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Early taste buds are formed from placode cells. Placode cells differentiate into Type I-III cells at birth; however,
the ultrastructure of these first taste cells remain elusive. Here, we used focused ion beam-scanning electron
microscopy (FIB-SEM) to analyze taste buds on the dorsal surface of the circumvallate papilla on embryonic day
(E) 18.5 and postnatal day (P) 1.5. The taste buds on E18.5 existed as a mass of immature cells. One of the
immature cells extended the cell process to the surface of the epithelium from the taste bud mass. Cytoplasm of

this cell contained many mitochondria and vesicles in the apical region. The taste buds at P1.5 had small taste
pores and had an onion-shaped structure. Most of the cells in the taste buds extended toward the taste pores.
Some of the cells in the taste buds were Type II-like cells with glycogen in their cytoplasm. In this study, it was
shown in three dimensions that immature cells extend to the surface of epithelium before the formation of the
taste pore. Subsequently, the formation of taste pores and maturation of taste buds progress simultaneously.

1. Introduction

Taste buds are organs located on the lingual papillae and soft palate
and are responsible for gustation. Each taste bud contains approximately
25-80 taste cells (Ogata and Ohtubo, 2020). Taste cells were classified
as Type I (dark), Type II (light), Type III (intermediate), and Type IV
based on their ultrastructural features using transmission electron mi-
croscopy (TEM) (Kinnamon and Yang, 2008) (Supplementary data).
Type I cells are glial-like cells and express a variety of transporters and
ion channels. Type II cells are receptor cells that detect sweet, bitter, or
umami tastes. Type III cells include sour taste receptive cells (Chaudhari
and Roper, 2010; Kinnamon and Yang, 2008; Liman et al., 2014). Type
IV cells lie at the basolateral margin of the taste bud and represent the

immature cells that eventually differentiate to Type I-III cells (Miura
et al., 2014; Yang et al., 2020).

The mouse taste placodes appear as foci of columnar epithelium
concentrated in area that becomes the fungiform papillae (FFP) and
circumvallate papillae (CVP) by embryonic day (E)12.5 (Mistretta and
Liu, 2006). The trenches of CVP begin to form by E13.5, and papillae
with a mesenchymal core are created by E14.5 (Kim et al., 2009;
Nakayama et al., 2008). Gustatory nerve fibers reach and penetrate the
apical papillary epithelium during E13.5-15.5 (Hall et al., 1999; Kap-
simali and Barlow, 2013; Krimm et al., 2015). Although onion-shaped
cellular concentrations in the papillary epithelium finally differentiate
into taste buds, they are generally considered mature when taste pores
form in the first postnatal week (Zhang et al., 2008). At birth, the entire
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taste bud is composed of 7-13 cells that express Shh and K8 (Kramer
etal., 2019; Thirumangalathu et al., 2009). These cells are the precursor
cells of taste cells and differentiate directly into Type L, II or III cells and
gradually disappear after birth (Golden et al., 2021). Zhang and col-
leagues reported that in the mouse CVP, no matured taste buds with
taste pores are found at birth; however, the taste pores gradually form
after birth (Zhang et al., 2008). Instead, taste buds fully differentiate in
the postnatal week (Barlow, 2015; Kapsimali and Barlow, 2013).
Nevertheless, immunohistological studies have shown that taste cells are
differentiated before birth (Golden et al., 2021; Thirumangalathu and
Barlow, 2015). It is not known whether embryonic cells or postnatal
cells are involved in the formation of taste pores, which is considered a
sign of maturation. Moreover, there is little evidence of the detailed
morphology of these immature taste precursor cells that appear before
birth (Farbman, 1965). Therefore, we here attempted to perform further
morphological studies to understand this long standing question.

Electron microscopy is useful for analyzing the detailed structure of
taste buds. Particularly, three-dimensional (3D) observations have been
useful for understanding the detailed cellular architecture of taste buds
(taste cells) and their cellular composition. In the early 90 s,” the 3D
reconstruction analysis of taste cells was performed using serial sections
obtained by TEM (Royer and Kinnamon, 1994, 1991; Seta and
Toyoshima, 1995). However, 3D reconstructions using TEM images
have several disadvantages, such as limited imaging range, huge time
consumption, and technical difficulty (Denk and Horstmann, 2004).

Recently, volume imaging using scanning electron microscopy
(SEM) has been developed that enables analysis of the 3D ultrastructure
of tissue organization. Several volume SEM techniques have been
developed, including serial block-face SEM (SBF-SEM), array tomogra-
phy, and focused ion beam-SEM (FIB-SEM) tomography, and all of them
are based on serial image acquisition (Denk and Horstmann, 2004; Knott
et al., 2008; Kremer et al., 2015; Micheva and Smith, 2007; Ohta et al.,
2012). Matured taste buds have also been analyzed using SBF-SEM to
observe the cytoplasmic features, 3D structures, and distribution of taste
cells in taste buds (Yang et al., 2020). Therefore, volume imaging
methods using SEM show great promise for the analysis of the taste buds
comprising multiple cells. Among the several volume SEM imaging
methods described above, FIB-SEM tomography can reconstruct 3D
structures from a wide range of high-resolution images of the material
surface and with a high depth resolution (Kato et al., 2007). Since
immature taste buds in the CVP are scattered in the papillary epithelium
and their distribution is not uniform, capturing the image of the whole
taste bud is difficult and can only be achieved by chance. Therefore,
FIB-SEM tomography, which can acquire the image of the target portion
from a large area, is suitable for observing immature taste buds.

In this study, we selected two developmental stages of taste buds to
analyze the 3D ultrastructure of immature taste buds: E18.5, just before
birth, and P1.5, at the beginning of the development of taste stimulation.
We investigated the features of the overall structure of the immature
taste buds and the different taste bud cell types that constitutes the taste
buds.

2. Materials and methods
2.1. Animals

One wild-type male and two C57BL/6J female mice were used in this
study. All mice were bred at the animal facility of our institution. They
were housed under a constant 12 h light/dark cycle (lights on at 7:00
am), fed a standard laboratory diet, and allowed free access to food and
water. Male and female mice were allowed to live together overnight.
Mating was assumed to occur between 6:00 pm and midnight, and E0.5
was defined as the day on which the plug was confirmed the next
morning. On E18.5, one pregnant mouse was anesthetized with a com-
bination of anesthetics (0.3 mg/kg medetomidine, 4.0 mg/kg mid-
azolam, and 5.0 mg/kg butorphanol), and six fetuses were removed
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from the uterus and used for further analyses. The gestation length of the
second mice was 19 days. Six P1.5 neonates were sacrificed by decapi-
tation and used for further analyses. A scheme of the experimental
procedures is described in Fig. 1.

All experiments were performed in accordance with the National
Institutes of Health guidelines for animal research. All animal experi-
ments were approved by the Institutional Animal Care Committee of
Kurume University, Fukuoka, Japan.

2.2. Hematoxylin and eosin (H&E) staining

The tongues were removed from the E18.5 fetuses and P1.5 neonates
(n = 2, each). Dissected tongues were immersed in 4% para-
formaldehyde (PFA) in phosphate-buffered saline (PBS) for 2 h at 4 °C.
The specimens were subsequently trimmed (2 x 3 mm size), washed
three times for 5 min in PBS, and processed to prepare 5 pm-thick
paraffin sections. The sections were stained with hematoxylin and eosin
(H&E) and subsequently imaged with a fluorescence microscope (BZ-
X710, KEYENCE).

2.3. Tissue preparation for SEM

The tongues were removed from the E18.5 fetuses and P1.5 neonates
(n = 4, each). The specimens were immersed in a half-Karnovsky solu-
tion (2% paraformaldehyde, 2.5 % glutaraldehyde, 2 mM CaCly in a 0.1
M cacodylate buffer) for 2 h at 4 °C, washed in 0.1 M cacodylate buffer,
and then trimmed to 1 mm X 2 mm sizes. After three washes with
cacodylate buffer, the specimens were post-fixed for 1 h in a solution
containing 2% osmium tetroxide in cacodylate buffer at 4 °C, washed
three times with distilled water (DW), and immersed in 1% thio-
carbohydrazide solution for 1 h. After three washes with DW, the
specimens were further immersed in 2% osmium tetroxide in DW and
washed three times with DW. Thereafter, they were dehydrated in an
ethanol series (25 %, 50 %, 70 %, 80 %, 90 %, and twice in 100 %
ethanol for 5 min each). Subsequently, the samples were freeze-dried
with tert-butyl alcohol, mounted on a metal stub, sputter-coated with
carbon, and examined using SEM (Quanta 3D FEG; FEI, Eindhoven, The
Netherlands).

2.4. Sample preparation, volume image acquisition, and 3D
ultrastructural analysis by FIB-SEM tomography

Tissue preparation, FIB-SEM tomography, and 3D ultrastructural
analysis were performed following the procedures described in our
previous studies (Hirashima et al., 2016; Ohta et al., 2012).

2.4.1. Tissue preparation for FIB-SEM tomography and en bloc staining

The specimens were immersed in the same fixative used for tissue
preparation of SEM for 2 h at 4 °C, rinsed in the same buffer (Section
2.3), and fixed with 1.5 % potassium ferrocyanide and 2% osmium te-
troxide for 1 h at 4 °C. After rinsing with DW, the specimens were treated
with 1% thiocarbohydrazide, rinsed with DW, immersed in a 2%
osmium tetroxide solution for 1 h at 37 °C, and washed again with DW.
For en bloc staining, the specimens were immersed in a 4% uranyl ac-
etate solution overnight and washed with DW. The specimens were
stained with Walton’s lead aspartate solution. They were dehydrated in
an ice-chilled ethyl alcohol gradient series and acetone, then embedded
in epoxy resin (Epon812; TAAB Laboratories Equipment Ltd., Berkshire,
UK), and polymerized for 48 h at 65 °C.

2.4.2. FIB-SEM tomography

The resin blocks were placed on a metal stub. The surfaces of the
embedded specimens were exposed using a diamond knife on an
Ultracut E microtome (Leica, Wetzlar, Germany). The metal stub with
the specimens was set on the stage of FIB-SEM (Quanta 3D FEG; FEI,
Eindhoven, The Netherlands). Serial images of the block face were
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Fig. 1. Flow diagram of the study design. Flow diagram showing the selection strategy of animals for the experiment. In this study, we used the fetuses of Embryonic
day (E) 18.5 and neonates of postnatal day (P) 1.5. The immature taste buds collected from E18.5 fetuses and P1.5 neonates were classified using conventional

methods (Kinnamon and Yang, 2008).

acquired by repeated cycles of sample surface milling and imaging using
the Auto Slice & View G2 operating software (FEI). Milling was per-
formed with a gallium ion beam at 30 kV with a current of 15 nA. The
milling pitch was set to 50 nm/step and 750-800 cycles. Images were
acquired at landing energy of 5.0 keV. Additional acquisition parame-
ters were as follows: beam current = 0.15 nA, dwell time = 6 ps/pixel,
image size = 2048 x 1768 pixels, and pixel size = 29.1 nm/pixel. Serial
images of the block face were acquired by repeated cycles of sample
surface milling using a focused gallium ion beam and image acquisition
using SEM. The resultant image stack was 30 x 30 x 75-80 pm block
size. 3D reconstruction was performed using the images obtained from
the area containing the taste buds.

2.4.3. 3D-structure reconstruction and image analysis

Serial section images were reconstructed into 3D images and
analyzed using the 3D visualization software Avizo Ver.9.1.1 (FEI
Visualization Science Group, Burlington, MA). In this FIB-SEM imaging,
we mainly used the low-power field to include the entire taste bud from

det HV bias’
ETD 5.00kV 0V

mag t HV |bi

2 495 x ETD 5.00 k

the angle of view. In image analysis, the cells sharing a clear boundary
with the surrounding epithelial cells and having low electron density
were considered to be immature taste cells. We analyzed the
morphology of these cells.

3. Results
3.1. Analysis of taste cells at E18.5

3.1.1. Light microscopy (LM)

At E18.5, hematoxylin and eosin staining results demonstrated that
the CVP did not have a mature morphology, and the upper part was
small and round. The surrounding trenches were not formed, and the
epithelium was connected. These papillae were covered with a thin
stratified squamous epithelium, and immature taste buds were located
in the apical epithelium of the CVP. There were no obvious taste pores
(Fig. 2A). Immature taste buds were approximately 20-30 pm in
diameter and had a clear boundary with the surrounding epithelium.

Fig. 2. Hematoxylin & eosin (H&E) -stained
sections of the circumvallate papilla (CVP) at
E18.5. A. The CVP does not have a typical
mature morphology and still looks like a hill-
ock. The trench is barely formed and has
epithelial connections (arrow). Immature taste
buds can be seen at the top of the epithelium of
the CVP (white circle). The size of the immature
taste bud is approximately 20 pm. There are no
taste buds in the epithelium of the trench sur-
rounding the CVP. Scale bar: 100 pm. B. Scan-
ning electron microscopy images of the CVP at
E18.5. The CVP is flat in front and circular in
the rear. It is approximately 200 pm in size,
anterior (ANT) to posterior (POST), and 130 pm
laterally. The surrounding epithelium is
smooth. The epithelium of the CVP is detached
compared to the surrounding epithelium. The
filiform papillae were small and round at the tip
(arrow). C. Enlarged figure of the CVP surface
There are several detached epithelia (arrow-
heads). The black pores, which appear to be
taste pores, are shadows caused by ablation
(asterisks); arrow, cell border.

POST

200 pm

20 ym
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Intercellular junctions were loose, and intercellular bridges could be
seen more clearly than in the surrounding epithelium.

3.1.2. SEM

In SEM, surface of the E18.5 CVP was flat at the tip and circular
posteriorly. The surrounding trenches of the CVP were shallow. The
filiform papillae were small and round at the tip (Fig. 2B). The surface
epithelium was severely detached. Taste pores were not observed at the
top surface of the papillae in the SEM images (Fig. 2C).

3.1.3. FIB-SEM tomography

3.1.3.1. Appearance and cell types of taste bud. In FIB-SEM images,
almost all taste bud architecture was within the reconstructed volume
(Fig. 3). The taste bud was located in the apical epithelium of the CVP.
The taste bud at E18.5 was spherical and not in an onion-shaped cellular
arrangement as seen for a typical mature taste bud. The 3D recon-
struction showed that the immature cell (blue cell) had extended an
apical process to the surface of epithelium from the mass of taste cells
(Fig. 3A, arrow). There was no taste pore formation or direct access to
the oral cavity at E18.5 even in 3D observation. In addition, there was no
obvious microvilli formation. The bundle of nerve fibers penetrated the
basement membrane from the connective tissue. These bundles were
formed by many thin nerve fibers, which we considered as a whole
(Fig. 3A). The bundle of nerve fibers became thin nerve fibers and ran in
and around the taste buds. Although the nerve fibers were proximal to
taste bud cells, synaptic vesicles could not be detected at the data res-
olution used in this study.

We classified the taste bud cells based on the electron density of the
cytoplasm, the overall shape of the cell, and the shape of the nucleus and
numbered using the same numbering systems (Fig. 3B). The immature
cells (No. 1-9) had low electron density and some had cell depressions
and nuclear membrane invaginations. In addition, most immature cells
lacked a clear orientation, and were intertwined with each other
(Fig. 3B, No. 1-8). Among these cells, one extended from the taste bud to
the epithelial surface layer (Fig. 3B, No. 9). This cell had a lower electron
density than other immature cells and a round nucleus with no nuclear
membrane invagination. Basal cells (No. 10-13) that were in contact
with the basement membrane had a higher electron density than
immature cells and thin cytoplasm and oval nuclei (Fig. 3B).

3.1.3.2. Immature taste cells. Most immature cells did not have a unified

A WA
f&o
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orientation. They also did not extend their processes to the surface layer
of the epithelium (Fig. 4A, red). Instead, cells existed in complex
intertwining with the surrounding cells. The electron density was in the
middle of the E18.5 taste bud cells. The position of the nucleus also
varied, with some located at the top of the taste bud and others at the
bottom; however, no fixed pattern was observed (Fig. 4A). Moreover,
the distribution of the nucleolus was even, and heterochromatin was
attached to the nuclear membrane (Figs. 4A and 5 A, red cells). The
shape of the nucleus varied from oval to triangular and showed in-
vaginations of the nuclear membrane (Fig. 4A, No. 5, white arrowheads)
or nerve fibers (Fig. 4B, No. 5, white arrowheads). 3D reconstructed
images also confirmed that the nucleus was in close to nerve fibers
(Fig. 4C and D). Some nuclei of immature cells (Fig. 4E, No. 2) had deep
invaginations, similar to Type III cells. However, these invaginations
were not continuous and did not extend to the opposite side, and never
divide the nuclei into two in the 3D reconstructed image (Fig. 4F).

There was a cell that deviated from the mass of taste bud among the
immature cells. This cell was characterized as extending to the surface of
epithelium from the taste cell mass (Fig. 5A). This cell (Fig. 5A, No. 9)
had a lower electron density than the other cells. The nucleus was mostly
round and smooth. There were many chromatin molecules in the nuclei.
Unlike the other cells, the cell body that extends from the taste bud exists
just below the epithelial surface layer (Fig. 5B-E). At this stage, the cell
body had not gained access to the oral cavity. Moreover, some low-
electron-density vacuolar structures could be observed within the cell
process (Fig. 5B, D, E) and aggregation of mitochondria were also
observed around the structures (Fig. 5C, white arrows). 3D reconstruc-
tion revealed four low-electron-density structures in the process
(Fig. 5F).

3.1.3.3. Basal cell. The basal cells within the taste bud were found in
the basolateral region and in contact with the basement membrane
(Fig. 6, dark purple). These cells had an electron-dense cytoplasm and
were morphologically similar to the surrounding epithelial cells (Fig. 6).
They (No. 10-13) had oval, irregular nuclei with scattered heterochro-
matin and relatively thin cytoplasm (Fig. 6). The bundle of nerve fibers
ran from the connective tissue, crossed the basement membrane, and
passed between the basal cells into the taste buds (Fig. 6A, D). Basal cells
were flattened cells that lie along the basolateral margin of the taste bud
(Fig. 6E).

Fig. 3. 3D reconstructed image of the entire
E18.5 CVP taste bud and each cell. A. The taste
bud is not onion-shaped but is spherical instead
(white dotted line). One of the immature cells
extends an apical process to the epithelial sur-
face layer (arrows). Nerve fibers enter and run
from the connective tissue into the taste bud
(yellow). Scale bar: 10 pm. B. The red cells (No.
1-8) are classified as immature taste cells, each
showing a different and diverse cell
morphology. Some cells elongate up, down, left,
and right (in three dimensions) without direc-
tionality. The immature taste cells exist as if
they are pushing against each other, resulting in
a distorted morphology. The immature cell (No.
9, blue) that deviate from the taste bud extends
the cell process and has an orientation. The
dark purple cells (No. 10-13) are flattened and
bowl-shaped. Basal cells do not have a cell
process. Scale bar: 10 pm.
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Fig. 4. Serial cross-sections of FIB-SEM tomography at E18.5. Various shapes of immature taste cells and their nuclei. A. Slice number 800 at E18.5. Immature taste
cells have an intermediate electron density in taste cells and are painted red in this study. The immature taste cells elongate to fill gaps within a defined area. The
nucleus of the immature cell has depressions because it is compressed by other cells and nerve fibers (arrowhead). Heterochromatin attached to the nuclear
membrane (arrow). The immature cell (No. 8) is located at the center of the basal part of the taste bud and has an oval nucleus. Immature cell which extends to the
surface of epithelium is blue, and basal cells are purple. The thin white dotted line represents the boundary of the taste bud. The thick white dotted line represents the
basement membrane (BM). Scale bar: 10 pm. B. Serial cross-sections of the focused ion beam-scanning electron microscope tomography (FIB-SEM). Magnified view of
the square in A (slice no. 800). The nucleus of the cell (No. 4) features invagination of the membrane (arrowhead). The edge of the nuclei lies in close proximity with
the nerve fibers and features invaginations of the membrane, which is evident in serial images (800-830). nf, nerve fibers; Scale bar: 3 ym. C, D. Three-dimensional
(3D) reconstructed images of the nucleus and nerve fibers in No. 4. Depressed nuclear area (arrowhead). E. Another section (slice number: 670). Some immature taste
cells (No. 2) have deep nuclear invaginations. The white dotted line represents the basement membrane. nf, nerve fibers; Scale bar: 10 pm. F. 3D reconstructed image
of the nucleus of No. 2. The deep invagination of the nucleus is not connected (white arrow). There is a basal cell (No. 10) between this immature cell (No. 2) and the

basement membrane. Scale bar: 5 pm.

3.2. Analysis of taste cells at P1.5

3.2.1. LM

At P1.5, hematoxylin and eosin staining revealed typical morphology
of CVP, but the surrounding trenches were shallow. The epithelium in
the trenches began to partially detach from each other. These papillae
were covered with stratified squamous epithelium, and taste buds were
found within the epithelium in apical and the trench area (Fig. 7A).
Obvious taste pores could not be observed by conventional H&E-stained
sections.

3.2.2. SEM

In the SEM image, the CVP was pointed at the tip and circular at the
posterior end (Fig. 7B). The epithelial detachment was less evident in the
CVP on P1.5, and the trench surrounding the CVP was shallow. There
were some pores in the epithelium. However, it was not clear whether
these pores were taste pores (Fig. 7C). Typical diameter of the pore was
approximately 1 pm (Fig. 7C’). No microvilli structures were observed in
the interior of the pores.

3.2.3. FIB-SEM tomography

3.2.3.1. Appearance and cell types of taste bud. In the FIB-SEM volume
analysis, we present an example of a single taste bud that includes
almost the entire structure within the volume. The 3D reconstructed
images showed that the taste bud of P1.5 was onion-shaped, similar to
those of adult animals (Fig. 8A). The taste cells were directional and
elongated toward the epithelial surface layer. Intriguingly, we found the
formation of taste pore at this stage (Fig. 8B). Although the taste pore
was still small, it could be clearly observed in the 3D reconstructed

images. A bundle of nerve fibers penetrated the basement membrane
from the connective tissue and entered the taste bud. These bundles
were formed by many thin nerve fibers, and we traced the nerve as a
whole (Fig. 8A). The bundles of nerve fibers became thin nerve fibers
and branched off from each other within the taste bud. Despite the
proximity of nerve fibers with taste bud cells, synaptic vesicles could not
be detected at this data resolution.

We classified the taste bud cells into four types based on their
characteristics. These cells were numbered, and each number in
Figs. 8-11 indicate the same cell in reconstructed volume (Fig. 8C). The
type I-like cells had a slightly higher electron density, and the nucleus
was oval and elongated. The nuclei of this cell had little invagination,
and the cytoplasm was thin. Type II-like cells had low electron density
and round nuclei with heterochromatin attached to the nuclear mem-
brane (Fig. 8C, No. 9-11). Many dense granules were present in the
cytoplasm. Type IV cells were located in the basal region and had higher
electron density than the other cells. They had irregular nuclei and thin
cytoplasm (Fig. 8C, No. 12-16). The pleomorphic cells showed a variety
of morphologies, and the electron density was intermediate between
Type I-like and Type II-like cells (Fig. 8C, No. 1-7). Some polymorphic
cells had cytoplasmic depressions and deep invaginations in the nuclear
membrane.

3.2.3.2. Type I-like cell. Cells that extended an apical process in the
taste pore and had a slightly higher electron density in the cytoplasm
were classified as Type I-like cells (Fig. 9A, No. 8). The nucleus of this
cell was located at the middle of the taste buds and was oval and elon-
gated. Patches of heterochromatin were observed in the nuclear mem-
brane (Fig. 9A, No. 8). Many nerve fibers ran around this cell, and
closely related areas were observed in the middle portion of this cell
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Fig. 5. Serial cross-sections of FIB-SEM tomography at E18.5. One of the immature cells that extend from the taste buds extends an apical process to reach just below
the epithelial surface layer. A. Slice number 830. One of the immature cells extend from taste buds. This cell has a cytoplasm with a low electron density than the
other immature cell. The nucleus of the cell is round, but the nucleus is partially projected in the extending cell body. There is a low electron density structure near
the projected nucleus (asterisk). Heterochromatin of the immature cell is attached to the nuclear membrane (arrow). The thin white dotted line represents the
boundary of the taste bud. The thick white dotted line represents the basement membrane (BM). Scale bar: 10 pm. B-E. Slice numbers 750 to 820. In serial cross-
sections, this cell (No. 9) extending from the taste bud is seen just below the epithelial surface layer, and taste pore is not formed. The extending cytoplasm contains
several structures with apparently low electron densities (B, D, and E, asterisk). These structures are not single vesicle-like structures but are continuous. Some
mitochondria are present at the tip of the cell (slice number 780, white arrow). Scale bar: 3 pm. F: 3D reconstructed images of extending cell. Light blue indicates the
cell body, and dark blue represents the nucleus. A part of the nucleus extends into the apical process of the cell. The four white structures are the low-electron-density
structures observed in the serial cross-sections. Scale bar: 5 pm. G: 3D reconstructed image of the whole taste bud as in (A), with the cell in No. 9 extending outward
from the taste bud. Scale bar: 5 pm.

Fig. 6. Serial cross-sections of FIB-SEM tomography at E18.5. Basal cell arrangement. A. Slice number 750. Basal cells (No. 12 and 13) are thin and are in contact
with the basement membrane (BM). These cells have a higher electron density than the other immature cells. The bundle of nerve fibers enters the taste bud between
No. 8 and 13. These bundles comprise many thin nerve fibers, which we traced as a whole. The white dotted lines represent the taste bud boundaries. The thick white
dotted line represents the BM; Scale bar: 10 pm. B-D. Sections containing each basal cell (No. 10-12). The basal cells are morphologically similar to the surrounding
epithelial cells and have spheroidal or disk-shaped nuclei. They lie at the bottom of the taste bud and do not protrude into the epithelial side. Basal cells and nerve
fibers frequently contact each other. In slice number 850, nerve fibers enter the taste bud from the basal side. This nerve fiber is a different bundle than the nerve fiber
in slice number 750. The white dotted lines represent the taste bud boundaries. nf, nerve fiber; Scale bar: 10 um. E. 3D reconstructed images of basal cells. The basal
cells lie at the bottom of the taste bud (No. 10-13). Scale bar: 10 pm.

(Fig. 9B-E, yellow). This cell had sheet-like cytoplasmic processes, from the top of the nucleus to the tip of the cell (Fig. 9E, arrowhead).
which were frequently observed to embrace the nerve fibers (Fig. 9B-D).

The 3D reconstructed image showed that many nerve fibers were in ~ 3.2.3.3. Type IFlike cell. There was a large cell with low cytoplasmic
contact with this cell (Fig. 9F). A large number of vesicles were present electron density in the middle of the P1.5 taste bud. We classified this
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cell as a Type II-like cell (Fig. 10A, No. 9). The nucleus of this cell was
round (Fig. 10A). Heterochromatin attached to the nuclear membrane
was also observed. The prominent characteristic feature was the pres-
ence of many dense granules in the cytoplasm, some of which were large
enough to cover the nucleus (Fig. 10A). Cells with granules in the
cytoplasm were also identified in the other P1.5 taste buds (TB2)
(Fig. 12A, blue cell). In addition, multiple Type II-like cells were
observed in taste buds (Fig. 10A and E, No. 9-11). One of these cells (No.
9) extended its tip near the taste pore (Fig. 10B, C), and two (No. 9 and
10) had contact with the basement membrane.

3.2.3.4. Type IV cell. Some cells located in the basal region were clas-
sified as Type IV cells (Fig. 8C, No. 12-16). These cells were flattened
and in contact with the basement membrane (Fig. 11A and B, No.
12-16). These cells had a higher electron density than the others. Type
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Fig. 7. H&E-stained section of CVP at P1.5. A.
CVP is similar to a typical mature morphology.
The trench of the CVP is still shallow. There are
some immature taste buds at the top and trench
of the epithelium. The size of the immature
taste buds is approximately 20 pm. Scale bar is
100 pm. A’. Enlargement of the taste bud. The
formation of the taste pores is not clear. B. SEM
image of the CVP at P1.5. The CVP is slightly
raised anteriorly and circularly posteriorly; the
size of the CVP is approximately 300 pm ante-
rior (ANT) to posterior (POST) and approxi-
mately 160 pm lateral. The CVP is surrounded
by an outer lateral wall (W), and the trench
within it is still shallow. C. Magnified image of
the area enclosed by a square in B. The cell
border is identified as a single raised line (white
arrow), and fine micro ridges (mr) are observed
on the cell surface. The epithelium has a pore
with a diameter of approximately 1 pm, but it is
not clear whether it is a taste pore (square). C’.
Magnified image of the area enclosed by a
square in C. The inside of the pores is dark. The
interior of the pore (P) cannot be observed
darkly, and no adult-like microvilli structures
were observed.

Fig. 8. 3D reconstructed image of the entire
P1.5 CVP taste bud and each cell. A. The taste
bud in the epithelium is onion-shaped. Nerve
fibers (yellow) enter and run from the connec-
tive tissue into the taste bud. Scale bar: 10 pm.
B. View of the taste pores from the side of the
oral cavity. Taste cells are seen in the taste
pores (arrowhead). Scale bar: 2 pym. C. The red
cells in the upper row are classified as poly-
morphic cells. Most cells are directional, and
some produce small processes toward the sur-
face. The green cells (No. 8) are classified as
Type I-like cells. Blue cells are Type II-like cells
with glycogen in their cytoplasm, and No. 9 cell
has an apical process toward the taste pore.
Purple cells are Type IV cells. Type IV cells lie at
the bottom of the taste bud. Scale bar: 10 pm.

IV cells had an irregular nucleus, and the nuclei were located at the
height of 1/4 of the taste bud. The cytoplasm was thin. Substantial
contact with nerve fibers entering through the basement membrane was
observed; however, there was no thickening of the membrane or
deformation of the nucleus at the contact area (Fig. 11B, No. 14). Most
Type IV cells were flat, except for one with an irregular shape
(Fig. 11B-D, No. 15). This Type IV cell extended toward the epithelium
enveloping the Type II-like cell (Fig. 11C, No. 11) from the outside. In
addition, the nucleus was distorted.

3.2.3.5. Polymorphic cell. The cells that exhibited various morphologies
were classified as polymorphic cells (Fig. 8C, No. 1-7). The electron
density of the cells was intermediate between the Type I-like cells and
Type II-like cells (Fig. 11A, red). These cells had different nuclear
shapes, either with deep invaginations (Fig. 11A, No. 2) or small
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Fig. 9. Serial cross-sections of FIB-SEM tomography at P1.5. Characteristics of Type I-like cell at P1.5. A. Slice number 575. This section contains Type I-like cells and
polymorphic cells. Type I-like cells have a cytoplasm with a slightly higher electron density than the surrounding polymorphic cells. The nucleus of the Type I cell
(No. 8) is oval and elongate. The thin white dotted line represents the boundary of the taste bud. The thick white dotted line represents the basement membrane
(BM); Scale bar: 10 pm. B-E. Magnified view of the serial cross-section (No. 571-574). Type I-like cells are surrounded by polymorphic cells, and many nerve fibers
run around the cell (nf; yellow). The Type I-like cell extends a thin lamella in these sections to enclose the nerve fibers (white arrow). In the cytoplasm of this cell,
there are many vesicles of approximately 0.2-0.5 pm in size (arrowheads). Scale bar: 5 pm. F. 3D reconstructed image of Type I-like cell. Many nerve fibers (nf)
contact Type I cells. Scale bar: 10 pm.

Fig. 10. Taste bud and their apical structure at P1.5. A. The taste bud is onion-shaped with a clear boundary to the surrounding epithelial cells. Type II-like cells have
a lower electron density than other cells and are characterized by a round nucleus. A large Type II-like cell is present in the center of the taste bud, and aggregates of
fine granules are found in their cell bodies (arrowheads). The granules surround the nucleus and are present in multiple clumps. The thin white dotted line represents
the boundary of the taste bud. The thick white dotted line represents the basement membrane (BM); taste pores (arrow). nf, nerve fibers (yellow); Scale bar: 10 pm. B,
C. Sections around taste pores. Various cells extend through the epithelial cells toward the taste pores. Only Type I-like cells (No. 8) extend the incomplete microvilli
into the small taste pores. The apical process of the other cells does not extend into the taste pores. The apical process of the No.3 cell extends under the epithelium of
taste pores and finely branched (white circles). nf, nerve fibers; Scale bar: 5 pm. D. 3D reconstructed image of cells around the taste pore. Light gray indicates the
surrounding epithelium. The cells elongate toward the taste pores, but most of them do not yet have obvious microvilli. nf, nerve fibers run between and around cells;
Scale bar: 5 pm. E. Slice number 720. Type II-like cell (No. 10) also has granules in the cell body (arrow head). nf, nerve fibers (yellow); Scale bar: 10 pm.

depressions (Fig. 11C, No. 1). The nucleus is closely associated with
other cells or nerve fibers and featured invaginations of the nuclear
membrane (Fig. 11A, No. 4 and 6). The major difference between the
polymorphic and E18.5 immature cells was that the former had di-
rections toward the epithelial surface layer. Most of the cells underwent
a slight process in the direction of the taste pores (Fig. 10B). One
polymorphic cell had an apical process just below the taste pore (No. 3,

Fig. 10B). However, the apical process did not extend into the taste pore,
and the apical process branched out transversely just below the
epithelium (Fig. 10C).

4. Discussion

This study elucidated the structure of developing taste buds and their
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Fig. 11. Serial cross-sections of FIB-SEM tomography at P1.5. Type IV cells and polymorphic cells. A. Slice number 592. Polymorphic cells exhibit various mor-
phologies. Some nuclei are in close proximity with other cells (thick arrows) or nerve fibers (arrowheads) and feature invaginations of the nuclear membrane. The
cytoplasm in the invaginated areas is very thin. Some cell nuclei show invagination of the nuclear membrane (thin arrow). Nerve fibers (nf; yellow). The thin white
dotted line represents the boundary of the taste bud. The thick white dotted line represents the basement membrane (BM). Scale bar: 10 pm. B. Slice number 680.
Type IV cells (No. 141516) have a nucleus in the lower 1/3 of the taste bud and high electron density. These cells are found at the base of the taste bud, and the shape
of the nucleus varies. Most are oval but slightly distorted to match the surrounding cells. They are often in contact with nerve fibers (nf) entering through the
basement membrane, but there is no thickening of the membrane or deformation of the nucleus at the contact site. The thin white dotted line represents the
boundaries of the taste bud. The thick white dotted line represents the basement membrane (BM). Scale bar: 10 pm. C. Magnified image of the area enclosed by a
square in B. Unlike other Type IV cells, this Type IV cell extends its processes upward to envelop the cell (No. 11) from the outside (arrowhead). The nucleus of the
polymorphic cell (No. 1) has a small invagination of the nuclear membrane (thin arrow). Scale bar: 5 pm. D. 3D reconstructed images of No.6, 11, and 15. The tip of
No.15 extends toward the epithelium to envelop other cells from the outside (arrowhead). Scale bar: 10 pm. E. Magnified image of the area enclosed by a square in B.
Type II-like cell contacts the basement membrane (arrowhead). Scale bar: 5 pm. F. 3D reconstruction of the basal area shows Type II-like cells (No. 10) in contact with
the basement membrane between the basal cells. Scale bar: 10 pm.

Fig. 12. Serial cross-sections of FIB-SEM tomography at P1.5. Taste bud of another sample of P1.5. A. Slice number 135. This taste bud also contains Type II-like cells
(blue), which have an aggregate of fine granules in the cytoplasm (arrows). The basal part contains a large number of nerve fibers that run between the cells (yellow).
The cells at the apex of the taste bud extend close to the top of the epithelium (light red). It is unclear whether a taste pore is formed because the entire taste bud is not
in the image area. The thin white dotted line represents the boundary of the taste bud. The thick white dotted line represents the basement membrane. Scale bar: 10
pm. B-D: Serial cross-section (No. 106 to 115). Two cells (light brown and light green) pass between the epithelial cells (light purple) and extend toward the top of the
epithelium. The cell extends toward the top of the epithelium with fine processes, but it does not reach the oral cavity. Scale bar: 5 pm.
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3D ultrastructure in the CVP before and after birth in mice (Table 1). The
E18.5 immature cells observed were not oriented to the epithelial sur-
face layer (Fig. 3A). Immature cells had depressed cytoplasm and nuclei,
and exhibited a variety of morphologies (Fig. 3B). These cells also did
not have the specific ultrastructure of mature taste cells such as atypical
mitochondria (Yang et al., 2020). In accordance with a previous study
(Thirumangalathu et al., 2009), these immature cells in the embryonic
stage were considered to be taste precursor cells which are poised to
differentiate.

The cell extending toward the epithelial surface layer from the taste
bud was observed at E18.5 (Fig. 3A). The cell body was located just
below the apical surface of the epithelium, although there was no gus-
tatory stimulation (Fig. 5B-E). Many round structures with low electron
densities were observed at the extending cell body of this cell (Fig. 5).
These findings are consistent with those of a previous study that iden-
tified Type II cells containing numerous vacuoles and mitochondria in
the apical portion of the cells in mouse taste buds (Paran et al., 1975).
Moreover, these cells are characteristic of metabolically active cells
among taste cells (Farbman, 1965). Therefore, we concluded this
extended cell to be a Type Il like cell which may differentiate into Type II
cells in the future. Early Type I and Type II cells differentiate from
precursor cells (Thirumangalathu et al., 2009). Early Type II cells are
thought to be actively involved in the formation and maintenance of the
taste pore (Farbman, 1965). The relationship between taste pore for-
mation and the extension of type II-like cells could not be clarified in this
study. It is possible that the extension of type II-like cells is necessary
before the formation of the taste pore.

The taste buds at P1.5 which appeared to have an onion-shaped
morphology formed taste pores (Fig. 8A). As shown in Fig. 10B and D,
cells below the taste pore formed apical processes, indicating that there
might be multiple cells extending towards the taste pore. It has been
shown that mature taste buds with taste pores appear at 4 days of age
(Toprak and Yilmaz, 2016). Here, using FIB-SEM, we show that the taste
pores are already formed at P1.5. However, the taste pores were still
small, and there were no electron-dense mucous material and vesicles as
seen in the taste buds of an adult. The mucous material in the taste pores,
which is thought to be produced by type I cells, plays an important role
in the taste perception of adult mammals (Ohmura et al., 1989; Witt and
Reutter, 1996). The present results indicate that the taste cell at P1.5 has
not yet begun to secrete the mucous material. Morphologically, the
apical processes of the taste cells have not yet formed a complete
microvillus, and therefore the taste cells of P1.5 are most likely

Table 1
Summary of electron microscopic features of taste cells in E18.5 and P1.5.
E18.5 P15
Cell type e Immature taste cell o Polymorphic cell
(Including an extending o Type I-like cell
cell in Fig. 4) o Type II-like cell
 Basal cell e Type IV cell
Shape Spherical Onion-shaped
Taste pore No observed Some taste buds have taste pore
(Some taste cell has unfinished
microvilli)
Electron e Immature taste cell: e Polymorphic cell: middle
density middle o Type I-like cell: high
(Extending cell in Fig. 4: o Type Il-like cell: low
low) e Type IV cell: high
e Basal cell: high
Nucleus e Immature taste cell: a e Polymorphic cell: Irregularly
various shape indented oval nucleus
e Basal cell: flat and oval o Type I-like cell: oval and elongated
o Type Il-like cell: round
o Type IV cell: flat and oval
Nerve e Contact with all cells e Contact with all cells

(Some specific immature
cells)

(Some specific Type I-like cell)
o Nerve fiber branching is finer than
in E18.5
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functionally immature. Although the formation of taste pore has been
regarded as a sign of taste bud maturation (Zhang et al., 2008), we
inferred that the formation of taste pore begins even when taste cells are
not yet mature, and that the maturation of taste cells progresses even
after the opening of taste pore. Although specific markers for type I-III
cells are expressed in the embryonic stage before the formation of the
taste pore (Golden et al., 2021), it is not yet clear the reason why dif-
ferentiation is initiated before taste perception. The taste buds of the soft
palate precede those of other papillae in the formation of the taste pore
(Rashwan et al., 2016; Zhang et al., 2008). It was suggested that the
spatial distribution of taste buds in the palate is important for suckling
behavior immediately after birth (Harada et al., 2000). It is possible that
the early taste cells are being prepared from the embryonic stage to
sense nutrition soon after birth. In addition, taste cells that differentiate
from taste precursor cells at an early stage may have the function of not
only receiving taste, but also constructing structures unique to taste buds
(e.g., formation of taste pore, cell adhesion and movement to form
onion-shaped structures). Further research might be needed which will
lead to morphological studies and functional analysis.

This study classified Type II-like cells of the P1.5 taste bud based on
nuclear morphology, cytoplasmic electron density, and organelle
morphology (Fig. 10A). Immediately after birth, the specific markers
(a-gustducin, PLCB2) for Type Il cells are expressed in taste buds (Golden
et al., 2021; Miura et al., 2005). The current study does not contradict
this observation. Furthermore, multiple granular structures were
observed in the cytoplasm of Type II-like cells (Fig. 10A) which might be
glycogen because of their shape and density. Similar dense cytoplasmic
granules (0.1-0.3 pm in diameter) have been reported in fungiform
papillae of E17—-19 rats (Farbman, 1965) and have been considered to
be a transient structure found in immature taste cells; however, their
precise function is unknown. Furthermore, from the present results, we
could not determine whether the predicted Type II-like cells at E18.5
and P1.5 are the same cells or not. The P1.5 taste buds contain cells that
are not classified as typical Type I-III cells, and we have conveniently
classified them as polymorphic cells (Fig. 8C). However, some poly-
morphic cells have a nuclear characteristic similar to Type III cells,
suggesting they may differentiate into Type III cells in the future. The
limitation of this study is that the synaptic structure between the nerve
fibers, which is a characteristic of type III cells, could not be observed. Of
course, the present results of this study cannot explain to which
particular cell type these polymorphic cells will differentiate in the
future. To explore this, the taste buds from E18.5 to P1.5 should be
observed continuously using 4-dimensional analyses such as organ
culture.

In the present study, drastic change of the taste bud between E18.5
and P1.5 was revealed in 3D suggesting that this period is critical for
pore formation and correct arrangement of taste cells in taste buds
(Figs. 3A, 8 A). Recently, LGR5+ stem cells have been identified as taste
stem cells, and the formation of taste bud organoids is possible from a
single cell (Yee et al., 2013; Ren et al., 2014). In contrast, taste cells in
taste bud organoids encounter problems to form the taste pores due to
the lack of cell orientation (Aihara et al., 2015; Ren et al., 2014);
therefore, further research is required to understand the mechanism of
taste pore formation. In our observation, the orientation of immature
taste cells was random at E18.5. When the taste pore was formed (at
least by P1.5), most of the taste cells had already extended their cell
process in the same direction, toward the taste pore. It is difficult to
examine the signals that determine the orientation of taste cells from the
present histological study. It is possible that the immature cell which
extended to the surface of epithelium seen in E18.5 may differentiate
and reach the epithelial surface prior to other cells and these cells follow
them in the same direction. The extracellular signal-related kinases
(ERKs) are closely related to cell proliferation and differentiation, and
their activation in a trigger cell is transmitted to other cells and de-
termines the direction of migration of cell populations (Aoki et al.,
2017). Therefore, investigating the relationship between factors
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involved in cell migration, such as ERKs activity of taste cells and the
orientation of taste cells at the stage from E18.5 to P1.5 might clarify the
basic concept of morphogenesis. We speculate that this could provide
insights for culture and regeneration studies.

At E18.5 and P1.5, taste buds were detected in the apical epithelium
facing the oral cavity (Figs. 2 and 7) and our FIB-SEM images also
captured the taste buds from the apical epithelium of the CVP. There are
two perspectives on the development of primitive taste buds. One is that
the taste buds of the CVP differentiate in the dorsal epithelium of the
CVP at PO (Uchida et al., 2003), and the other is that they first differ-
entiate in the trench epithelia during the first postnatal week (Krimm
et al., 2015). Taste placodes express Shh (Hall et al., 1999; Jung et al.,
1999), which are defined as taste bud precursor cells (Thirumangalathu
et al., 2009). Shh is expressed in the epithelial apex of the CVP at E12.5
when taste placodes are formed (Zhang et al., 2020). Therefore, taste
placodes are thought to be formed from the epithelial apex of the CVP.
Taken together, the findings of this study support the theory that
immature taste buds are formed from the epithelium at the top of the
papillae. Immediately after birth, when the trench of the CVP has not
been fully formed, only the top of the papillae can receive taste stimuli.
Therefore, it is likely that taste bud formation begins at the top of the
papillae to receive taste stimuli early.

5. Conclusion

In this study, we unraveled the morphological details of the taste bud
cells at E18.5 and P1.5 (Table 1). The taste bud at E18.5, when gustatory
stimulation has not yet started, did not have a taste pore and was
spherical. One of the immature cells was observed to extend a process
from taste bud but it did not reach the apical surface or the oral cavity.
The taste bud at P1.5, when gustatory stimulation has started, had a
taste pore and an onion-shaped arrangement like a matured taste bud,
and was most likely able to perceive taste. The cells extended to the taste
pore but did not exhibit the morphology of adult taste cells yet. Our
findings also demonstrated that taste pores are formed before the taste
buds mature. In addition, this study revealed that there were no obvious
mature taste cells at either time point and the maturation of taste cells
progresses after the opening of taste pore. Further detail classification of
the immature cells in early taste buds using immuno-electron micro-
scopy and/or quantitative analysis would make the timeline of taste bud
differentiation clearer.
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