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Systems/Circuits

Taste Bud Connectome: Implications for Taste Information
Processing

Courtney E. Wilson, Robert S. Lasher, Ruibiao Yang, Yannick Dzowo, John C. Kinnamon, and
Thomas E. Finger
Rocky Mountain Taste and Smell Center, University of Colorado School of Medicine, CU Anschutz Medical Campus, Aurora, Colorado 80045

Taste buds contain multiple cell types, two of which mediate transduction of specific taste qualities: Type III cells transduce
sour while Type II cells transduce either sweet, or bitter or umami. In order to discern the degree of interaction between dif-
ferent cell types and specificity of connectivity with the afferent nerve fibers (NFs), we employed serial blockface scanning
electron microscopy (sbfSEM) through five circumvallate mouse taste buds. Points of contact between Type II and Type III
cells are rare and lack morphologically identifiable synapses, suggesting that interaction between these cell types does not
occur via synapses. Of the 127 NFs that make synaptic contacts with taste cells in the sampling volume, ~70% (n=91) syn-
apse with only one taste cell while 32 fibers synapse exclusively with multiple Type II cells or multiple Type III cells. Our
data do not rule out multimodal fibers innervating Type II cells of separate taste qualities. Notably, four fibers (~3%) syn-
apse with both Type II and Type III cells, forming both mitochondrial and vesicular synapses on the different cell types.
Since Type II and Type III cells transduce different taste qualities, these dual connected fibers are not consistent with a abso-
lute labeled-line encoding system. Further, our data reveal considerable variation in both the number of synapses per cell/
nerve pair and the number of innervating NFs per taste cell, both of which likely have consequences for encoding taste qual-

ity and concentration. Finally, we identify a subset of Type II cells which may represent an immature stage.
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ignificance Statement

Taste buds, the sensory end organs for the sense of taste, contain multiple types of sensory cells, with each responding to one
of the primary tastes: salt, sweet, sour, bitter, and umami. In order to determine the degree of interaction between cell types
and specificity of connectivity to afferent nerves, we employed serial blockface electron microscopy (EM) of mouse circumval-
late taste buds. We find no synapses between cell types within the taste bud suggesting that any interactions are indirect.
While the majority of nerve fibers (NFs) connect to a single type of taste cell, 3.1% of the fibers branch to receive input from
taste cells of different specificities. Thus, taste cannot entirely be carried along NFs dedicated to single taste qualities.
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Introduction

The sense of taste can distinguish at least five principal sensory
qualities: salt, sweet, sour, bitter, and umami (Ohla et al.,, 2019).
The initial detection of these diverse qualities is accomplished by
the specialized epithelial cells of taste buds, called taste cells
(Roper and Chaudhari, 2017). Each transducing taste cell
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responds principally to one of the five taste qualities according to
the molecular nature of the receptor employed. The manner in
which this information is encoded and transmitted by the sen-
sory nerves remains open to question.

Although the taste cells themselves generally express molecu-
lar receptors for only one taste quality (Chandrashekar et al,,
2006), the responses of taste cells are not always restricted to a
single quality (Caicedo et al., 2002; Chandrashekar et al., 2006;
Dutta Banik et al., 2020). Similarly, responses of individual gusta-
tory nerve fibers (NFs) range from specific, responding to a sin-
gle taste quality, to multimodal, responding to multiple qualities
(Wu et al, 2015). The origin of this broader responsiveness is
unclear and may reside in lack of specificity (Dutta Banik et al.,
2020) in taste transducing cells, cross talk between these cells
(Tomchik et al., 2007; Shepherd et al., 2017) within a taste bud,
lack of specificity in synaptic connectivity, or all of these.

The “labeled-line” hypothesis of information encoding holds
that each particular functional class of taste transducing cell, e.g.,


https://orcid.org/0000-0001-5923-5099
mailto:tom.finger@cuanschutz.edu

Wilson et al. @ Taste Bud Connectome

J. Neurosci., February 2, 2022 - 42(5):804-816 - 805

Figure 1.

Taste buds, cell types, and synapses. A, Reconstructions of the appearance of the five segmented taste buds in the connectome dataset. The upper right image (DS2_TB1-2) shows

the conjoined taste buds with two distinct apical pores. Scale bars: 10 um. B, Taste bud TF21_TB2 showing representatives of the three elongate cell types. €, Hybrid type synapse showing
both an ATM and a cluster of synaptic vesicles (sv) at the region of contact between the NF (yellow) and Type Il taste cell. D, Vesicular synapse characteristic of Type Ill taste cells. Numerous,
densely packed conventional mitochondria are contained within the nerve process (yellow). £, Channel synapse characteristic of Type Il cells with ATM apposed to the plasma membrane at the
region of contact with the NF. F, F’, 3D reconstructions of a transitional mitochondrion at a synapse between a Type Il cell and two NFs (blue and yellow). The transitional mitochondrion (red)
with mixed lamellar and tubular cristae (magenta, F’) is adjacent to an ATM (green, F) containing only tubular cristae (dark green, F)). G, EM image of the mitochondrial complex reconstructed

in panel F.

sweet, synapses only with a particular subset of quality-specific
NFs (Chandrashekar et al., 2006). In this scheme, analysis of the
connectivity within a taste bud should reveal specificity, i.e., a
particular NF should receive synapses only from one particular
functional type of taste transducing cell. Conversely, the “across-
fiber” hypothesis of taste coding states that some NFs may be
broadly responsive and that taste quality can be extracted only by
comparing activity across fiber populations. This model does not
require precise connectivity within a taste bud and allows for
substantial cross talk between taste cells of differing specificities.
In this report, we reconstruct the patterns of taste cell-to-nerve
connectivity, the so-called “connectome” by means of serial
blockface scanning electron microscopy (sbfSEM). The high re-
solution of this process enables us to identify all sites of synaptic
interaction within a taste bud, including taste cell-to-NF synap-
ses as well as contacts between taste cells themselves indicative of
potential information exchange between cells within a taste bud.
Taste cells responsive to sour, Type III cells (Huang et al.,
2008; Kataoka et al., 2008; Chang et al., 2010; Teng et al., 2019;
Dutta Banik et al., 2020), have molecular and ultrastructural fea-
tures distinctive from Type II cells, those responsive to sweet, bit-
ter or umami (Clapp et al,, 2004; Chandrashekar et al., 2006;
Roper and Chaudhari, 2017; Yang et al.,, 2020). Furthermore,
these two different types of taste transducing cells have different
relationships to the afferent nerves. Type III cells (sour) use con-
ventional synapses where a cluster of synaptic vesicles lies

apposed to the presynaptic membrane which abuts the postsy-
naptic nerve process (Kinnamon et al, 1985; Royer and
Kinnamon, 1991; Yang et al., 2000). In contrast, Type II taste
cells rely on an unconventional synaptic structure (Romanov
et al., 2018) characterized by a large “atypical” mitochondrion
(ATM; Royer and Kinnamon, 1988) closely associated with
CALHM1/3 channels (Ma et al., 2018; Kashio et al., 2019),
which release the neurotransmitter ATP on activation of the
taste transducing cell (Murata et al., 2010; Taruno et al,
2013). Using these different ultrastructural features as markers
of synaptic loci, we were able to map the patterns of connec-
tivity of taste cells to NFs to ask the question of whether any
NFs synapse with both Type II and Type III taste cells thereby
testing specificity of connectivity within the bud.

Materials and Methods

sbfSEM (see Yang et al., 2020) was used to generate two datasets from
adult (>45d) mouse circumvallate taste buds of either sex: DS2, com-
posed of 563 sections, and TF21, composed of 633 sections. The data
used in the present study include six different taste buds, three partial
taste buds (two of which were conjoined) from DS2 and two complete
and another nearly complete taste bud from TF21 (Fig. 1). Four of the
taste buds of the connectome dataset were included in the data described
previously (Yang et al., 2020); an additional taste bud described in that
work (TF21_TB0) was examined for cell-cell contacts but was excluded
from the connectome analysis because it included too few cells. A
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different taste bud (TF21_TB2) is now included in the present work but
not described in the previous paper. Cells and fibers that were only par-
tially contained in the sample volume and which showed no evidence of
synapses were not included in the connectome data, although such cells
were cataloged in terms of cell-cell contacts. The image data include a
total of 53 Type II cells, 44 Type III cells, and one indeterminate cell
herein termed Type I/II. Only 42 Type II, 33 Type III cells, and the Type
I/IT cell showed synaptic foci within the imaging volume and were
included in the connectome. The connectome data include a total of 127
NF profiles that form synapses with the various taste cells; 61 could be
traced fully to a point of exit from the base of the taste bud. The original
image data are freely available at the Electron Microscopy Public Image
Archive, part of European Bioinformatics Institute (EMBL-EBI), in data-
set EMPIAR-10331.

The two conjoined small taste buds of DS2 (containing within the
connectome map five Type II cells and four Type III cells for TB1; and
four Type II cells and two Type III cells for TB2) were fused along the
basal lamina, although each taste cell extended an apical process into
only one or the other taste pore. Cells were allocated to these conjoined
buds according to which taste pore the cell was associated with. NFs
innervating the taste cells of these conjoined taste buds generally inner-
vated cells in one or the other taste bud, but two NFs received synapses
from Type IIT cells associated with the two different buds.

Every taste cell in each section was assigned a unique identifier and
was analyzed using Reconstruct software (Synapse Web Reconstruct,
RRID:SCR_002716; Fiala, 2005) to determine cell type and whether
Type II and Type III cells were in contact. When such contacts were
identified, the segmented measuring tool in Image] (National Center for
Microscopy and Imaging Research: Image] Mosaic Plug-ins, RRID:SCR_
001935; Schneider et al., 2012) was used to measure the length of each
contact and ultimately determine the surface area (using the measured
contact lengths and the overall number of sections showing the contact).
For taste cells with contacts spanning fewer than 10 sections, the length
of each contact in every section was measured. For taste cells with con-
tacts spanning >10 sections, the contact length was measured in every
fifth section to calculate the surface area of the contact.

The defining characteristics of synapses from Type II cells in mouse
circumvallate taste buds are the presence of large, ATMs, with tubular
cristae, closely apposed to the plasma membrane of the Type II cells at
the area of contact with a NF (Fig. 1E,G; Romanov et al., 2018; Yang et
al,, 2020). The plasma membranes of both the Type II cell and NF are
slightly thickened and maintain a constant spacing between them.
Similarly, the external membrane of the ATM maintains a fixed distance
from the plasma membrane of the taste cell often with patches of dense
material bridging this gap.

As viewed with transmission electron microscopy, synapses associ-
ated with Type III cells in mouse circumvallate taste buds (Kinnamon et
al., 1985; Yee et al., 2001; Yang et al., 2020) have many of the characteris-
tics of synapses seen in the mammalian central nervous system (Peters et
al,, 1991; Harris and Weinberg, 2012) including clusters of 40- to 50-nm
vesicles in the presynaptic partner at the point of contact with the postsy-
naptic fiber, and a slight increase in the density of the presynaptic and
postsynaptic membranes associated with the synaptic cleft (Fig. 1D).
However, the increase in the density of presynaptic and postsynaptic mem-
branes is often not evident using sbfSEM. In addition, at the low voltages
used (~2.2 KV) for scanning, only about the top 30 nm of the 75- to 80-
nm-thick section is imaged, so synaptic vesicles deeper in the tissue section
may not be visible or recognizable. Identification of other types of junctions
such as gap junctions would also be problematic because of this limitation
on resolution and specimen preparation techniques.

In both datasets, we find a type of specialized, nonsynaptic contact
between NFs and taste cells which has not been described previously.
Based on its appearance, we term this a “wavy junction.” This type of
contact is unlike a gap, macula adherens or desmosomal type of junc-
tion. In wavy junctions, closely associated plasma membranes of
taste cells and adjacent NFs separate to form a gap of ~40-50 nm in
the region of apposition. The plasma membranes have the appear-
ance of waves in the regions of contact (Fig. 2, arrows). The contacts
can be extensive, sometimes several microns in length and may
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Figure 2. Examples of wavy junctions between NFs (yellow) and diverse cells of taste
buds. A, From TF21_TB2: wavy junction between a NF (NF06, yellow) and a Type Ill cell
(T3C19, red). Arrows mark the extent of the contact, in this case ~3 um. B, From
TF21_TB1: wavy junction between a NF (NF10, yellow) and two Type Il cells, T2(39 and
T2(33, blue. Arrows mark the extent of the contacts, in this case ~1 um for T2(33 and
~3.5 um for T239. €, From DS2_TB3: wavy junction between a NF (NF41, yellow) and a
Type | cell (T1C11, green). The inset shows an enlargement of the gap region of ~40—
50 nm. Arrows mark the extent of the contact, in this case ~8 um. D, A large wavy junction
from TF21_TB1 cell T2(27. Magenta shows the extent of the wavy junction with NF30. E,
Reconstruction of cell T2(27 and its wavy junction with NF30 corresponding to the single
plane image in D.

extend through ~10 sections (750-800 nm). This type of junction
can occur between a NF and each of the various types of taste cells as
shown in Figure 2. We do not consider these to be a form of synapse
and therefore have not included these wavy junctions in our connec-
tome map.

Cells and NFs were segmented by several individuals; any question-
able identifications were resolved by referral to a panel of two or more
experienced segmenters for consensus. NFs to segment were chosen in
several different ways: by random selection from fascicles in the lamina
propria, by random selection of nerve profiles from within taste buds,
and by tracing back starting from identified synaptic contacts with taste
cells. These contacts included both classical vesicle-type synapses and
channel synapses (Taruno et al., 2021) marked by an ATM. In addition,
NFs partially or completely embedded in cells or closely associated with
nuclei were noted and traced. All observations involving interactions
between cells and NFs were recorded in spreadsheets for later analysis.
All contacts with NFs were checked by at least one other person not
doing the original segmentation.

A limitation of the current dataset is that many NFs could not be fol-
lowed to their origins below the taste bud outside of the sampling vol-
ume. The connectome data included in this report identify all NFs that
formed apparent synapses with taste cells, but does not include nerve
processes which formed no apparent synaptic connections. In three taste
buds where we identified all NF processes, we found approximately half
of the NF profiles formed synapses (DS2_TBI1-2: n=67, 53.7%;
DS2_TB3: n=61, 45.9%; TF21_TB1: n =62, 43.5%). The nerve processes
lacking synapses may have been collaterals of fibers that did form con-
nections with taste cells outside our sampling volume or may represent
extending or retracting fibers as identified in other studies (Zaidi et al.,
2016).
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Unconventional Type Il cells. A, A bushy-ended Type Il cell forms an apparent channel type synapse with two ATMs with NF06 (43). The apex of this cell (47, A2) ends below the

taste pore region in an irregular group of stubby microvilli. B, A Type I/l cell shows features typical of both Type | and Type Il cells. The nuclear structure and presence of apparent channel syn-
apse with ATM (B3) are indicative of Type Il cells but the tuft of apical microvilli (B7, B2) is typical of Type | cells.

Data analysis and construction of connectomes

Recorded observations were collated in a summary sheet and then used
to construct preliminary connectomes using mind mapping software
(MindNode or iThoughtsX running on a Macintosh computer). Final
connectome diagrams were constructed using Adobe Ilustrator (RRID:
SCR_010279).

Statistics

Counts of synapses or ATMs in cells were tested using a x> analysis and
shown to be not random, i.e., synapses per cell was skewed toward lower
values than would occur randomly. The relationship between synapses
per cell and number of synapses per fiber was tested using Cohen’s d.
Estimation statistics and calculations are taken from https://www.
estimationstats.com (Ho et al., 2019). For these tests, 5000 reshuffles of
the control and test labels were taken; the confidence interval is bias-cor-
rected and accelerated.

Results

Our analysis of taste bud connectivity included five complete or
partial taste buds from the circumvallate papillae of two mice.
The classification of cells as Type I, Type II, and Type III (Fig. 1)
followed classical criteria as summarized previously (Yang et al.,
2020). In brief, Type I cells have an irregular, multiply-indented
nucleus with substantial heterochromatin, and have numerous,
characteristic lamellate processes enveloping other cells and NFs.
Type I cells terminate apically in a collection of short bushy or

arboriform microvilli (Yang et al., 2020). Type II cells have a
large, round nucleus with sparse heterochromatin and electron-
lucent perinuclear cytoplasm. Apically the cytoplasm is more
electron-dense and exhibits substantial distended smooth endo-
plasmic reticulum. Type II cells included in the connectome dis-
play features of a channel synapse, i.e., one or more ATMs
apposed to the plasma membrane at the point of contact with a
NF (Romanov et al., 2018; Taruno et al., 2021; Fig. 1E). Some of
these ATMs were continuous with conventional mitochondria
with parallel cristae and were interpreted as being transitional
(Fig. 1F). Nearly all Type II cells terminate apically in a single
stout apical microvillus (0.2-0.3 pm in width), but we identified
six of a total of 42 Type II cells, herein termed bushy-ended Type
II cells, with multiple microvilli not reaching the taste pore (Fig.
3A). In addition, we found one cell with characteristics of both
Type I and Type II cells which we classify as a Type I/II cell (Fig.
3B). This cell has an ATM at the point of apposition with a NF
and an indented nucleus, but lacks lamellate processes typical of
a Type I cell. Apically, this cell terminates in a tuft of microvilli
indistinguishable from bushy Type I cells described previously
(Yang et al., 2020). Since both the bushy-ended Type II cells and
the Type I/II cell exhibit an ATM at a point of contact with a NF
(Fig. 3), they are included in the connectome description and
map, although we have no evidence that the area of mitochon-
drial specialization in these cells forms a functional synapse.
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Type III cells are slender, with a smooth spin-
dle-shape outline, evenly dense cytoplasm with
smooth ER lacking swellings, and an elongate nu-
cleus with one or more deep invaginations. Type
III cells terminate apically in a single, long micro-
villus (0.3-0.4 um in width). Type III cells form
conventional synapses with NFs including a small
collection of presynaptic vesicles (Fig. 1D). A mi-
nority (11 of 33) of Type III cells have hybrid syn-
apses with both synaptic vesicles and an ATM
(Fig. 1C) as described previously (Yang et al,
2020). These mitochondria with tubular cristae in
the Type III cells tend to be smaller than the
ATMs of the Type II cells but display the same
fixed, close spacing with the plasma membrane as
do the ATMs of the Type II cells (cf. Fig. 1C-E,G).
The patterns of connectivity of the Type III cells
with hybrid synapses do not obviously differ from
that of Type III cells with only conventional vesic-
ular synapses but are identified in the connectome
maps.

Cell-cell contacts

Although we emphasize relationships between
NFs and the known transducing cells of taste buds
(Type II and Type III), we also re-examined points
of contact between Type I cells and NFs and
between Type I cells and the other taste bud cell
types. We observed no membrane specializations
between Type I cells and NFs, other than wavy
junctions (Fig. 2), although as reported previously (Yang et al.,
2020), the Type I cells often envelop nerve processes within the
taste buds, and NFs often closely approach the nuclei of Type I
cells. Multiple examples of intimate, but nonsynaptic perinuclear
contact between Type I cells and NFs was evident in each taste
bud examined.

To test for evidence of cell-cell synaptic communication
within the taste bud between Type II and Type III cells that
might underlie modulation of taste bud function (Roper, 2013,
2021), we examined areas of direct contact between such hetero-
typic cells. We also noted rare examples of homotypic contact
between taste cells of the same type, i.e., Type II-Type II contacts
and Type III-Type III contacts. Nearly all Type II-Type II con-
tacts involved small (<1 pm?) areas of membrane and exhibited
no form of synaptic specialization. A few areas of Type III-Type
III cell contact were somewhat more extensive and occasionally
involved interdigitation of membrane elements, but exhibited no
signs of synaptic transmission such as ATMs, synaptic vesicle
clusters or membrane thickenings (Fig. 4).

In the six taste buds examined in the current study, we find only
small, nonspecialized points of contact between Type II and Type
IIT taste cells with the areas of contact occurring largely in the upper
one-third of the bud and especially in the vicinity of the taste pore
where the apices of the different cells converge. Out of a total of 53
Type II cells and 44 Type III cells in the sampling volumes, we find
26 points of contact between Type II and Type III cells involving 16
Type II cells and 17 Type III cells with four cell pairs contacting one
another at >1 point. Of these 26 contact points, 1 lies in the taste
pore, 15 lie apically in the upper third of the taste bud, six lie cen-
trally, and four are in the lower third of the taste bud.

These points of contact exhibit no membrane specializations
or accumulations of vesicles adjacent to the membranes of either
cell. The zones of contact are small, the two largest, situated at

Figure 4.
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Interdigitating contact between two Type III cells. Left, 3D reconstruction of the two Type Il cells
that form an extensive contact in the apical region of the taste bud. Right, Colorized EM image of the region of
contact also showing the presence of a NF (yellow) near the line of contact.

the apical quarter of each cell, involve ~2 pum?* of membrane; 13
of the contacts are <0.2 um? (Fig. 5). The cells exhibit no partic-
ular organelles or membrane thickenings along these points of
contact. The areas of contact are relatively remote from the syn-
aptic sites from both Type II and Type III cells. These findings
suggest that direct cell-cell synaptic communication between
Type II and Type III cells does not play a role in taste bud func-
tion although nonsynaptic interactions, e.g., diffusion of neuro-
transmitter away from a synaptic site, may be functionally
important (Dando and Roper, 2009; Roper, 2013). Technical lim-
itations on the resolution obtainable by this technique do not
entirely rule out the possibility that some of these contacts might
reflect small, unconventional junctional complexes (Akisaka and
Oda, 1978) underlying possible coupling of taste cells (Roper,
2021).

Taste cell-NF contacts
We identified synapses between taste cells and NFs based on the
criteria described above, i.e., ATMs closely apposed to the plasma
membrane marking channel type synapses (Taruno et al., 2021)
for Type II cells and vesicle clusters for conventional vesicular
synapses in Type III cells (Fig. 1). The postsynaptic NFs were
identified and traced to produce a taste bud connectome for each
taste bud. The majority (65.4%) of postsynaptic NFs in the data-
set connected to Type II cells (Table 1) while only a few (3.1%)
received synapses from both Type II and Type III cells.
Conventionally, NFs associated with taste buds are divided
into an intragemmal group, within the taste bud, and a perigem-
mal group which closely surround the taste bud (Zaidi et al.,
2016). We find occasional fibers which enter the taste bud as
intragemmal fibers to receive a synapse from one or more taste
cells and then exit the taste bud more superficially to terminate
as free nerve endings in the vicinity of the taste pore as reported
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Figure 5.
in the basal region of the taste bud.

Table 1. Fiber innervation of Type Il and Type Il cells

Examples of limited regions of contact between Type Il and Type Il cells. A, Contact between apical processes in the taste pore. B, Apical contact below the taste pore. , Contact

Fibers innervating

Fibers innervating Fibers innervating both

Number of fibers Type Il cells Type Il cells Type Il 'and Type Il cells
Taste bud Total # # % # % # %
TF21_TB1 35 23 65.7% n 31.4% 1 2.9%
TF21_TB2 27 17 63% 8 30% 2 7.4%
DS2_TB1-2 30 18 60% 12 40% 0 0%
DS2_TB3 35 26 74.3% 9 25.7% 1 2.9%
Totals 127 84 66.1% 40 31.5% 4 3.1%

recently by others for taste buds in fungiform papillae (Huang et
al., 2021; Fig. 6A,B). Conversely, other fibers enter the perigem-
mal epithelium but continue on to penetrate the taste bud and
receive synapses from one or more taste cells (Fig. 6C).

In most, but not all cases, when NFs intimately contact Type
II or Type III cells, the taste cells synapse onto the NF. We do,
however, find many examples where a Type II or Type III taste
cell contacts a NF, but no synapse is evident. Such nonsynaptic
contacts occur without regard to cell type, e.g., a NF receiving a
synapse from a Type II cell may contact other Type II cells with-
out evidence for a synapse, or may contact Type III cells without
evidence for a synapse. Figure 7 shows an example of a NF
receiving a channel synapse from a Type II cell and then extend-
ing downward to become enveloped by a Type III cell but with-
out any evident membrane specialization or synaptic vesicles.
The absence of a membrane specialization at such points of con-
tact does not, however, preclude exchange of information at
these junctions, e.g., by ephaptic interaction. We did not include
such points of nonspecialized contact in our connectome map.

A noteworthy feature of taste cell-NF synapses from both
Type IT and Type III cells was the variety in number of synapses
made by each taste cell and by each NF (Fig. 8). For Type II cells,
the number of channel synapses made by individual taste cells
ranged from 1 to over 20, with an average of 6.2 ATMs/cell. The
number of synapses per cell for Type III cells (mean =3.8) was
also variable but was significantly lower than the number of syn-
apses per Type II cell. The unpaired Cohen’s d between vesicular
synapses and channel synapses is 0.52 [95.0%CI 0.102, 0.888].
The p value of the two-sided permutation ¢ test is 0.029.

Of the 43 fully characterized Type II cells (including the Type
I/II cell) in our data, 16 showed only one or two ATMs), whereas
four cells had 15 or more. Cells with higher numbers of ATMs
tended to be connected to multiple NFs and, even omitting the
trivial case for 1 ATM, the number of postsynaptic NFs was pro-
portionate to the number of ATM in any given cell (r(39)=0.799,
p < 0.001). Often, a single NF made repeated synaptic contacts
onto a single Type II cell, e.g., in TB3 of the DS2 dataset, a NF
(NF04) contacts Type II taste cell (T2Cl1) at nine distinct sites.
Although Type III cells also displayed multiple synapses with
some NFs, the number of such contacts usually was much lower
than in Type II cells (one to four sites per cell). One exceptional
Type II cell (T3C2 in TF21_TB1) showed 13 distinct synaptic
loci onto four different NFs, but the average number of synapses
per Type III cell was 3.8 (2.9 SD). The number of NFs inner-
vating a particular Type III cell was not significantly correlated
with the number of synapses from that cell (r;6,=0.30,
p>0.05) although individual NFs often received several synap-
ses from the same Type III cell. Conversely, some cells of both
types synapse onto many NFs (see next section).

Patterns of connectivity

Within the sampling volume of the largest taste bud in our data-
sets (TF21_TB2), containing ~100 elongate taste cells (including
12 Type II and 12 Type III synaptically connected cells), we iden-
tified 27 independent nerve profiles receiving synapses from taste
cells of which 18 fibers could be traced fully until their point of
exit from the taste bud. Across all taste buds, the proportion of
fibers branching to innervate different taste cells (multiply-
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Examples of NFs (yellow) that both synapse with taste cells and traverse perigemmal space. A, 3D reconstruction of a fiber that starts as a an intragemmal fiber, synapses with a

Type Il cell, then exits the taste bud to run in perigemmal space. Inserts at right show EM morphology as indicated. B, Similar NF that synapses with a Type Il cell. Adjacent EM images illus-
trate the nature of the synapses and free endings in the perigemmal epithelium. C, An example of a fiber that starts as a perigemmal fiber and then enters the taste bud to form a synapse

with two Type Il cells.

connected fibers) was not significantly different comparing fully
traced fibers, i.e., those traced to a point of exit from the base of
the taste bud, to truncated NFs, i.e., those traced only until the
end of the dataset but still within the taste bud profile (fibers
innervating Type II cells: fully traced: eight multiply-connected,
28 singly-connected; truncated: eight multiply-connected, 40 sin-
gly-connected: x” test; p > 0.05; innervating Type III cells: fully
traced: seven multiply-connected to multiple taste cells, 17
singly-connected; truncated: seven multiply-connected,
eight singly-connected: x* test; p>0.05). An average of
22.7% of fibers innervating Type II cells branch to innervate
multiple cells while 41.9% of fibers innervating Type III
cells branch (y* test; p>0.05). As mentioned above the
total number of nerve profiles does not necessarily equal
the total number of independent NFs entering the taste bud
since many of the fibers likely branch below the basal lam-
ina in the subgemmal plexus (Kanazawa and Yoshie, 1996;
Huang et al., 2021). Nonetheless, we discern several distinct
patterns of connectivity as described below.

With a few exceptions, NFs that synapse with a Type III cell
synapse only on other Type III cells; fibers that synapse with a
Type II cell generally synapse only with other Type II cells (Figs.
94, 10). Each NF generally forms synapses with a small number
of taste cells, typically one, two, or three cells, but some fibers in-
nervate four or more cells of the same type (Fig. 9A,B). In the
case of Type II cells, 42.9% (18 of 42) are innervated by unique
NFs that synapse with no other cells; for Type III cells, five of 33
(15.2%) are uniquely innervated. As can be appreciated in the
connectome maps (Fig. 10), the remaining cells of each type
within a taste bud are interconnected in various ways, especially
in the larger taste buds. For example, in TF21_TB2, nine of the
12 Type 1II cells synapse onto a network of seven multiply-con-
nected NFs. In DS2_TB3, five of eight Type II cells synapse onto
the same pool of four NFs. Similarly, Type III cells may synapse
onto a connected network, e.g., in DS2_TB1, the four Type III
cells all synapse onto the same set of NFs; in DS2_TB3, four of
five Type III cells converge onto three NFs; and in TF21_TB2,
seven of 12 Type III cells converge onto two NFs, while three

other cells converge onto another two NFs. Conversely, a single
cell may synapse onto numerous fibers (Fig. 9C,D).

While a single NF generally forms either all channel synapses
with Type II cells or vesicular synapses with Type III cells, some
uncommon NFs form both types of connections with different
cell types (Fig. 9E). Across all five taste buds in the sampling vol-
ume, of 88 total fibers forming channel synapses with Type II
cells, only four fibers of these also form vesicular synapses with
Type III cells. These four mixed synapse fibers also are a minor-
ity of the 44 total fibers receiving synapses from Type III cells. In
several cases, a NF can form a channel synapse with a Type II
cell and a vesicular synapse with a Type III cell, e.g., TF21_TB2
NF 7 and cells T3C06 and T2C06. Accordingly, the type of con-
tact formed cannot be dictated entirely by the postsynaptic NF
since a given fiber may participate in both types of synapses but
on different cells. Furthermore, the convergence of Type II cell
inputs and Type III cell inputs onto single NFs shows that con-
nectivity within a taste bud is not organized entirely on a la-
beled-line basis since Type II and Type III cells transduce
different taste qualities.

An example of such cross-modal connectivity is NF2 in
TF21_TB1, which forms a channel type synapse with a Type II
cell (T2C33), a vesicular synapse on one Type III cell (T3C19), a
complex series of channel synapses and four vesicle clusters on
another Type III cell (T3C15) and four vesicular synapses with
Type III cell T3C02, which also synapses onto three other NFs
(Fig. 10). Similarly, another NF in taste bud TF21_TB2 (NF07)
receives a channel synapse from a Type II cell while also receiv-
ing vesicular synapses from two Type III cells (Fig. 9E). This
shows that a given NF can form different types of synapses with
different taste cells, and even different types of synapses with a
single taste cell. A similar pattern of complex connectivity occurs
for one fiber in taste bud DS2_TB3.

As can be appreciated from the connectome maps in Figure
10, multiple branches and complex patterns of connectivity are
not limited to fibers innervating different types of taste cells. For
example, a single Type II cell (T2C40 in TF21_TB1) has 10 sites
with channel synapses, and these 10 sites form contacts with
eight different NFs. Of the eight NFs, six are uniquely associated
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Figure 7.  NFs that contact taste cells do not always form synapses. In this example, showing two views rotated ~90°,

the NF (yellow) synapses with a Type Il cell (blue) and then runs downward to become fully surrounded by a Type III cell

(see inset below), but without forming a specialized contact with that cell.

with this taste cell while two form channel synapses with but one
other Type II cell (T2C43), which itself forms multiple synapses
onto only one other NF (NF12). Further, each NF may be postsy-
naptic to multiple channel synapses from a single taste cell, e.g.,
NEF5 receives four synapses from cell T2C40 sharing one of these
sites with NF4. At the other end of the spectrum of connectivity
is Type II cell T2C11 in TF21_TB 2, which contains but a single
channel synapse connecting to a unique NF (Fig. 10).

Summary

In general, NFs that receive synapses from a Type III cell are
postsynaptic only to other Type III cells and conversely, NFs
postsynaptic to Type II cells generally are postsynaptic only to
other Type II cells (Fig. 8). NFs innervating both Type II and

J. Neurosci., February 2, 2022 - 42(5):804-816 - 811

Type III cells represent a little <5% (four
of 87) of the fibers innervating Type II cells
but 9.1% (four of 44) of those innervating
Type III cells. These results suggest that a
labeled-line type of connectivity is not
absolute and that some fibers will carry an
admixture of different quality information
from Type II (sweet-umami-bitter) and
Type III (sour) cells. We note that the lim-
ited cross-connectivity of Type II and
Type III cells represents a lower limit for
the degree of cross-modality information
since we cannot identify convergence of
different taste specificities of Type II cells,
sweet, umami, or bitter, since we do not
have morphologic markers for cells with
these different taste receptors.

Discussion

Reconstructions of NFs and taste cells
from sbfSEM images reveal details about
the anatomic organization of circumvallate
taste buds thereby providing a founda-
tional anatomic model (Swanson and
Bota, 2010) for rational construction of
hypotheses about physiological interac-
tions of cells and neural networks within
the system. The different anatomic types
of cells within a taste bud directly relate to
their function and chemical responsive-
ness. Accordingly, a detailed anatomic
understanding of cellular interrelation-
ships and interactions with NFs will enable
appropriately constrained models of the
taste periphery.

Our principal conclusions relate to two
widely-held concepts regarding the func-
tional organization of taste buds (Ohla et
al., 2019): (1) taste information is trans-
mitted to the brain over labeled-lines, i.e.,
NFs conveying information about a single
taste quality; and (2) different types of
transducing taste cells within a taste bud
directly communicate with one another to
modulate the transduction and transmis-
sion of taste information (Roper, 2007;
Dando and Roper, 2009; Chaudhari and
Roper, 2010; Vandenbeuch et al., 2020).
These two concepts are interrelated in that
cross-modal taste information could be generated by cross talk
between different types of taste cells even if the wiring were
strictly according to cell type.

Labeled-lines

The labeled-line hypothesis posits that the taste signal is quality-
specific, i.e., a single NF will carry information about only a sin-
gle taste quality, e.g., sweet or sour. The contravening hypothesis,
the “across-fiber pattern theory,” holds that individual fibers
respond to multiple qualities. Two recent studies directly com-
paring activity of taste ganglion cells in mice come to opposite
conclusions about the responsiveness of the peripheral taste
axons (Barretto et al., 2015; Wu et al,, 2015). Since Type III and
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Figure 8. A, The mean number of synapses per cell is larger for Type Il cells (ATM) than for Type Ill cells (Ves Syn). The Cohen’s d between Ves Syn and ATM is shown in this Gardner—
Altman estimation plot. Both groups are plotted on the left axes; the mean difference is plotted on a floating axis on the right as a bootstrap sampling distribution. The mean difference is
depicted as a large dot; the 95% confidence interval is indicated by the ends of the vertical error bar. B, Similar plot showing no significant difference between average number of synapses
per fiber for Type Il (ATM) and Type Ill (Ves Syn) cell synapses. C, Histogram showing how many NFs innervate different numbers of taste cells. Number of NFs innervating Type Il cells are in
blue, those innervating Type Il cells are in red, and those innervating both Type Il and Type Il cells are in purple.

Type II cells respond to different taste qualities, the labeled-line
theory would predict that these different types of cells should
synapse on entirely different populations of NFs. Indeed, two
recent studies suggest that at least some degree of specificity
exists in the wiring of taste cells to taste nerves (Lee et al., 2017;
Stratford et al., 2017). Conversely a study following branching
patterns of nerves in fungiform taste buds finds that 28% of
fibers contact both Type II and Type III cells (Huang et al,
2020). We find that ~9% of the fibers synapsing with Type III
cells also receive synapses from Type II cells indicating that wir-
ing specificity in circumvallate taste buds is not entirely consist-
ent with the labeled-line model, some NFs likely respond to
stimuli activating the different transducing taste cell types: sour
for Type III cells (Huang et al., 2006, 2008; Kataoka et al., 2008)
and sweet, umami, or bitter for Type II cells. Thus, while connec-
tional specificity may exist, it is not absolute.

Cell-cell communication

The adjacency of different cell types within a taste bud suggests
the possibility of cell-cell intercommunication. Indeed, several
studies indicate that neurotransmitters, ATP, serotonin, GABA,
acetylcholine, released by one type of taste cell influence the

activity in nearby taste cells of similar or different types (Roper,
2013). Accordingly, we had anticipated finding substantial, speci-
alized areas of contact between the Type II and Type III cells as
well as between adjacent Type 1II cells or adjacent Type III cells.
Such is not the case. Type I cells effectively surround and largely
isolate the Type IT and Type III cells from one another. We found
no specializations, synaptic or otherwise, at the limited points of
membrane contact between these cells. The interactions between
the different cell types observed in intact taste buds thus are
likely because of either paracrine effects of neurotransmitter
leaking past the Type I cells or because of transcellular activation
via Type I cells. The role of ectoNTPDase on Type I cells in mod-
ulation of activity of sweet responsive taste cells is well character-
ized (Dando et al,, 2012; Kataoka et al., 2012). Similar Type I
cell-mediated modulation of other taste transducing cells may be
via release of transmitters similar to the nonsynaptic release of
gliotransmitters in the CNS (Newman and Zahs, 1998; Pascual et
al,, 2005; Araque et al., 2014; Rodriguez et al., 2021).

Although Type I cells may play an important role in modula-
tion of taste signaling within a taste bud, they show no mem-
brane specializations typical of synapses at any areas of contact
with NFs or other cells. Many Type I cells form intimate contacts
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Examples of different pattems of innervation. 4, B, Individual NFs may connect to many cells of the same type. A, Network of four Type Il cells (blue) connected to a single NF (yel-

low). ATM in red. B, Network of seven Type Il cells connected to a single NF. €, D, Individual taste cells innervated by multiple NFs. C, Type Ill cell synapsing with five different NFs. D, Type Il
cell forming synapses with four distinct NFs. E, Example of a single NF (yellow; NFO7) receiving synapses from different cell types. The Type Il (blue; T2C06) cell forms channel synapses while

the Type Ill cells (red; T3C06 and T3C07) form vesicular synapses onto the same fiber.

with NFs, especially in the nuclear region (Yang et al,, 2020), but
display no accumulations of vesicles, membrane thickenings, or
ATMs at the zones of contact.

Synaptic efficacy

The number of synapses made by a taste cell onto a single NF
varies greatly and may be a determining factor for effectiveness
of information transfer. Many taste cells, both Type II and Type
III, form but a single synapse onto a single NF (Fig. 10). In con-
trast, other taste cells form multiple synapses onto a single NF;
the maximum observed in our data are 10. Whether the number
and size of the synaptic contacts relates to synaptic efficacy is
unclear. Different Type II taste cells release different amounts of
ATP to similar levels of chemical stimulation (Murata et al.,

2010). Cells having more channel synapses may release more
ATP than cells with fewer synapses, thereby activating the post-
synaptic NF more effectively. A taste cell forming 10 channel
synapses onto a NF would likely exert a much greater influence
on the activity of that NF than would a cell with but a single
synapse.

Divergence and convergence

Substantial variety exists in terms of the number of taste cells
contacted by individual NFs and the number of NFs synapsed
onto by a single taste cell. In all but the smallest taste buds, at
least one NF in each bud branches within the taste bud to con-
nect synaptically with four taste cells, often including both Type
IT and Type III cells. This suggests that these fibers are broadly
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Figure 10. A connectome diagram for the taste buds characterized in this report. TF21 taste bud 1 (A), DS2 taste bud 1 and taste bud 2 (conjoined; B), DS2 taste bud 3 (C), and TF21 taste
bud 2 (D). Taste cells are denoted by colored circles as follows: green, wavy circle = Type I/Il cell; teal, wavy circles = bushy-ended Type Il cells; blue circles = Type Il cells; purple circles =
Type Il cells with hybrid synapses; red circles = Type Ill cells with vesicular synapses. Each line denotes a single NF color coded: red fibers innervate Type Ill cells, blue fibers innervate Type Il
cells, purple fibers innervate both Type I and Type Il cells. Multiply-connected fibers are shown by dots and forked connections. NF lines deepen in color for nerves that innervate increasing
numbers of taste cells. Nerve processes that could not be traced to exit the taste bud are illustrated as not extending below the dashed line outlining each taste bud. ATMs are denoted by red
semicircles, while “transitional” ATMs are denoted by yellow semicircles. Vesicular synapses are denoted by black semicircles. Those cells mentioned in the text are denoted by bolded lettering,
and NFs mentioned in the text are labeled. The inset in € emphasizes a single NF that contacts nine ATMs in T2C01, other features of this cell are greyed out to emphasize NF4.

responsive to both sour (Type III) and one or more G-protein
coupled receptor (GPCR)-mediated taste qualities, i.e., bitter, sweet
or umami (Type II). Such multiple responsiveness is reported for
both gustatory NFs and ganglion cells (Barretto et al., 2015; Wu et
al,, 2015). Further, since fibers likely branch before entering a taste

bud, a fiber innervating Type II cells in one taste bud may innervate
Type III cells in another bud, but we would not be able to detect
such convergence with the methods employed. Furthermore, with
the methods employed, we would be unable to detect convergence
of Type II cells of differing specificities unto single NFs. Hence our
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population counts yield only a lower limit on the degree of conver-
gence likely in this system.

The number of axons postsynaptic to any given taste cell
varies from 1 to 8. How this variability affects the output of the
system is unclear. A multiply-connected taste cell might exert a
larger influence on total nerve output than would a taste cell syn-
aptic onto but a single fiber. If the presynaptic cells are of differ-
ent taste specificity, then the more connected cell may drive the
response of the NF at low concentrations of tastant, whereas the
activity of the less connected cell becomes evident only at higher
concentrations. Indeed, differences in specificity of response
with concentration (Wu et al,, 2015) are reported for taste gan-
glion cells. A ganglion cell may respond to a single taste quality
at low concentrations but show broader responsiveness at high
stimulus concentrations.

Diversity of Type II cell morphology

Type 1II cells, those transducing sweet, umami, or bitter tastes
have been conventionally characterized as elongate, smooth cells
having a large, ovoid nucleus with sparse heterochromatin and
channel-type synapses with ATMs (Clapp et al., 2004; Kinnamon
and Yang, 2008; Yang et al., 2020). In our previous work, we
showed that, in mice, such cells terminate apically with a single,
stout microvillus (Yang et al., 2020). In our current study, we
identify a subset of bushy-top Type II cells, ~14% of the popula-
tion, that end below the taste pore with an irregular assembly of
short microvilli. While these may correspond to a unique func-
tional class of taste cell, we suggest they may be representative of
immature Type II cells. Type II cells have a life span of 8-20d
(Perea-Martinez et al., 2013) with markers of transduction, gust-
ducin, PLC82, or IP3R3 first appearing around days 2-3 (Cho et
al.,, 1998; Miura et al., 2006; Koyanagi-Matsumura et al., 2021).
Accordingly, ~10-12.5% of Type II cells in any taste bud will be
in an immature state. The bushy-top Type II cells each form a
channel synapse with but a single NF and have only a single spe-
cialized point of contact with that fiber. If these bushy-top Type
II cells represent an immature morphologic state, then this sug-
gests a possible order of maturation where a synapse forms first
followed by full elaboration of the apical end of the cell in the
form of a single stout microvillus reaching into the taste pore.

References

Akisaka T, Oda M (1978) Taste buds in the vallate papillae of the rat studied
with freeze-fracture preparation. Arch Histol Jpn 41:87-98.

Araque A, Carmignoto G, Haydon PG, Oliet SH, Robitaille R, Volterra A
(2014) Gliotransmitters travel in time and space. Neuron 81:728-739.
Barretto RP, Gillis-Smith S, Chandrashekar J, Yarmolinsky DA, Schnitzer
M]J, Ryba NJ, Zuker CS (2015) The neural representation of taste quality

at the periphery. Nature 517:373-376.

Caicedo A, Kim KN, Roper SD (2002) Individual mouse taste cells respond
to multiple chemical stimuli. ] Physiol 544:501-509.

Chandrashekar J, Hoon MA, Ryba NJ, Zuker CS (2006) The receptors and
cells for mammalian taste. Nature 444:288-294.

Chang RB, Waters H, Liman ER (2010) A proton current drives action
potentials in genetically identified sour taste cells. Proc Natl Acad Sci
USA 107:22320-22325.

Chaudhari N, Roper SD (2010) The cell biology of taste. ] Cell Biol 190:285-
296.

Cho YK, Farbman AL Smith DV (1998) The timing of a-gustducin expres-
sion during cell renewal in rat vallate taste buds. Chem Senses 23:735-
742.

Clapp TR, Yang R, Stoick CL, Kinnamon SC, Kinnamon JC (2004)
Morphologic characterization of rat taste receptor cells that express com-
ponents of the phospholipase C signaling pathway. ] Comp Neurol
468:311-321.

J. Neurosci., February 2, 2022 - 42(5):804-816 - 815

Dando R, Roper SD (2009) Cell-to-cell communication in intact taste buds
through ATP signalling from pannexin 1 gap junction hemichannels. ]
Physiol 587:5899-5906.

Dando R, Dvoryanchikov G, Pereira E, Chaudhari N, Roper SD (2012)
Adenosine enhances sweet taste through A2B receptors in the taste bud. J
Neurosci 32:322-330.

Dutta Banik D, Benfey ED, Martin LE, Kay KE, Loney GC, Nelson AR, Ahart
ZC, Kemp BT, Kemp BR, Torregrossa AM, Medler KF (2020) A subset of
broadly responsive Type III taste cells contribute to the detection of bit-
ter, sweet and umami stimuli. PLoS Genet 16:e1008925.

Fiala JC (2005) Reconstruct: a free editor for serial section microscopy. J
Microsc 218:52-61.

Harris KM, Weinberg RJ (2012) Ultrastructure of synapses in the mamma-
lian brain. Cold Spring Harb Perspect Biol 4.

Ho J, Tumkaya T, Aryal S, Choi H, Claridge-Chang A (2019) Moving beyond
p values: data analysis with estimation graphics. Nat Methods 16:565-
566.

Huang AL, Chen X, Hoon MA, Chandrashekar J, Guo W, Triankner D, Ryba
NJ, Zuker CS (2006) The cells and logic for mammalian sour taste detec-
tion. Nature 442:934-938.

Huang YA, Maruyama Y, Stimac R, Roper SD (2008) Presynaptic (Type III)
cells in mouse taste buds sense sour (acid) taste. ] Physiol 586:2903-2912.

Huang T, Ohman LC, Clements AV, Whiddon ZD, Krimm RF (2020)
Variable branching characteristics of peripheral taste neurons indicates
differential convergence. bioRxiv 2020.2008.2020.260059.

Huang T, Ohman LC, Clements AV, Whiddon ZD, Krimm RF (2021)
Variable branching characteristics of peripheral taste neurons indicates
differential convergence. ] Neurosci 41:4850-4866.

Kanazawa H, Yoshie S (1996) The taste bud and its innervation in the rat as
studied by immunohistochemistry for PGP 9.5. Arch Histol Cytol
59:357-367.

Kashio M, Wei-Qi G, Ohsaki Y, Kido MA, Taruno A (2019) CALHM1/
CALHM3 channel is intrinsically sorted to the basolateral membrane of
epithelial cells including taste cells. Sci Rep 9:2681.

Kataoka S, Yang R, Ishimaru Y, Matsunami H, Sévigny ], Kinnamon ]C,
Finger TE (2008) The candidate sour taste receptor, PKD2LI, is
expressed by type III taste cells in the mouse. Chem Senses 33:243-254.

Kataoka S, Baquero A, Yang D, Shultz N, Vandenbeuch A, Ravid K,
Kinnamon SC, Finger TE (2012) A2BR adenosine receptor modulates
sweet taste in circumvallate taste buds. PLoS One 7:¢30032.

Kinnamon JC, Yang R (2008) Ultrastructure of taste buds. In: The senses: a
comprehensive reference (Firestein S, Beauchamp GK, eds), pp 135-155.
San Diego: Academic Press.

Kinnamon JC, Taylor BJ, Delay R], Roper SD (1985) Ultrastructure of mouse
vallate taste buds. I. Taste cells and their associated synapses. ] Comp
Neurol 235:48-60.

Koyanagi-Matsumura E, Miura H, Saito M, Harada S (2021) Type II/III cell
composition and NCAM expression in taste buds. Cell Tissue Res
385:557-570.

Lee H, Macpherson LJ, Parada CA, Zuker CS, Ryba NJP (2017) Rewiring the
taste system. Nature 548:330-333.

Ma Z, Taruno A, Ohmoto M, Jyotaki M, Lim JC, Miyazaki H, Niisato N,
Marunaka Y, Lee R], Hoff H, Payne R, Demuro A, Parker I, Mitchell CH,
Henao-Mejia ], Tanis JE, Matsumoto I, Tordoff MG, Foskett JK (2018)
CALHMS3 is essential for rapid ion channel-mediated purinergic neuro-
transmission of GPCR-mediated tastes. Neuron 98:547-561.e10.

Miura H, Kusakabe Y, Harada S (2006) Cell lineage and differentiation in
taste buds. Arch Histol Cytol 69:209-225.

Murata Y, Yasuo T, Yoshida R, Obata K, Yanagawa Y, Margolskee RF,
Ninomiya Y (2010) Action potential-enhanced ATP release from taste
cells through hemichannels. ] Neurophysiol 104:896-901.

Newman EA, Zahs KR (1998) Modulation of neuronal activity by glial cells
in the retina. ] Neurosci 18:4022-4028.

Ohla K, Yoshida R, Roper SD, Di Lorenzo PM, Victor JD, Boughter JD,
Fletcher M, Katz DB, Chaudhari N (2019) Recognizing taste: coding pat-
terns along the neural axis in mammals. Chem Senses 44:237-247.

Pascual O, Casper KB, Kubera C, Zhang J, Revilla-Sanchez R, Sul JY, Takano
H, Moss SJ, McCarthy K, Haydon PG (2005) Astrocytic purinergic sig-
naling coordinates synaptic networks. Science 310:113-116.

Perea-Martinez I, Nagai T, Chaudhari N (2013) Functional cell types in taste
buds have distinct longevities. PLoS One 8:¢53399.


http://dx.doi.org/10.1679/aohc1950.41.87
https://www.ncbi.nlm.nih.gov/pubmed/736755
http://dx.doi.org/10.1016/j.neuron.2014.02.007
https://www.ncbi.nlm.nih.gov/pubmed/24559669
http://dx.doi.org/10.1038/nature13873
https://www.ncbi.nlm.nih.gov/pubmed/25383521
http://dx.doi.org/10.1113/jphysiol.2002.027862
https://www.ncbi.nlm.nih.gov/pubmed/12381822
http://dx.doi.org/10.1038/nature05401
https://www.ncbi.nlm.nih.gov/pubmed/17108952
http://dx.doi.org/10.1073/pnas.1013664107
https://www.ncbi.nlm.nih.gov/pubmed/21098668
http://dx.doi.org/10.1083/jcb.201003144
https://www.ncbi.nlm.nih.gov/pubmed/20696704
http://dx.doi.org/10.1093/chemse/23.6.735
https://www.ncbi.nlm.nih.gov/pubmed/9915120
http://dx.doi.org/10.1002/cne.10963
https://www.ncbi.nlm.nih.gov/pubmed/14681927
http://dx.doi.org/10.1113/jphysiol.2009.180083
https://www.ncbi.nlm.nih.gov/pubmed/19884319
http://dx.doi.org/10.1523/JNEUROSCI.4070-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22219293
http://dx.doi.org/10.1371/journal.pgen.1008925
https://www.ncbi.nlm.nih.gov/pubmed/32790785
http://dx.doi.org/10.1111/j.1365-2818.2005.01466.x
https://www.ncbi.nlm.nih.gov/pubmed/15817063
http://dx.doi.org/10.1038/s41592-019-0470-3
https://www.ncbi.nlm.nih.gov/pubmed/31217592
http://dx.doi.org/10.1038/nature05084
https://www.ncbi.nlm.nih.gov/pubmed/16929298
http://dx.doi.org/10.1113/jphysiol.2008.151233
https://www.ncbi.nlm.nih.gov/pubmed/18420705
http://dx.doi.org/10.1523/JNEUROSCI.1935-20.2021
https://www.ncbi.nlm.nih.gov/pubmed/33875572
http://dx.doi.org/10.1679/aohc.59.357
https://www.ncbi.nlm.nih.gov/pubmed/8937636
http://dx.doi.org/10.1038/s41598-019-39593-5
https://www.ncbi.nlm.nih.gov/pubmed/30804437
http://dx.doi.org/10.1093/chemse/bjm083
https://www.ncbi.nlm.nih.gov/pubmed/18156604
http://dx.doi.org/10.1371/journal.pone.0030032
https://www.ncbi.nlm.nih.gov/pubmed/22253866
http://dx.doi.org/10.1002/cne.902350105
https://www.ncbi.nlm.nih.gov/pubmed/3989005
http://dx.doi.org/10.1007/s00441-021-03452-5
http://dx.doi.org/10.1038/nature23299
https://www.ncbi.nlm.nih.gov/pubmed/28792937
http://dx.doi.org/10.1016/j.neuron.2018.03.043
https://www.ncbi.nlm.nih.gov/pubmed/29681531
http://dx.doi.org/10.1679/aohc.69.209
https://www.ncbi.nlm.nih.gov/pubmed/17287576
http://dx.doi.org/10.1152/jn.00414.2010
https://www.ncbi.nlm.nih.gov/pubmed/20519578
https://www.ncbi.nlm.nih.gov/pubmed/9592083
http://dx.doi.org/10.1093/chemse/bjz013
https://www.ncbi.nlm.nih.gov/pubmed/30788507
http://dx.doi.org/10.1126/science.1116916
https://www.ncbi.nlm.nih.gov/pubmed/16210541
http://dx.doi.org/10.1371/journal.pone.0053399
https://www.ncbi.nlm.nih.gov/pubmed/23320081

816 - J. Neurosci., February 2, 2022 - 42(5):804-816

Peters A, Palay SL, Webster H (1991) The fine structure of the nervous sys-
tem: neurons and their supporting cells. New York: Oxford University
Press.

Rodriguez YA, Roebber JK, Dvoryanchikov G, Makhoul V, Roper SD,
Chaudhari N (2021) “Tripartite synapses” in taste buds: a role for type I
glial-like taste cells. ] Neurosci 41:9860-9871.

Romanov RA, Lasher RS, High B, Savidge LE, Lawson A, Rogachevskaja OA,
Zhao H, Rogachevsky VV, Bystrova MF, Churbanov GD, Adameyko I,
Harkany T, Yang R, Kidd GJ, Marambaud P, Kinnamon JC, Kolesnikov
SS, Finger TE (2018) Chemical synapses without synaptic vesicles: puri-
nergic neurotransmission through a CALHM1 channel-mitochondrial
signaling complex. Sci Signal 11.

Roper SD (2007) Signal transduction and information processing in mam-
malian taste buds. Pflugers Arch 454:759-776.

Roper SD (2013) Taste buds as peripheral chemosensory processors. Semin
Cell Dev Biol 24:71-79.

Roper SD (2021) Chemical and electrical synaptic interactions among taste
bud cells. Curr Opin Physiol 20:118-125.

Roper SD, Chaudhari N (2017) Taste buds: cells, signals and synapses. Nat
Rev Neurosci 18:485-497.

Royer SM, Kinnamon JC (1988) Ultrastructure of mouse foliate taste buds:
synaptic and nonsynaptic interactions between taste cells and nerve
fibers. ] Comp Neurol 270:11-24, 58-59.

Royer SM, Kinnamon JC (1991) HVEM serial-section analysis of rabbit foli-
ate taste buds: I. Type III cells and their synapses. ] Comp Neurol 306:49-
72.

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25
years of image analysis. Nat Methods 9:671-675.

Shepherd GM, Grillner S, Roper SD, Chaudhari N (2017) Taste coding and
feedforward/feedback signaling in taste buds. In: Handbook of Brain
Microcircuits, p 277. Oxford: Oxford University Press.

Stratford JM, Larson ED, Yang R, Salcedo E, Finger TE (2017) 5-HT3A
-driven green fluorescent protein delineates gustatory fibers innervating
sour-responsive taste cells: a labeled line for sour taste? ] Comp Neurol
525:2358-2375.

Wilson et al. e Taste Bud Connectome

Swanson LW, Bota M (2010) Foundational model of structural connectivity
in the nervous system with a schema for wiring diagrams, connectome,
and basic plan architecture. Proc Natl Acad Sci USA 107:20610-20617.

Taruno A, Vingtdeux V, Ohmoto M, Ma Z, Dvoryanchikov G, Li A, Adrien
L, Zhao H, Leung S, Abernethy M, Koppel J, Davies P, Civan MM,
Chaudhari N, Matsumoto I, Hellekant G, Tordoff MG, Marambaud P,
Foskett JK (2013) CALHM1 ion channel mediates purinergic neurotrans-
mission of sweet, bitter and umami tastes. Nature 495:223-226.

Taruno A, Nomura K, Kusakizako T, Ma Z, Nureki O, Foskett JK (2021)
Taste transduction and channel synapses in taste buds. Pflugers Arch
473:3-13.

Teng B, Wilson CE, Tu YH, Joshi NR, Kinnamon SC, Liman ER (2019)
Cellular and neural responses to sour stimuli require the proton channel
Otopl. Curr Biol 29:3647-3656.€5.

Tomchik SM, Berg S, Kim JW, Chaudhari N, Roper SD (2007) Breadth of
tuning and taste coding in mammalian taste buds. ] Neurosci 27:10840-
10848.

Vandenbeuch A, Wilson CE, Kinnamon SC (2020) Optogenetic activation of
type III taste cells modulates taste responses. Chem Senses 45:533-539.
Wu A, Dvoryanchikov G, Pereira E, Chaudhari N, Roper SD (2015) Breadth
of tuning in taste afferent neurons varies with stimulus strength. Nat

Commun 6:8171.

Yang R, Crowley HH, Rock ME, Kinnamon JC (2000) Taste cells with synap-
ses in rat circumvallate papillae display SNAP-25-like immunoreactivity.
J Comp Neurol 424:205-215.

Yang R, Dzowo YK, Wilson CE, Russell RL, Kidd GJ, Salcedo E, Lasher RS,
Kinnamon JC, Finger TE (2020) Three-dimensional reconstructions of
mouse circumvallate taste buds using serial blockface scanning electron
microscopy: 1. Cell types and the apical region of the taste bud. ] Comp
Neurol 528:756-771.

Yee CL, Yang R, B Bottger B, Finger TE, Kinnamon JC (2001) “Type III” cells
of rat taste buds: immunohistochemical and ultrastructural studies of
neuron-specific enolase, protein gene product 9.5, and serotonin. ] Comp
Neurol 440:97-108.

Zaidi FN, Cicchini V, Kaufman D, Ko E, Ko A, Van Tassel H, Whitehead
MC (2016) Innervation of taste buds revealed with Brainbow-labeling in
mouse. ] Anat 229:778-790.


http://dx.doi.org/10.1126/scisignal.aao1815
http://dx.doi.org/10.1007/s00424-007-0247-x
https://www.ncbi.nlm.nih.gov/pubmed/17468883
http://dx.doi.org/10.1016/j.semcdb.2012.12.002
https://www.ncbi.nlm.nih.gov/pubmed/23261954
http://dx.doi.org/10.1016/j.cophys.2020.12.004
https://www.ncbi.nlm.nih.gov/pubmed/33521414
http://dx.doi.org/10.1038/nrn.2017.68
https://www.ncbi.nlm.nih.gov/pubmed/28655883
http://dx.doi.org/10.1002/cne.902700103
https://www.ncbi.nlm.nih.gov/pubmed/3372732
http://dx.doi.org/10.1002/cne.903060105
https://www.ncbi.nlm.nih.gov/pubmed/2040729
http://dx.doi.org/10.1038/nmeth.2089
https://www.ncbi.nlm.nih.gov/pubmed/22930834
http://dx.doi.org/10.1002/cne.24209
https://www.ncbi.nlm.nih.gov/pubmed/28316078
http://dx.doi.org/10.1073/pnas.1015128107
https://www.ncbi.nlm.nih.gov/pubmed/21078980
http://dx.doi.org/10.1038/nature11906
https://www.ncbi.nlm.nih.gov/pubmed/23467090
http://dx.doi.org/10.1007/s00424-020-02464-4
https://www.ncbi.nlm.nih.gov/pubmed/32936320
http://dx.doi.org/10.1016/j.cub.2019.08.077
https://www.ncbi.nlm.nih.gov/pubmed/31543453
http://dx.doi.org/10.1523/JNEUROSCI.1863-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/17913917
http://dx.doi.org/10.1093/chemse/bjaa044
https://www.ncbi.nlm.nih.gov/pubmed/32582939
http://dx.doi.org/10.1038/ncomms9171
https://www.ncbi.nlm.nih.gov/pubmed/26373451
http://dx.doi.org/10.1002/1096-9861(20000821)424:2&hx003C;205::AID-CNE2&hx003E;3.0.CO;2-F
http://dx.doi.org/10.1002/cne.24779
https://www.ncbi.nlm.nih.gov/pubmed/31587284
http://dx.doi.org/10.1002/cne.1372
https://www.ncbi.nlm.nih.gov/pubmed/11745610
http://dx.doi.org/10.1111/joa.12527
https://www.ncbi.nlm.nih.gov/pubmed/27476649

	Taste Bud Connectome: Implications for Taste Information Processing
	Introduction
	Materials and Methods
	Results
	Discussion


