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Summary. The distribution of substance P (SP)- and
calcitonin gene-related peptide (CGRP)-immunoreactive
nerve fibers in the taste buds of the epiglottis and
aryepiglottic folds was compared between normoxic
control and chronically isocapnic hypoxic rats (10% O,
and 3-4% CO, for 3 months). In the normoxic laryngeal
taste buds, SP- and CGRP-imrnunoreactive fibers were
detected within the taste buds, where they appeared as
thin processes with many varicosities. Most CGRP fibers
showed coexistence with SP, but afew fibers showed the
immunoreactivity of CGRP only. The density of intra-
and subgemmal SP and CGRP fibers penetrating into the
laryngeal taste buds was significantly higher in
chronically hypoxic rats than in normoxic control rats.
Water intake in the hypoxic rats was significantly lower
than in the normoxic rats. These results indicate that the
increased density of SP- and CGRP-containing nerve
fibers within the laryngeal taste buds is a predominant
feature of hypoxic adaptation. The altered peptidergic
innervation and reduced water intake support the
hypothesis that the laryngeal taste buds are involved in
water reception, and that the water reception may be
under the control of peptidergic innervation.
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Introduction

Since the first description of extralingual taste buds
by Verson (1868), these structures have been found in
the hard and soft palate, buccal wall, pharynx, and
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larynx of a variety of mammals including humans
(Lalonde and Eglitis, 1961; Kadanoff, 1969; Miller,
1977; Bradley et al., 1980; Palmieri et al., 1983;
Stedman et al., 1983; Miller and Smith, 1984; Nakano
and Muto, 1987; Yamamoto et al., 1997), and they
account for a significant proportion, approximately 11%
and 27% of the total rodent and human taste bud
population, respectively (Travers and Nicklas, 1990).
The lingual taste buds are generally considered to be
specialized sensory receptors for detecting chemical
substances (Miller, 1977), but the physiological role of
the extralingual taste buds has remained controversial.

Recently, the distribution of two regulatory
neuropeptides, substance P (SP) and calcitonin gene-
related peptide (CGRP) immunoreactive fibers have
been reported in the cat laryngea taste buds (Shin et a.,
1995). The possible origin of SP and CGRP has been
suggested to be as primary sensory neurons. In view of
the fact that approximately one-third of extraoral taste
buds are located in the distal areas of the upper airway, it
is useful for elucidation of the possible function of the
extraoral taste buds to examine the distribution and
abundance of SP and CGRP fibers in laryngeal taste
buds under varying atmospheric conditions.

In the present study, the density of SP and CGRP
immunoreactive nerve fibers in the taste buds located in
and around the epiglottis were compared between
normoxic and chronically hypoxic rats, and a possible
role for them is discussed.

Materials and methods
Chronically hypoxic exposure

Wistar rats were placed in an air-tight acrylic
chamber, and were exposed to chronic hypoxia (10%
O,in Ny and 3-4% CO, for 3 months). The CO, was
added to the hypoxic gas mixture at the concentration of
3-4% because this much was necessary to maintain an
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arterial partial pressure of CO, close to that measured
during the control period. This hypoxic exposure has
been detailed in previous papers (Kusakabe et al., 1998;
Matsuda et al., 1998), and the hypoxic condition has
been confirmed to be isocapnic to rats in a previous
study (Hayashida et al., 1996). Six rats were kept
chronically in this chamber for 3 months with food and
water available ad libitum. Six control rats were housed
for 3 months in the same chamber ventilated by air at the
same flow rate. The chamber was opened for 10 min
every 3 days for animal husbandry.

The weight of the animals, and water and food
intake were monitored for 3 weeks, from 7 to 10 weeks
after the beginning of the hypoxic exposure, and the
numerical values were expressed as the means for one
week.

Tissue preparation

The animals were intraperitoneally anesthetized with
sodium pentobarbital (0.05 mg/g), and perfused through
a thin nylon tube inserted into the ventricle with 0.1M
heparinized phosphate buffer saline (PBS), followed by
freshly prepared Zamboni's fixative solution (0.2%
picric acid and 4% paraformaldehyde in 0.1M PBS). The
larynx was then removed, and immersed in the same
fixative for an additional 8 h at 4 °C. After washing in
PBS, the specimens were transferred to 30% sucrose in
PBS at 4 °C for 24 h. The specimens including the
epiglottis were cut serially at 15 gm on a cryostat, and
mounted in two series on poly-L-lysine-coated slides.

All experiments with animals were performed in
accord with "Principles of laboratory animal care" (NIH
publ. no. 86-23, revised 1985).

Immunohistochemistry

The sections were processed for immunohisto-
chemistry according to the peroxidase-antiperoxidase
(PAP) method. They were incubated at 4 °C overnight
with the primary antisera against SP and CGRP (1:1500;
Cambridge Research Biochemicals, Northwich, UK).
After rinsing in several changes of PBS, the sections
were transferred for 2 h to anti-rabbit 1gG (1:200;
Organo Technica, Durham, USA). Next the sections
were rinsed with several changes of PBS, and transferred
for 2 h to rabbit PAP (1:200; Jackson Immuno Research,
West Grove, USA). This immunostaining procedure has
been detailed in a previous report (Kusakabe et al.,
1991).

The sections of the chronically hypoxic epiglottis
were also processed by an indirect double-labelling
immunofluorescence method to examine whether SP and
CGRP coexist in the nerve fibers within the taste buds,
or not. The sections were first incubated overnight at
4 °C in guinea-pig antiserum against SP (1:500; Euro-
Diagnostica, Sweden). Then they were incubated under
the same conditions in rabbit antiserum against CGRP
(1:1500; Cambridge Research Biochemicals, UK). After

washing in PBS, the sections were incubated in a
mixture of secondary antisera, rhodamine-conjugated
goat anti-guinea-pig IgG (1:200; Organo Technica,
USA), and fluorescein isothiocyanate (FITC)-conjugated
goat anti-rabbit IgG (1:200; Organo Technica, USA) for
2h at room temperature. The double immunostained
sections were examined with a Zeiss Axiomat
microscope equipped with a dual band filter set (Chroma
Technol., USA) for simultaneous viewing of both red
and green fluorescent dyes. This double immunostaining
procedure has been detailed in previous reports
(Kusakabe et al. 1996a,b). From the same arca where
immunofluorescence was observed, a differential
interference-contrast (Nomarski) image was also taken
with the same microscope.

Control

The reaction for neuropeptides was verified by
treating sections with primary antibody which had been
inactivated by overnight incubation with 50-100 uM of
its peptide. To test the specificity of the antisera, the
sections treated with SP antiserum were incubated with
FITC-conjugated anti-rabbit IgG, and those treated with
CGRP antisera were reacted with rhodamine-conjugated
anti-guinea-pig IgG.

Data analysis

The density of immunoreactive fibers within the
epiglottal taste buds of normoxic and chronically
hypoxic rats was represented as the number of
varicosities. In sections through the center of the taste
bud, the number of varicosities was counted with an
ARGUS 100 computer and image processor
(Hamamatsu-Photonics, Japan) on 50 taste buds taken
from six normoxic and six chronically hypoxic
epiglottis. The value was expressed as mean*SD (n=50).
Statistical comparisons between the control and
experimental values were determined using Student's ¢-
test.

Results

Figure 1 shows the changes in weight, and in water
and food intake from the 7th to 10th week after the
beginning of hypoxic exposure. Throughout the
monitoring period, there were no significant changes in
the water and food intake in either normoxic or hypoxic
rats, although the animals' weight gradually increased.
Water intake in the hypoxic rats was significantly lower
than in the normoxic rats, but there was no significant
change in food intake.

In the sections stained with hematoxylin and eosin,
the taste buds of the control normoxic and chronically
hypoxic rats were seen as pale corpuscles in the dark-
stained stratified epithelium of the laryngeal surface of
the epiglottis (Fig. 2), and the aryepiglottic folds. These
taste buds, which were pierced by a luminal taste pore,
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were not associated with papillae, although those in the
dorsal lingua were generally associated. In the
hematoxylin and eosin stained sections, there were no
obvious morphological differences between normoxic
and chronically hypoxic laryngeal taste buds.
Immunoreactivity for SP and CGRP was recognized
in intra- and subgemmal nerve fibers of both normoxic
and chronically hypoxic rats, and the immunoreactivity
was also found within and just beneath the laryngeal
epithelium around the taste buds (Figs. 3-6). SP- and
CGRP-immunoreactive nerve fibers appeared as thin
processes with many varicosities showing punctate
structures. Some intragemmal fibers, which penetrated
into the taste buds, reached to a point near the taste pore
(Figs. 3-6). The mean number of varicosities per section
of taste bud in intragemmal SP and CGRP fibers was
8.77+1.77 (n=50) and 10.32+2.66 (n=50), respectively,
and that in subgemmal SP and CGRP fibers was
12.20£2.65 (n=50) and 14.13+2.83 (n=50), respectively
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(Fig. 7).

In the chronically hypoxic laryngeal taste buds,
especially in the basal area, the relative abundance of SP
and CGRP fibers was greater than in the normoxic ones
(Figs. 5, 6). The mean number of varicosities in the
intragemmal SP and CGRP fibers was significantly
increased from 8.77£1.77 to 12.67+4.10 (p<0.01, n=50),
and from 10.32+2.66 to 15.19%+4.18 (p<0.05, n=50),
respectively. That of subgemmal SP and CGRP fibers
was also significantly increased from 12.20£2.65 to
14.13+4.82 (p<0.01, n=50), and from 13.13+2.83 to
18.43%4.87 (p<0.01, n=50), respectively (Fig. 7).

When the double-labelled sections for SP and CGRP
were examined with the multiple dye filter system, most
SP immunoreactive fibers in the chronically hypoxic
laryngeal taste buds (Fig. 8) showed yellow
fluorescence, which indicates the coexistence of SP and
CGRP. A small number of fibers in the taste buds
showed only immunoreactivity of CGRP.
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Fig. 2. Hematoxylin-eosin-stained section
showing a taste bud (arrowhead) located in
the laryngeal surface of the epiglottis. Bv:
blood vessel; Cart: cartilage of the epiglottis.
Bar: 50 um.
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Norm/SP

No nerve fibers with immunoreactivity for SP and
CGRP were detected in the sections incubated in the
preabsorbed antisera, and these two primary antisera did
not show cross reactivity with the second antisera.

Discussion

The present study showed, for the first time, that the
density of intra- and subgemmal SP and CGRP
immunoreactive fibers within the laryngeal taste buds in
chronically hypoxic rats was significantly higher (1.2-
1.5 times) than in normoxic control rats. Thus, altered
peptidergic innervation in the laryngeal taste buds could
represent an important feature in acclimatization to the
chronic hypoxia. Water intake during hypoxic exposure
was significantly lower than in normoxic conditions. A
similar significant decrease in water intake has been
reported in rats receiving chemical stimulation of the
laryngeal mucosa (Miyaoka et al., 1987). This suggests
that the laryngeal taste buds may be involved in the
water reception. Actually, it has been speculated that
most information for water reception is generated in the
laryngeal and pharyngeal regions (Harada and Smith,
1992; Hanamori and Ishiko, 1993). Storey and Johnson
(1975) have suggested that water stimulation of
laryngeal receptors can produce a significant central
apnea or disruption of respiration. In the present study,
however, it is not clear whether the reduced water intake
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chronically hypoxic
(Hypo) (Figs. 5 and
6) epiglottis. Note
the remarkable
_ increase in the
density of SP and
CGRP fibers in the
chronically hypoxic
laryngeal taste buds.
Bv: blood vessel;
Cart: cartilage of the
epiglottis.
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Fig. 7. Histograms comparing the absolute number of varicosities of
intra (IG)- and subgemmal (SG) fibers per section in normoxic and
chronically hypoxic laryngeal taste buds. IG: intragemmal fibers; SG:
subgemmal fibers. *1: p<0.01; *2: p<0.05.

of hypoxic rats is due to an altered taste reception or is
just an adaptation to the hypoxic condition. To clarify
this, it is necessary to measure the urinary output of the
animals and the vasopressin levels.

In addition, this study demonstrated the coexistence
of CGRP in most SP-containing fibers within the
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hypoxic laryngeal taste buds. We believe that co-release
would synergistically effect water reception as a possible
functions of the laryngeal taste buds. Considered
together with these findings, the water reception may be
one of the possible function of the laryngeal taste buds
as previously suggested (Storey and Johnson, 1975;
Miyaoka et al., 1987; Harada and Smith, 1992;
Hanamori and Ishiko, 1993), and may be under the
control of peptidergic innervation.

Several authors have also speculated that the
laryngeal taste buds may take part in airway protection
(Khaisman, 1976; Stedman et al., 1983; Travers and
Nicklas, 1990; Shin et al., 1995). More recently, Yoshida
et al. (1999) showed an increase in the relative
abundance of SP and CGRP fibers within the chronically
hypoxic rat laryngeal epithelium, and suggested that the
increased intraepithelial fibers may be involved in
airway defense mechanisms in the chronically hypoxic
environment. According to these authors, there are two
possible receptor sites for the stimuli, one being the
laryngeal taste buds, and the other free endings within
the laryngeal epithelium. The laryngeal mucosa is richly
innervated by the superior laryngeal nerve which
contains a number of sensory elements (Andrew, 1956;
Andrew and Oliver, 1951), and the superior laryngeal
nerve responds to water stimulation (Shingai, 1980). In
the present study, SP and CGRP fibers were detected
within the laryngeal epithelium as well as in the taste
buds. Therefore, we have to consider whether chemical
and mechanical stimuli are sensed by the laryngeal taste
buds, or by free endings within the laryngeal epithelium
around the taste buds. Because the density of SP and
CGRP fibers in the hypoxic condition is increased both
within the laryngeal taste buds and within the epithelium
around the taste buds (Yoshida et al. 1999) is increased
in the hypoxic condition, we cannot tell which is true. It
is possible that both laryngeal taste buds and free
endings are involved in the functions of the laryngeal
taste buds. To clarify this, it is necessary to perform
precise stimulation of the taste buds alone or of the
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laryngeal taste bud
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In conclusion, the increased density of SP- and
CGRP-containing nerve fibers within the chronically
hypoxic laryngeal taste buds is a predominant feature of
hypoxic adaptation, and the altered peptidergic
innervation and water intake support the hypothesis that
the laryngeal taste buds are involved in water reception.

This suggests that the regulation of water reception may
be under the control of peptidergic innervation.
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