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ABSTRACT

Taste bud volume increases over the postnatal period to match the number of neurons
providing innervation. To clarify age-related changes in fungiform taste bud volume, the
current study investigated developmental changes in taste bud cell number, proliferation
rate, and life span. Taste bud growth can largely be accounted for by addition of cytokeratin-
19-positive taste bud cells. Examination of taste bud cell kinetics with *H-thymidine auto-
radiography revealed that cell life span and turnover periods were not altered during normal
development but that cells were produced more rapidly in young rats, a prominent modifi-
cation that could lead to increased taste bud size. By comparison, dietary sodium restriction
instituted during pre- and postnatal development results in small taste buds at adulthood as
a result of fewer cytokeratin-19-positive cells. The dietary manipulation also had profound
influences on taste bud growth kinetics, including an increased latency for cells to enter the
taste bud and longer life span and turnover periods. These studies provide fundamental, new
information about taste bud development under normal conditions and after environmental

manipulations that impact nerve/target matching. J. Comp. Neurol. 472:173-182, 2004.
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Gustatory papillae and associated taste buds form in
the rat fetus before or near term, but taste buds do not
reach structural maturity until after postnatal day 30
(P30; Farbman, 1965; Mistretta, 1972; Mbiene and Farb-
man, 1993). The heterogeneous distribution of mature
fungiform taste bud volume does not emerge until P40
(Krimm and Hill, 1998). By P40, fungiform taste bud size
is proportional to the amount of innervation by chorda
tympani neurons: The larger the taste bud, the more neu-
rons that innervate it (Krimm and Hill, 1998). This rela-
tionship does not exist for taste buds in P10-30 rats, in
which disproportionately large numbers of chorda tym-
pani fibers innervate taste buds in comparison with their
size (Krimm and Hill, 1998). It is the increase in taste bud
size with age, and not neural rearrangement, that ac-
counts for the neuron/target match (Krimm and Hill,
2000). Specifically, the number of neurons innervating
taste buds at P10 can predict their mature size. Further-
more, most neurons that innervate a taste bud at P10
maintain contact through P40 (Krimm and Hill, 2000).

The match between fungiform taste bud volume and
innervation number that exists in adulthood requires
weeks of taste bud growth. Although it is clear that taste
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buds increase in size with age, it is not clear how the
increase occurs. In the circumvallate papilla, age-related
increases in taste bud volume during development are
primarily a function of cell addition (Hosley and Oakley,
1987). One aim of the current work was to assess whether
similar changes occur in fungiform papilla by using anti-
bodies directed against cytokeratin-19 (CK-19), a marker
for differentiated taste bud cells (Zhang et al., 1995).
Although there has been some attention directed toward
how taste buds increase in volume, little work has exam-
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ined the kinetics by which cells are added. Indeed, the
taste system presents interesting problems for studies of
cell life span. For example, progenitor cells, located at the
base and margins of taste buds (e.g., Beidler and Small-
man, 1965), supply not only taste buds but nongustatory
cells within papillae. Alterations either in the rate of pro-
duction of new cells or in the proportion of cells ultimately
residing in taste buds could lead to increases in taste bud
size. Furthermore, taste bud cells are periodically re-
newed; in adults, the turnover period is approximately 10
days (Beidler and Smallman, 1965; Farbman, 1980). In-
creased taste bud size could, therefore, also occur if the
rate of turnover is low in young rats. That is, the increase
in size may relate to age-related differences in cell death.
Clearly, multiple processes could account for the overall
increase in taste bud volume with age. To address these
problems, we examined the life span kinetics of taste bud
cells following a single injection of tritiated thymidine.

The age-dependent increase in taste bud volume can be
manipulated experimentally. By simply restricting di-
etary sodium from early conception throughout the life of
the offspring, the growth of taste buds in rats is “frozen” at
a small, immature state until dietary sodium is restored
(Krimm and Hill, 1999). As noted for normal development,
there is no apparent change in innervation. Rather, the
nerve/target mismatch is due primarily to an arrested
growth of taste buds. Thus, parallel studies comparing the
potential addition of taste bud cells and the life span
kinetics of taste bud cells in sodium-restricted rats with
those of normally developing rats provide further insights
into the processes involved in taste bud development. Ac-
cordingly, we examined three groups: neonatal and adult
rats raised on a sodium-replete diet and adult rats raised
on a sodium-restricted diet.

MATERIALS AND METHODS
Animals

Sprague-Dawley rats (Harlan, Dublin, VA) housed on a
constant 12:12-hour light/dark schedule (lights on at
0700) were used. All experiments were endorsed by the
Animal Care and Use Committee of the University of
Virginia and followed guidelines set out by the National
Institutes of Health. Every attempt was made to minimize
the number of animals required.

Dietary regimens

Sodium-replete diet. Three dams and one male were
housed together for 14 days. At the conclusion of this
period, the male was removed and the dams were housed
individually. Dams were checked for litters at 0800 and
1800 hr daily. Litters were culled to 10 on the day after
birth and were weaned at 21 days. Rats had free access to
standard Purina rat chow (1% NaCl) and water. Pups
remained with their mother until weaning at P21.

Sodium-restricted diet. Harems consisting of three
experienced female breeders and one male were housed
together for 5 days, during which time the rats were fed
normal chow and water. On day 6, females were removed
to separate cages and placed on a diet of low-sodium chow
(0.03% NaCl; ICN Biochemicals, Aurora, OH) and distilled
water. Cages were checked daily for births at 0800 and
1800 hr. Animals were maintained on the low-sodium diet
and are referred to as sodium-restricted rats.
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Experiment 1: do taste buds grow
by adding new cells?

CK-19 immunolabeling. After an overdose with ure-
thane, tongues from neonatal (P10), adult (P60), and
sodium-restricted (P60) rats were excised and flash frozen
in —30°C isopentane. Serial 20-um coronal cryostat sec-
tions were taken from the tip and midregions of the tongue
defined by Krimm and Hill (1998), thaw mounted on
slides, and immunohistochemically processed for visual-
ization of the cytoskeletal marker CK-19. Sections were
postfixed in 4% paraformaldehyde for 3 minutes and in-
cubated in primary antisera directed against CK-19 (1:
400; Sigma, St. Louis, MO; mixed in 4% normal goat
serum and 0.2% Triton X, all in 0.1 M PBS, pH 7.4)
overnight. Slides were incubated in a secondary antibody
for 1 hour (tetramethylrhodamine-conjugated goat anti-
mouse; 1:400; Jackson Immunochemical; mixed in 0.2%
Triton X in 0.1M PBS, pH 7.4). The green fluorescent
nuclear marker Sytox (1 pM in distilled water for 30
seconds; Molecular Probes, Portland,OR) was used to vi-
sualize all cell nuclei. All steps were preceded by three
3-minute rinses of 0.1 M PBS (pH 7.4), except for Sytox
staining, which was preceded with similar rinses of dis-
tilled water. Slides were allowed to air dry and then cov-
erslipped using Pro-Long antifade mounting medium (Mo-
lecular Probes).

Cell counts and taste bud volume measurements.
Optical sections of 1 pm were obtained throughout the
entire extent of taste buds by using a Nikon PCM200
confocal laser scanning microscope with Simple PCI soft-
ware (Compix Imaging Systems, Cranberry Township,
PA). Image stacks were imported into Adobe Photoshop as
TIF files for counting of CK-19-immunopositive cells. By
using a transparent layer in Photoshop, Sytox-stained
nuclei that were completely encircled by CK-19 immuno-
reactivity were outlined and counted as labeled cells. The
overlay was then placed over the next 1-pm section, and
only new nuclei fitting the previous criterion were out-
lined and counted. Because entire taste buds were recon-
structed, all CK-19-positive cells were counted, overcom-
ing the need for stereological sampling procedures
(Coggeshall and Lekan, 1996; Popken and Farel, 1997).

Taste bud volume measurements were accomplished by
tracing sections of taste buds with a computer microscope
(Neurolucida, Colchester, VT). The boundaries of taste
buds were defined as the extent of CK-19-immunopositive
labeling. Because CK-19 immunoreactivity is specific to
taste bud cells in lingual epithelia, the peripheral germi-
nal cells typically associated with buds were not included.
This resulted in lower taste bud volume estimates than
those previously reported (Whitehead et al., 1985; Krimm
and Hill, 1998).

Taste bud cell counts and volumes were obtained from a
total of 35-45 taste buds/group (from at least three
nonlittermates/group). To reduce potential sources of er-
ror, the experimenter was blind to the experimental con-
dition, and all cell counts were performed independently
of taste bud volume measurements. Differences in taste
bud cell numbers and CK-19 label volume among neo-
nates, adults, and sodium-restricted rats were assessed
via ANOVA, with Tukey’s post hoc analysis applied where
appropriate.
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Experiment 2: taste bud cell kinetics

SH-thymidine labeling. Neonate (P10), adult (P40),
and sodium-restricted (P40) rats received a single dose of
3H-thymidine (i.p., 5.0 wCi/g body weight, specific activity
72 Ci/mM) at 9 pM, the time of greatest proliferation in
adults (pilot data, and Farbman, 1980). This is considered
as time = 0 (ty). Three rats (no more than two littermates
per group) were subsequently killed at 9 am at 1.5, 3.5, 6.5,
8.5,10.5,12.5, 14.5, and 16.5 days postinjection. Rats were
deeply anesthetized with urethane and perfused transcar-
dially with Krebs solution, followed by 4% paraformalde-
hyde. Tongues were removed, embedded in paraffin, sec-
tioned at 10 pm, and mounted on gelatin-subbed slides.
Slides were deparaffinized, dipped in NTB-2 emulsion (di-
luted 1:1 with distilled water; Kodak, Rochester, NY), and
processed according to standard emulsion autoradio-
graphic techniques (Cleaver, 1967; Brunjes et al., 1989).
After an exposure period optimized through pilot experi-
ments, slides were developed with D-19 developer and
Kodafix fixer (Kodak), counterstained with methylene
blue, and coverslipped.

Tissue analysis. Sixty taste buds were examined at
each postinjection period. The experimenter was blind to
group condition and the period postinjection during data
collection. Because postmitotic taste bud cells (CK-197;
Zhang et al., 1995) are primarily located within the cen-
tral core of the taste bud, we used this region for data
collection. The centermost section through each taste bud
was determined as defined by the presence of a taste pore
and its area measured with an image-analysis system
(MCID; Image Research, St. Catherines, Ontario, Canada;
Whitehead et al., 1985; Whitehead and Kachele, 1994;
Krimm and Hill, 1998). Taste buds were divided into
zones, “lateral” and “central” to differentiate between
likely nontaste and taste cells, respectively (see Fig 1A).
The longest base-to-apex measurement (height) was
taken. Additionally, a line perpendicular to this base-to-
apex measurement was extended to cross the greatest
extent of the taste bud (width). Taste bud width and
height were divided into quarters, with two most lateral
and two central zones (Fig. 1A).

Within these boundaries, the numbers of labeled cells
were counted and plotted for each time point with the
MCID system. A cell was considered “labeled” if the num-
ber of silver grains over its nucleus was at least 3 SD
above background. Background was calculated as the
number of grains in an equivalent area on the slide that
did not contain cell nuclei. Background estimates were
obtained from at least 20 separate locations on each slide
to calibrate for potential differences in slide processing.

Data analysis. Multiple variables were assessed, in-
cluding 1) the time when the peak number of labeled
3H-thymidine cells was observed, 2) the average time for
new cells to enter the taste bud (t;; defined as the time on
the ascending portion of the cell accumulation curve when
50% of the labeled cells entered the taste bud), 3) the
average taste bud cell life span (t,; defined as the point on
the descending portion of the curve when 50% of the cell
remained), and 4) the turnover period (t2 — t*; the time for
which cells resided within the central compartment of the
taste bud). These measures were determined from a total
of 480 taste buds per age group. Average time to enter the
taste bud and average life span of taste bud cells were
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calculated as by Beidler and Smallman (1965) and Farb-
man (1980).

Differences in taste bud cell number between adults and
neonates and differences between adults and sodium-
restricted rats were assessed by ANOVA, with Tukey’s
post hoc analysis where appropriate. Distribution and
number of cells within the taste bud at discrete time
points were tabulated and assessed using ANOVA and
Tukey’s post hoc analysis where appropriate. Photoshop
(Adobe Systems, San Jose, CA) was used to compose dig-
ital images. Only contrast and brightness were enhanced
in the images.

RESULTS
CK-19 expression

Expression of CK-19 was robustly distributed through-
out the central regions of neonatal and adult taste buds
regardless of dietary condition (Fig. 1B—1D). Cells sur-
rounding the margins of the taste bud were CK-19 nega-
tive. CK-19-positive cells had a typical fusiform shape,
extending from the base of the taste bud to the pore (Fig.
1B-D). In the section containing the taste pore, CK-19-
positive nuclei were crowded throughout the lower half of
the taste bud (especially in large taste buds). CK-19-
positive cells also often demonstrated a basal process that
extended into the nuclei free region at the base of the taste
bud (Fig. 1B-D). In agreement with previous studies, few
if any CK-19-negative cells were observed within the
boundaries of CK-19-positive cells (Hosley and Oakley,
1987). Indeed, among 125 taste buds sampled (containing
a total of 3,488 cells), fewer than 10 CK-19-negative nuclei
were interspersed within CK-19-positive regions.

Taste bud cell numbers increase
during development

There was more than a fourfold increase in the number
of CK-19-positive cells within the fungiform taste bud
during development [F(2,122) = 127.7, P < 0.0001; Fig.
1B,C]. Neonatal taste buds (n = 46) contained an average
of 12.9 *= 0.6 (SEM) CK-19-positive cells per taste bud
(Fig. 2A). The average number of immunopositive cells in
adult taste buds (n = 42) was greater (49.2 = 2.2), and the
cells were more heterogeneously distributed than in neo-
nates, ranging from 35 to 109 cells (Fig. 2A). Taste buds
located in the tips of adult tongues contained numbers of
cells similar to those located in the midregion (Fig. 3),
indicating that the reported regional differences in taste
bud volume (Krimm and Hill, 1998) may be due to differ-
ences in individual cell volume and/or in the number of
perigemmal cells and not to differences in taste bud cell
numbers.

Mean taste bud volume, as defined by the region inhab-
ited by CK-19-positive cells, increased dramatically with
age, from 2,218.5 + 134 pm® in neonatal rats to 9,611.1 +
591 um? in adults [F(2,122) = 84.4, P < 0.001; Fig. 2B].
The smaller volume found in younger animals is consis-
tent with the finding that they contained fewer immu-
nopositive cells. Values observed in adults were similar to
those described by Krimm and Hill (1998).

Taste bud cell numbers following
developmental sodium restriction

Taste buds in sodium-restricted rats contained signifi-
cantly fewer CK-19-positive taste bud cells compared with
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age-matched diet controls [Fig. 1C,D; n = 37, mean =
22.4 + 2.0; F(2,122) = 127.7, P < 0.0001]. However, unlike
taste buds in neonates, taste buds in sodium-restricted
rats had a greater range of CK-19-positive taste bud cells
per taste bud (Fig. 2A). The distribution of labeled cells/
taste bud in sodium-restricted rats was similar to that in
adults even though the average number of CK-19-positive
cells was approximately 50% of that in controls. Taste bud
volume in sodium-restricted rats was likewise smaller
compared with that in age-matched controls (4,724.4 =+
430 pwm? compared with 9,611.1 = 591 um?®) but signifi-
cantly greater than in neonates (Fig. 2B).

Developmental changes in taste
cell production

All labeled taste bud cells. In adults, large numbers
of densely labeled cells were observed in the most lateral
regions of taste buds 1.5 days after *H-thymidine injec-
tion, with few cells observed in central zones (Figs. 4A,
5A). With longer survival periods, increasing numbers of
labeled cells were observed in central regions, indicating
that cell progeny had migrated into the core of taste buds.
Peak numbers of labeled cells were observed in the central
region 8.5 days following injection (3.7 = 0.2; Figs. 4D,
5A). Subsequently, numbers of labeled cells in the central
area decreased sharply, reaching a nadir at 12.5 days
(Figs. 4G, 5A). An increase in labeled cells in the central
region of taste buds reemerged after 12.5 days to reach
levels near 50% of peak label at 16.5 days (Fig. 5A).

In neonates, similar numbers of labeled cells were ob-
served at the margins (lateral regions) of the taste bud at
1.5 days postinjection (3.5 + 0.2 and 3.9 = 0.5 for neonates
and adults, respectively; P = 0.41; Fig. 4A,B). In the
central compartment, labeled cells were significantly less
numerous than adults at that time [F(2,179) = 11.1, P >
0.0001; Fig. 5B]. Once again, with longer survival times,
increasing numbers of labeled cells accumulated in the
central compartment. The peak number of labeled cells
was observed 6.5 days postinjection, when on average
4.9 * 0.2 labeled cells per taste bud were encountered
(Figs. 4E, 5B), a number significantly higher than that
seen at the time of peak labeling (at 8.5 days postinjection)
in adult taste buds [F(2,179) = 6.2, P = 0.003; Figs. 4H,
5B].

Entry into the taste bud. As noted earlier, the time
from thymidine injection (t,) to the point when 50% of the
peak number of cells entered the central region of the
taste bud (t,) is an estimate of the time required for the
processes of basal cell division, progeny migration, and
cell differentiation (Beidler and Smallman, 1965; Cleaver,
1967, Farbman, 1980). The time taken for cells to enter
the taste bud was substantially longer in neonate than in
adult rats (2.7 vs. 1.8 days; Fig. 5A,B).

Fig. 1. A: Photomicrograph of a coronal section (2 pm; plastic)
through the center of a fungiform taste bud. The taste bud divisions
“lateral” and “central” were created to differentiate between presump-
tive nontaste and taste cells, respectively. The maximal width was
divided into quarters, with the two lateralmost quarters designated as
“lateral” and the two central areas denoted as “central.” B-D: Pho-
tomicrographs of fluorescently labeled taste buds in neonatal (B),
adult (C), and sodium-restricted (D) rats. CK-19-like labeling is shown
in red and the nuclear stain, Sytox, is shown in green. Scale bar = 50
pm in A; 30 pm in D (applies to B-D).
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Fig. 2. Frequency distributions of taste cell number (A) and taste
cell aggregate volume (B) for neonatal (top), adult (middle), and
sodium-restricted (bottom) rats.

Presumptive taste bud cell life span and turnover
period. Since taste bud cells are postmitotic, the average
life span can be estimated by the period from t, until the
half-maximal peak value on the descending portion of the
population curve (t;). In agreement with Beidler and
Smallman’s (1965) estimate of 258 = 50 hours (10.8 * 2.1
days), the average life span of taste bud cells in adults was
11.6 days (Fig. 5A). Based on analyses of all labeled cells,
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Aduit Sodium

Restricted

Neonate

Fig. 3. Location of fungiform taste buds imaged from neonatal
(left), adult (center), and sodium-restricted (right) rats. Numbers refer
to the total cell numbers for the respective taste bud. Scale bar = 1.5
mm.

the average life span of neonates was considerably longer
(16.5 days) than that in adults (Fig. 5B). However, in
neonates, there was a decline in labeled cells in the central
taste bud region following the peak labeling at 6.5 days.
The average number of labeled cells did not decrease to a
half-maximal value before ascending again to a second
peak (Fig. 5B). Thus, subsequent divisions appeared to
increase the number of labeled cells away from the requi-
site 50th percentile (see below under First-generation
taste bud cells).

The “turnover period” is an indication of the time for
which a cell resides within the central region of the taste
bud. Accordingly, the difference between the average life
span (t,) and the time to enter the taste bud (t;) was
calculated for neonate and adult rats. The turnover period
of taste bud cells was significantly longer in neonates
compared with adults (13.8 days compared with 9.8 days,
respectively), primarily because of their significantly
longer life span.

Effects of sodium restriction. Similar numbers of la-
beled cells were observed at the margins of the taste bud
at 1.5 days postinjection in sodium-restricted and adult
rats (4.2 = 0.3 vs. 3.9 * 0.5; P = 0.413; Fig. 4A,C).
However, the apparent movement of labeled cells into the
taste bud in sodium-restricted rats was not as rapid as
that in controls. Populations of labeled cells within the
taste bud required 3.8 days to enter the central region,
which was substantially longer than in controls (1.8 days;
Fig. 5A,C). Thereafter, a much different pattern emerged
in sodium-restricted rats, including an explosive rate of
addition of cells in the center of the taste bud, between 3.5
and 6.5 days postinjection (Fig. 5C). Peak labeling was
delayed, with maximal levels not reached until 14.5 days
(Fig. 4C,IF), when the average number of labeled cells
within the taste bud reached 5.5 * 0.3 cells, a value
significantly greater than that seen in controls [3.7 = 0.2
cells; F(2,179) = 6.2, P = 0.003; Fig. 5C]. The length of
time for which the average taste bud cell resided within
the taste bud was 16.4 days in sodium-restricted rats, and
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12.5 Days

Fig. 4. Coronal sections through the pore region of adult (A,D,G),
neonatal (B,E,H), and sodium-restricted (C,F,I) rats following a sin-
gle pulse of *H-thymidine. Taste buds are shown for 1.5 days postin-
jection (A—C), at the peak of labeling (D, 8.5 days postinjection; E, 6.5

the average cell turnover was 12.6 days, both values sig-
nificantly greater than those for adult controls (11.6 and
9.8 days for life span and turnover periods, respectively;
Fig. 5A,C).

First-generation taste bud cells. The data presented
above were based on the entire population of labeled cells
and thus undoubtedly included data for cells from precur-
sors that had undergone multiple rounds of mitotic divi-
sion. Indeed, Figure 5 demonstrates that multiple cell
divisions were represented, which likely influenced mea-
sures of life span and turnover. Unlike methods based on
thymidine analogs, such bromodeoxyuridine, 3H-
thymidine can be used to differentiate among various
generations of cells produced from one injection, because
the number of silver grains observed is roughly propor-
tional to the amount of label within the cell (Cleaver,
1967; Rakic, 1977). As progenitor cells reenter the cell
cycle, the available pool of labeled thymidine incorporated
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Sodium
Restricted

Neonate

days postinjection; F, 6.5 days postinjection), and at 12.5 days postin-
jection (G,H,I). Arrows in A-C point to cells heavily labeled with
SH-thymidine. Scale bar = 50 pm.

in DNA is progressively reduced. Therefore, the most
heavily labeled cells represent the first generation. We
quantified the number of silver grains over cell nuclei at
the earliest survival time, 1.5 days, to establish an esti-
mate of the labeling characteristics of the first generation.
Although the average cell cycle time has not been identi-
fied for taste buds, even in adults, we chose to use the
1.5-day period here because the average cell cycle time in
rodent tongue epithelium (Potten et al., 2002) and in
many other tissues (Cleaver, 1967) is 20—30 hours. In this
study, we assumed the simplest situation, with precursors
undergoing asymmetrical division to produce one taste
bud cell and one cell that reverts to the mitotic cycle.
Accordingly, a frequency distribution of grain counts over
cell nuclei was plotted, and the density of silver grains in
the upper 50th percentile of the distribution was then
used as a conservative criterion to define first-generation
cells operationally.
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6 All Labeled Cells
A Adult & First Generation Cells

Labeled Cells/Taste Bud

Days Post Injectio;1

Fig. 5. Number of *H-thymidine labeled taste bud cells plotted for
each period after injection. Solid symbols with solid lines indicate cells
that had at least the criterion number of silver grains over back-
ground (all labeled cells). Dashed lines indicate the subset of heavily
labeled cells within the total labeled population (first-generation
cells). Turnover periods for all cells (solid line) and for first-generation
cells are shown below each graph. Average time for cells to enter taste
buds is denoted as t, and average taste bud cell life span is denoted as
t, (see text for explanations of calculations). Peak labeling is denoted
for all labeled cells and for first-generation cells by solid and open
stars, respectively. A: In adults, data from all labeled cells were
mirrored by data from first-generation cells. B: Neonatal life span
calculations derived from all cells had two peaks over time, which
were not reflected in first-generation cells. C: Taste buds in sodium-
restricted rats had an increased number of cells over a longer period
of time than in either adults or neonates.

179

Normal development. In examining first-generation
cells, average time to enter the taste bud in adults was
very similar to the estimated period obtained from analy-
ses of all labeled presumptive taste bud cells (1.9 and 1.8
days, respectively; Fig. 5A). First-generation progeny also
largely contributed to life span calculations in adult rats,
reducing the average life span to 9.5 days (a net change of
2 days). Thus, the turnover period for presumptive taste
bud cells was 7.6 days in adults (Fig. 5A).

In startling contrast, taste bud growth parameters in
neonates were altered. With only first-generation cells
used to recalculate taste bud cell life span, the second
peak was sharply attenuated (Fig. 5B, dotted line com-
pared with solid line). The corrected neonate taste bud cell
life span was 9.3 days. Average time to enter the taste bud
was also altered, reducing the average time to enter the
taste bud to 1.9 days, a value close to that calculated for
adult rats. Because of the alterations in both average
period of entry and average life span, the turnover period
was 7.4 days.

Sodium restriction. The taste bud kinetics generated
from first-division cells were similar to values generated
from all cell divisions in sodium-restricted rats (Fig. 5C;
dotted line compared with solid line). Heavily labeled cells
were strongly represented at 1.5 days following injection,
with 60% of cells within the taste bud reaching criterion.
This value was higher than that obtained at 3.5 days.
However, if the value for average time to enter is extrap-
olated from the slope between 3.5 and 6.5 days (the inter-
val for average period to enter for all cells), average time
to enter is reduced to 2.6 days, producing a net decrease of
approximately 29 hours compared with the case when all
labeled cells were analyzed.

Once again, alterations in both average times of entry
and average life span changed estimates of cell life span in
sodium-restricted rats to 15.5 days and the turnover pe-
riod to 12.9 days (Fig. 5C). The observation that these
estimations were not radically different indicates that the
first-generation cells contributed primarily to the calcula-
tion for life span in this measure. The taste bud cell kinetic
data for all three groups, using total cells and first-
generation cells, are summarized in Table 1.

DISCUSSION

During postnatal development, taste buds in rat fungi-
form papilla grow to match the number of innervating
neurons. The current work has provided the first norma-
tive data characterizing this maturational process. Taste
buds in mature rats displayed a wide diversity in overall
volume, which was also reflected by the number of CK-19-
positive cells within each taste bud. In contrast, taste buds
from immature sodium-replete and from mature rats

TABLE 1. Taste Bud Cell Kinetics in Adult, Neonatal, and Sodium-Restricted Rats

Time to Peak Time at Average life Turnover
enter (days) number peak (days) span (days) period (days)

All cells

Adult 1.8 3.7+x0.2 8.5 11.6 9.8

Neonate 2.7 49*0.2 6.5 16.5 13.8

Sodium-restricted 3.8 55*0.3 14.5 16.4 12.6
First generation

Adult 1.9 21+02 3.5 9.5 7.6

Neonate 1.9 1.2+0.1 3.5 9.3 7.3

Sodium-restricted 2.6 1.7+0.2 12.5 15.8 12.9
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raised on a sodium-restricted diet contained far fewer
CK-19-positive cells, which was mirrored by smaller vol-
umes. Quantifying growth kinetics with injections of *H-
thymidine was used to assess the manner by which this
growth occurs. Cell proliferation rates of taste bud cells
were much higher in young rats, whereas cell life span
and turnover period remained constant, indicating that
mitotic rate was probably the most important factor in
taste bud growth. Dietary sodium restriction instituted
during pre- and postnatal development had profound in-
fluences on taste bud growth kinetics, including length-
ened taste bud cell production, life span, and turnover
periods compared with neonate or adult control rats.

Normal development

Developmental increases in taste bud volume could oc-
cur via alterations in cell production, migration, matura-
tion and/or death. Each of these alternatives is examined
in turn below. Taste bud cells are produced by the division
of basal cells found at the margins of taste buds. Altering
the process by 1) increasing the total number of progenitor
cells dividing (a variable known as the “growth fraction”;
Cleaver, 1967) or 2) changing the rate at which they
undergo mitosis might affect taste bud volume. Results
presented in Figure 5 do not support the first hypothesis:
Fewer labeled cells were observed 1.5 days postthymidine
injection in neonatal rats than in adults. However, results
consistent with the second alternative were observed in
the rapid dilution of *H-thymidine label.

The germinal population producing taste bud cells also
yields progeny that move into the general epithelia of the
papilla (Beidler and Smallman, 1965). Increasing the rel-
ative proportion of daughter cells migrating into taste
buds could ultimately increase cell number and taste bud
size. The proportion of progenitor cells contributing to
taste buds is not known, and factors controlling division
and migration of cells have not been identified. However,
neurally derived factors or factors that affect neural pre-
cursors may influence this process (Krimm and Hill, 1998;
Nag and Wadhwa, 1999; Kusakabe et al., 2002).

With maturation, taste cells differentiate and develop
the characteristic fusiform shape, and some taste bud cells
make functional connections with innervating nerve fibers
within the taste bud. The present findings (see, e.g., Table
1, Fig. 5) demonstrate that neither taste bud cell life span
nor taste bud cell turnover accounts for the developmental
increase in taste bud volume.

We found the mean taste bud cell life span in mature
(and young) rats to be approximately 10 days, as did
Beidler and Smallman (1965). Taste buds in circumvallate
papillae exhibit a similar life span (Farbman, 1980), sug-
gesting that it is a uniform feature of taste bud cells.

Possible mechanism for taste bud growth

Figure 2 indicates that CK-19-immunopositive cells are
added as taste buds grow. The autoradiographic results
suggest a possible mechanism for cell addition. Although
the number of labeled cells 1.5 days after thymidine injec-
tion was lower in neonate than in adult animals (suggest-
ing a smaller growth fraction), by 1 week the number of
positive cells surpassed adult values. The difference was
not due to the proportion of cells entering the taste bud
from each division or rate of migration; indeed, the time
and rate of entry of taste cells into the immature taste bud
were equal to or greater than those seen in mature taste
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Fig. 6. Potential mechanism for developmental taste bud volume
increase. Compared with taste buds in adults, taste buds in neonatal
rats have fewer dividing cells per taste bud. If progenitor cells for
taste buds in neonatal rats reenter the cell cycle at a greater fre-
quency than in adults, taste bud cell number would increase over
time. The proportion of cells migrating toward the taste bud may also
increase during development to affect an increase in taste cell num-
ber.

buds (23.1 vs. 26.6 hours, respectively). However, when
the total number of all labeled cells was analyzed, neona-
tal taste bud cells did not demonstrate a sharp nadir (Fig.
5B). The lack of a deep trough between cycles seen in
adults may indicate an influx of subsequent divisions of
the progenitor population. Because the second rise of la-
beled cells in the central region of neonatal taste buds
occurs more quickly than in adult taste buds, we propose
that cell production is accelerated during postnatal devel-
opment. One way to reconcile the disparate information—
lower growth fraction with equal or lower rates of cell
addition, turnover, and life span—is to have the progeni-
tor population in neonatal animals dividing faster than
that in adults (Fig. 6). This one parameter determines the
overall addition of fungiform taste bud cells with age.
Precisely how this developmental change occurs demands
further clarification of the identity and behavior of the
cells forming the progenitor population. The change could
be derived from a simple decrease in the number of avail-
able precursor cells or, alternatively, be the result a more
complicated regulation of multiple cell classes (e.g., popu-
lations of transiently amplifying cells).

Changes in cell cycle kinetics during development are a
common means by which cell numbers can vary (Gong and
Shipley, 1995; Miyama et al., 1997; Smith and Luskin,
1998; Caviness et al., 1999; Nowakowski et al., 2002).
Among the many mechanisms that regulate epithelial tis-
sue kinetics, neuron—target interactions during develop-
ment play an important role in determining the proper
number of cells in a structure. For example, postembry-
onic proliferation of myonuclei that form Manduca sexta
leg muscles is dependent on innervation (Consoulas and
Levine, 1997; Bayline et al., 2001). Innervation also has a
dynamic role in governing proliferation of keratinocytes.
After denervation, skin epithelial thickness is reduced
within 72 hours, because of changes in proliferation, but
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not differentiation or apoptosis, of keratinocytes (Huang
et al., 1999). The role of innervation in maintaining taste
buds parallels in part the role of innervation in skin epi-
thelial thickness. Loss of innervation results in a loss or
prominent structural alteration of taste buds (see, e.g.,
Guth, 1957; Fujimoto and Murray, 1970; Cheal and Oak-
ley, 1977; Whitehead et al., 1987). However, unlike the
case for skin epithelia, no change in proliferation rates
occurs following denervation of fungiform taste buds in
hamster (Oliver and Whitehead, 1992). Furthermore, sig-
nificant levels of neurotrophins (brain-derived neurotro-
phic factor) are maintained in denervated taste tissue
(Ganchrow et al., 2003). Neurotrophins and other growth
factors often participate in regulation of epithelial tissue
kinetics (Nag and Wadhwa, 1999).

Factors such as neurotrophins, neuropeptides, and elec-
trical signals speed progression through the cell cycle by
either 1) shortening G, or shortening the transition from
G, to S or 2) increasing the growth fraction (Hansel et al.,
2001; Lukaszewicz et al., 2002). For example, thalamic
neurons release chemical signals, including basic fibro-
blast growth factor, to recruit neocortical precursors to
divide faster (Cleaver, 1967; Schneider et al., 1991; Rezni-
kov and van der Kooy, 1995; Dehay et al., 2001). In light of
the dynamic role of innervation on target proliferation, it
is possible that taste bud growth kinetics may be influ-
enced by chorda tympani neurons. Basal cells at the mar-
gins of the immature taste bud may receive signals from
neurons within the taste bud. As the taste bud nears
mature size, the requirement for rapid cell addition would
abate. Once taste buds mature, maintenance of proper
taste bud size would require proliferation rates coordi-
nated with taste bud cell death (Zeng et al., 1999; Haung
and Lu, 2001). These coordinated processes might be at
equilibrium once taste bud size matches numbers of in-
nervating neurons (Krimm and Hill, 1998).

Sodium-restricted development

Dietary sodium restriction throughout pre- and postna-
tal development has profound effects on multiple aspects
of taste bud cell kinetics, including time for newly formed
cells to enter the taste bud, time at which peak numbers
are observed, and turnover period (Table 1). Insofar as
understanding the ultrastructure of the taste bud has
been useful in examining the kinetics of circumvallate
taste bud, the strategy might also help to elucidate the
effects of sodium restriction. Farbman (1980) determined
that turnover kinetics are contingent upon taste bud cell
type. The three major cell types within the taste bud, dark
cells (or type I) and light cells (type II and type III), differ
in ultrastructural appearance and their dependence on
innervation (Farbman, 1969, 1980; Pumplin et al., 1997;
Yee et al., 2001). Dark cells, which have a life span of close
to 9 days, outnumber light cells within the adult control
taste bud by 2:1 (Farbman, 1969). Light cells (classified as
type II cells) have protracted life spans and a slower rise
time in numbers of cells labeled compared with dark cells
(Farbman, 1980). Accordingly, alteration of the ratio of
dark (type I) to light (type II and possibly type III) cells
within the taste bud would alter the overall average taste
bud cell kinetics. Perhaps populations of taste bud cells in
sodium-restricted rats have similar kinetic characteris-
tics, as do the light cells in the circumvallate taste buds of
normal rats.
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As mentioned above, taste bud cells are produced from
multiple stem cell progenitors scattered around the perim-
eter of the taste bud (Stone et al., 1995, 2002). It is un-
known whether there are separate progenitors for light
and dark cells. Dietary sodium restriction may change
circulating or local factors in the tongue and thus alter
taste bud cell production patterns and life span. The idea
that the local environment may affect the peripheral gus-
tatory system in a dramatic, but not permanent, manner
is intriguing. Indeed, nerve-dependent processes relating
to function and structure of the peripheral gustatory sys-
tem are altered profoundly through the introduction of a
low-sodium diet (Hill et al., 1986; Hill, 1987; Hill and
Przekop, 1988; Ye et al., 1993; Krimm and Hill, 1998). It is
possible, therefore, that taste bud cell kinetics should also
be affected, as seen here.

In conclusion, the continual normative renewal of taste
bud cells throughout development and adulthood in the
taste bud provides a useful model system with which to
study epithelial renewal, neuron/target matching, and
other systems-level mechanisms. A more detailed focus on
progenitor cell identification as well as elucidation of the
factors controlling cell proliferation at the taste bud would
yield important information. For example, the current
experiments may provide an important background for
further studies examining the role that neurotrophins
play in regulating taste bud size by altering taste bud cell
kinetics. Additional experimental manipulations that in-
clude dietary variables may help to unmask such factors
in the future.

ACKNOWLEDGMENTS

We thank William B. Goodwin and Matthew Crosby for
technical support.

LITERATURE CITED

Bayline RdJ, Duch C, Levine RB. 2001. Nerve-muscle interactions regulate
motor terminal growth and myoblast distribution during muscle devel-
opment. Dev Biol 231:348-363.

Beidler LM, Smallman RL. 1965. Renewal of cells within taste buds. J Cell
Biol 27:263-272.

Brunjes PC, Korol DL, Stern KG. 1989. Prenatal neurogenesis in the
telencephalon of the precocial mouse Acomys cahirinus. Neurosci Lett
107:114-119.

Caviness VS Jr, Takahasi T, Nowakowski RS. 1999. The G1 restriction
point as critical regulator of neocortical neuronogenesis. Neurochem
Res 24:497-506.

Cheal M, Oakley B. 1977. Regeneration of fungiform taste buds: temporal
and spatial characteristics. J Comp Neurol 172:609-626.

Cleaver JE. 1967. Thymidine metabolism and cell kinetics. Amsterdam:
North-Holland Publishing Co.

Coggeshall RE, Lekan HA. 1996. Methods for determining numbers of cells
and synapses: a case for more uniform standards of review. J Comp
Neurol 364:6-15.

Consoulas C, Levine RB. 1997. Accumulation and proliferation of adult leg
muscle precursors in Manduca are dependent on innervation. J Neu-
robiol 32:531-553.

Dehay C, Savatier P, Cortay V, Kennedy H. 2001. Cell-cycle kinetics of
neocortical precursors are influenced by embryonic thalamic axons.
J Neurosci 21:201-214.

Farbman Al 1965. Electron microscope study of the developing taste bud
in rat fungiform papilla. Dev Biol 11:110-135.

Farbman Al 1969. Fine structure of degenerating taste buds after dener-
vation. J Embryol Exp Morphol 22:55-68.

Farbman AI. 1980. Renewal of taste bud cells in rat circumvallate papillae.
Cell Tissue Kinet 13:349-357.



182

Fujimoto S, Murray RG. 1970. Fine structure of degeneration and regen-
eration in denervated rabbit vallate taste buds. Anat Rec 168:383-413.

Ganchrow D, Ganchrow JR, Verdin-Alcazar M, Whitehead MC. 2003.
Brain-derived neurotrophic factor-, neurotrophin-3-, and tyrosine ki-
nase receptor-like immunoreactivity in lingual taste bud fields of ma-
ture hamster after sensory denervation. J Comp Neurol 455:25-39.

Gong Q, Shipley MT. 1995. Evidence that pioneer olfactory axons regulate
telencephalon cell cycle kinetics to induce the formation of the olfactory
bulb. Neuron 14:91-101.

Guth L. 1957. The effects of glossopharyngeal nerve transection on the
circumvallate papilla of the rat. Anat Rec 128:715-730.

Hansel DE, Eipper BA, Ronnett GV. 2001. Regulation of olfactory neuro-
genesis by amidated neuropeptides. J Neurosci Res 66:1-7.

Haung YJ, Lu KS. 2001. TUNEL staining and electron microscopic studies
of apoptotic changes in the guinea pig vallate taste cells after unilateral
glossopharyngeal denervation. Anat Embryol 204:493-501.

Hill DL. 1987. Susceptibility of the developing rat gustatory system to the
physiological effects of dietary sodium deprivation. J Physiol 393:413—
424,

Hill DL, Przekop PR Jr. 1988. Influences of dietary sodium on functional
taste receptor development: a sensitive period. Science 241:1826-1828.

Hill DL, Mistretta CM, Bradley RM. 1986. Effects of dietary NaCl depri-
vation during early development on behavioral and neurophysiological
taste responses. Behav Neurosci 100:390-398.

Hosley MA, Oakley B. 1987. Postnatal development of the vallate papilla
and taste buds in rats. Anat Rec 218:216-222.

Huang IT, Lin WM, Shun CT, Hsieh ST. 1999. Influence of cutaneous
nerves on keratinocyte proliferation and epidermal thickness in mice.
Neuroscience 94:965-973.

Krimm RF, Hill DL. 1998. Innervation of single fungiform taste buds
during development in rat. J Comp Neurol 398:13-24.

Krimm RF, Hill DL. 1999. Early dietary sodium restriction disrupts the
peripheral anatomical development of the gustatory system. J Neuro-
biol 39:218-226.

Krimm RF, Hill DL. 2000. Neuron/target matching between chorda tym-
pani neurons and taste buds during postnatal rat development. J Neu-
robiol 43:98-106.

Kusakabe Y, Miura H, Hashimoto R, Sugiyama C, Ninomiya Y, Hino A.
2002. The neural differentiation gene Mash-1 has a distinct pattern of
expression from the taste reception-related genes gustducin and T1R2
in the taste buds. Chem Sens 27:445-451.

Lukaszewicz A, Savatier P, Cortay V, Kennedy H, Dehay C. 2002. Con-
trasting effects of basic fibroblast growth factor and neurotrophin 3 on
cell cycle kinetics of mouse cortical stem cells. J Neurosci 22:6610—
6622.

Mbiene JP, Farbman Al. 1993. Evidence for stimulus access to taste cells
and nerves during development: an electron microscopic study. Microsc
Res Techniq 26:94-105.

Mistretta CM. 1972. Topographical and histological study of the developing
rat tongue, palate and taste buds. In: Bosma JF, editor. Third sympo-
sium on oral sensation and perception. Springfield, IL: Charles C.
Thomas. p 163-187.

Miyama S, Takahashi T, Nowakowski RS, Caviness VS Jr. 1997. A gradi-
ent in the duration of the G1 phase in the murine neocortical prolifer-
ative epithelium. Cereb Cortex 7:678—689.

S.J. HENDRICKS ET AL.

Nag TC, Wadhwa S. 1999. Neurotrophin receptors (Trk A, Trk B, and Trk
C) in the developing and adult human retina. Brain Res Dev Brain Res
117:179-189.

Nowakowski RS, Caviness VS Jr, Takahashi T, Hayes NL. 2002. Popula-
tion dynamics during cell proliferation and neuronogenesis in the de-
veloping murine neocortex. Results Probl Cell Differ 39:1-25.

Oliver SD, Whitehead MC. 1992. Morphometry and cellular dynamics of
denervated fungiform taste buds in the hamster. Chem Sens 17:529—
542.

Popken GdJ, Farel PB. 1997. Sensory neuron number in neonatal and adult
rats estimated by means of stereologic and profile-based methods.
J Comp Neurol 386:8-15.

Potten CS, Booth D, Cragg NJ, O’Shea JA, Tudor GL, Booth C. 2002. Cell
kinetic studies in the murine ventral tongue epithelium: the effects of
repeated exposure to keratinocyte growth factor. Cell Prolif 35(Suppl
1):22-31.

Pumplin DW, Yu C, Smith DV. 1997. Light and dark cells of rat vallate
taste buds are morphologically distinct cell types. J Comp Neurol
378:389-410.

Rakic P. 1977. Genesis of the dorsal lateral geniculate nucleus in the
rhesus monkey: site and time of origin, kinetics of proliferation, routes
of migration and pattern of distribution. J Comp Neurol 176:23-52.

Reznikov K, van der Kooy D. 1995. Variability and partial synchrony of the
cell cycle in the germinal zone of the early embryonic cerebral cortex.
J Comp Neurol 360:536—-554.

Schneider C, Gustinicich S, Del Sal G. 1991. The complexity of cell prolif-
eration control in mammalian cells. Curr Opin Cell Biol 3:276-281.

Smith CM, Luskin MB. 1998. Cell cycle length of olfactory bulb neuronal
progenitors in the rostral migratory stream. Dev Dyn 213:220-227.

Stone LM, Finger TE, Tam PPL, Tan SS. 1995. Taste receptor cells arise
from local epithelium, not neurogenic ectoderm. Proc Natl Acad Sci
U S A 92:1916-1920.

Stone LM, Tan SS, Tam PPL, Finger TE. 2002. Analysis of cell lineage
relationships in taste buds. J. Neurosci 22:4522—4529.

Whitehead MC, Kachele DL. 1994. Development of fungiform papillae,
taste buds, and their innervation in the hamster. J Comp Neurol
340:515-530.

Whitehead MC, Beeman CS, Kinsella BA. 1985. Distribution of taste and
general sensory nerve endings in fungiform papillae of the hamster.
Am J Anat 173:185-201.

Whitehead MC, Frank ME, Hettinger TP, Hou LT, Nah HD. 1987. Persis-
tence of taste buds in denervated fungiform papillae. Brain Res 405:
192-195.

Ye Q, Stewart RE, Heck GL, Hill DL, DeSimone JA. 1993. Dietary Na*"
restriction prevents development of functional Na* channels in taste
cell apical membranes: proof by in vivo membrane voltage perturba-
tion. J Neurophysiol 70:1713-1716.

Yee CL, Yang R, Bottger B, Finger TE, Kinnamon JC. 2001. “T'ype III” cells
of rat taste buds: mmunohistochemical and ultrastructural studies of
neuron-specific enolase, protein gene product 9.5, and serotonin.
J Comp Neurol 440:97-108.

Zeng Q, Oakley B. 1999. p53 And Bax: putative death factors in taste cell
turnover. J Comp Neurol 413:168-180.

Zhang C, Cotter M, Lawton A, Oakley B, Wong L, Zeng Q. 1995. Keratin 18
is associated with a subset of older taste cells in the rat. Differentiation
59:155-162.



