliminated and the
remaining chorda tympani fibers, including extragemmal complex endings, respond to
lingual cold and tactile stroking stimuli [5,6,10]. Overall, the FP with chorda tympani and
GG innervation is a polymodal receptor organ to detect and transmit information about taste,
touch and temperature from one organ, one nerve and one sensory ganglion to central
circuits for eating and flavor perception.
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