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Abstract

Histological experiments have revealed that numerous taste buds distribute on the soft palate

in mammals including man.

number in the rat, and 100 taste buds with 13.8% of the total in the hamster.

There exist 220 taste buds on the soft palate with 17% of total

Those taste buds

are innervated by the greater superficial petrosal nerve (GSP) branch of the VIIth nerve. Elec-

trophysiological recordings from the GSP in the rat and hamster showed that taste stimulation

with sweet substances on the soft palate produces robust responses on the GSP nerve.

Behavi-

oral experiment in the rat and hamster revealed that transection of the GSP resulted in signifi-

cant decrease of the sensitivity for sucrose.

the GSP produced robust responses not only to sugars but also to various amino acids.

rat chorda tympani,

sponds better to D-amino acids compared to enantiomers.

Neural recordings from the rat GSP indicate that

In the

L-amino acids are more stimulatory than the D-forms, while the GSP re-

Histological experiments in the hams-

ter and rat revealed that postnatal development and maturation of taste buds on the soft palate

preceded those on the other loci in the oral cavity including anterior and posterior part of the

tongue.

Also, it was reported that there exist more than 400 taste buds inhuman fetus.

These

importance of the gustatory system of the soft palate is discussed in this review.
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I. Introduction

Histological studies both in man and animals have
demonstrated that taste buds are distributed on the
tongue and throughout the oral cavity within several

U The fungiform

subpopulations of taste buds
papillae on the anterior portion of the tongue contains
taste buds and in the rostral part of the foliate papil-
lae on the side of the tongue are innervated by the

chorda tympani (CT) branch of the VIIth nerve. Taste

buds located on the soft palate and in the naso-incisor
ducts and are innervated by the greater superficial
petrosal nerve (GSP) branch of the VII nerve. The
glossopharyngeal (IXth) nerve innervates taste buds on
the vallate and foliate papillae at the posterior portion
of the tongue, and the superior laryngeal nerve (SLN)
innervates taste buds on the laryngeal surface of the
Although

taste buds are widely dispersed over the soft palate,

epiglottis and on the aryepiglottal folds.
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little has been known for their gustatory function com-
pared to those on the tongue. To elucidate the import-
ance of the soft palate in gustatory system of mam-
mals, psychophysical, neurophysiological, histological,

and behavioral data are discussed in this review.

II. Gustatory sensation of the soft palate in man
According to Millerg), the first description for the

presence of gustatory sensation on the human soft pa-

late is by the publication of the memories of Brilliat-

12) in 1825. A scientific report for this aspect,

Savarin
however, was late by Kiesow'® in 1894. He demons-
trated that all of the four basic sensation, i.e. sweet,
salty, sour, and bitter, apparently occurres on the soft
palate in human adult, and not only on the soft palate
but also throughout the oral cavity in infant. Henkin

4 also showed that after anesthesia

and Christiansen’
of the human tongue the detection and recognition
thresholds for sour and bitter substances significantly
increased, while the salty and sweet sensation were
unchanged. After complete anesthesia of the palate
thresholds for salt and sweet were essentially un-
changed, but resulted in a diminution in sensitivity to
sour and bitter. They concluded that the palate plays
an important role in bitter and sour sensation.

) tested taste recognition thresholds and

Collings15
sensation magnitudes as a function of the molecular
concentration for different taste among four loci on the
tongue and soft palate in human subjects. She obtained
results that the slopes of psychophysical functions
were not significantly different on the palate, but
thresholds for urea and quinine were lower on the soft

& also tested

palate than the other region. Nilsson'
taste acuity at the apex and base of the tongue and on
the hard and soft palate using both an electric and
four basic taste stimuli. He could not confirm the high
sensitivity for sour and bitter on the soft palate re-

14-15 . . .
) However, in spite the wide

ported previously
inter-individual range of the threshold values for taste
sensation on the soft palate, for one subject the
threshold for bitter were lower than on the base of the
tongue, and for one other subject the threshold for

Hammond et al.'”’

sour was lowest on the soft palate.
investigated the effects of palatal compromise such as

surgery, cleft of palate, and trauma, to show that the

soft palate contributes to bitter and salty sensations to
a greater degree than sweet and sour sensations.

In conclusion, in human adults, the gustatory system
on the soft palate should play an important role for
bitter sensation, and may be for salty or sour sensa-
tion, as well. However, it is unclear concerning gusta-
tory sensitivity for infants although numerous taste

buds are observed on the soft palatea).

. Taste buds distribution in the human soft pa-
late
Whether taste buds are distributed on the soft pa-
late or not had long been discussed since the appear-
ance of the first description by Hoffmann'® in 1875.

19) investigated by autopsies on human subjects

Gairns
ranging in age from 17 to 62 years and found no taste
buds on the soft palate. Also in a relatively recent pap-
er Wood and Kraus®™ found no taste buds on the soft

palate examined 60 human prenated specimens in age

Figure 1 : The location of the three taste buds on the soft
palate in a human subject of 78-year-old. U;
uvula, CV; circumvallate papillae, FL; foliate
papillae, FF; fungiform papillae.
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Figure 2 . Microscopic photos of three taste buds observed
on the right soft palate shown in Figure 1.

from 7 weeks to birth. However, Lalonde and
Eglitis3> supplied quantitative information on the num-
ber and distribution of taste bud on the soft palate.
Their study from a single human newborn revealed the
presence of 419 taste buds on the soft palate.
Nilsson® revealed the occurrence of taste buds in the
palatal mucosa from autopsy materials in four of seven
He concluded that the dif-

ference among these results are based on the scarcity

subjects aged 25-44 years.

of the taste buds and mortal autolysis. Recently, we ex-
amined 10 zm serial paraffin sections of right half of
a soft palate aged 78 years and found three taste buds
on the midline region of the soft palate shown in Fi-
gure 1. A clear taste pore was observed in one of the
three taste buds (Figure 2; A), but not observed in rest
of them (Figure 2; B and C). On the other hand, many
psychophysiological experiments have been reported
that there exist taste sensation on the soft palate in

man as cited above'2 ™', Therefore, at least it might
be certain that there functional taste buds exist
through life span on the soft palate in human. More

precise experiment should be notified in this issue.

IV. Taste buds distribution in animals

The distribution of taste buds on the soft palate has
been investigated comprehensively in the rat. Kutu-
zov and Sicher® observed numerous taste buds on the
terminal ridge behind the posterior rugal field of the
hard palate in the rat (Figure 3). Kaplick7> also
observed 30 taste buds on this ruge, which he called
"Geschmacksstreifen (GS)”, and 60 taste buds in the
naso-palatin ducts of the rostral hard palate. Dis-
tribution of taste buds on the central palatal area was

)

reported by Cleaton-Jones® . Quantitative information

for the distribution of taste buds and their innervation

10,21-22)

was supplied by Miller In his intensive

10
work!'?

, there were 22-44 taste buds per unilateral GS
with a mean 33.6 taste buds per side, and the posterior
field of the soft palate averages more than 80 per rat.
Quantitative taste bud distribution in the rat reported
formerly were summarized in Table 19, Also, quan-
titative distribution of taste buds on the soft palate in
the hamster was shown by Miller and Smith'?”. The
palate contained 100 taste buds divided among the soft

palate (88) and the incisal papillae (12) (Table 2). Our
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Figure 3 : Distribution of branches of the GSP on the palate of the rat®"’. GS ; Geschmacksstreifen, NID ; nasal incisal duct.

histological experiment showed that dissection of the GSP. In the monkey, numerous taste buds were found

GSP resulted in severe degeneration of taste buds on in aggregates confined to 0.15 to 0.3 mm wide, round

the soft palate in the hamster®® (Figure 4), which island of keratinizing epithelium of the soft palatezg).

made sure that those taste buds are innervated by the

intact n=107 GSP sectioned n=45 (taste pore 14)

od® 8 o
o

Imm

Figure 4 : Taste bud distribution on the soft palate with intact GSP (left) and one month after GSP sectioned hamster (right).
Open circle indicates taste buds with taste pore, closed circle without poreza).
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Table 1: Total taste bud distribution in the rat” (partly modified.)

' Estimated Percent
Region Number of taste buds Source mean per
animal of total
Fungiform 178.8 mean total (N=103) Fish et al.”
187 mean total (N=10) Miller and Preslar’®
93 mean per side (N=3) Oakley™ 185 15%
Foliate 231 per side (N=4) Oakley”™ 460 36%
Circumvallate 375 mean total (N=28) Guth?
292 mean total (N=28) Kennedy’® 350 28%
Palate 165 estimated total of Kaplick”
soft palate and NID
156 mean soft palate Cleaton-Jones®
only (N=6)
225 soft palate and NID Kaplick” 220 17%
Epiglottis 21-91 range total Fishman’”’ 50 4%
per animal (N=25)
Total 1,265 100%

Table 2 : Taste bud distribution in the hamster'”’

Total Hamster Taste Buds 723 100%
Fungiform 130 18.0%
Sublingual Organ 5 0.7%
Foliate 230 31.8%
Buccal Wall 10 1.4%
Vallate 168 23.2%
Palate 100 13.8%

Incisal Papilla only 12 1.7%
Soft Palate only 88 12.1%
Epiglottis 70 9.7%
Nasopharynx 10 1.4%

V. Innervation of the palate taste buds

Palatal taste buds are innervated by the GSP nerve
branched from the facial nerve (VIIth cranial nerve) in
the geniculate ganglion. The palatine distribution of
the GSP in the rat are shown by Miller et al.?" in Fi-
gure 3 which was identified from the homologous in-
nervation in mouse shown by Rhinehart® Degenera-
tion studies by Miller and SpanglerZZ) revealed that
only 34 of 277 total taste buds on the palate remained
20-22 days after bilateral transection of the GSP, and
they concluded that 85% of the palatal taste buds are
innervated by the GSP. Our histological examination in
the hamster®® revealed that transection of the GSP
caused severe degeneration of taste buds on the soft

palate (Figure 4). Mean number of taste bud on the

soft palate one month following sectioning the GSP was
443+ 40 (S.D., n=23), which was significantly smaller
than those in intact animal (117.7 £ 8.3, n=3). Howev-
er, the number of remained taste buds (37.6%) was lar-
ger than in the rat (15%)22). Sectioning the CT in the
hamster resulted in much smaller degeneration of taste
buds on the tongue (143.3£17.0, n=23) against that in
intact hamster (174.0£5.6, n=3)26), although the num-
ber of taste buds observed taste pore was 54.3 £ 15.0
in the CT dissection against the 101.0 & 4.6 in the
group with intact GSP. These data suggest that the re-
mained taste buds after the GSP nerve transection can-
not be identified as they were innervated by different

nerves.

VI. Electrophysiological recordings from the GSP
in the rat
Regardless of these histological data, the great ma-
jority of information about the processing of taste

quality has been based on input from the fungiform

papillae via the CT nerve in different animals”_‘“), to

some extent, the glossopharyngeal nerveZ” 8 ang

19-52 .
52 Neural recordings

53,55)

the superior laryngeal nerve
from the GSP were reported only from the rat
and hamster®” . The first electrophysiological record-
ing from the GSP in the rat made by Nejad53> in 1986.
He revealed that the response profile in the rat GSP

for four basic taste stimuli is quite different from that
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Figure 5 : Mean concentration-response functions for the four basic taste stimuli in the GSP and CT nerves of the rat. The
phasic response to 0.1 M NaCl was used as standard 100. Error bar shows SD of the mean.

in the rat CT although the origin of both nerves are
VIIth nerve. In the rat GSP, sucrose produced the
greatest ’neural response among the four taste qual-
ities, whereas, NaCl produced the greatest response in
the CT. Mean integrated responses in the CT and
GSP nerve of the rat to the concentration series of the
four basic taste stimuli are shown in Figure 5. In the
figure, phasic responses of both nerves are shown at
the top of the figure and tonic responses at 10 sec

after the stimulation onset are shown at the bottom.
Thresholds forthe phasic and tonic responses to suc-
rose in both GSP and CT nerves were around 0.003 M.
However, in the GSP, sucrose response increase in
steeper slope with concentration increase, whereas that
the rate of increase in the CT was much smaller than
that in the GSP, and only 30% even at 1 M. In order to
compare the responsiveness for four basic taste stimuli

between the two nerves, total response magnitudes
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(TRM) were calculated by summating all of the re-
sponse magnitudes for each stimulation with the li-
mited concentration range (NaCl 0.0001 - 1 M, sucrose
0.003 - 1 M, HCt 0.00001 - 0.01 M, quinine-HCI
0.000003 - 0.01 M). Figure 6 shows the ratio of each
TRM against the total of TRM showing the large re-
sponsiveness for sucrose in the GSP rather than in the
CT.

Integrated responses from a GSP and CT to six
sugars at 0.5 M are shown in Figure 7, and mean rela-
tive response magnitudes for them are shown in Figure
8. All of the six sugars, especially sucrose, produced
large responses in the GSP. Generally, amiloride has
a potent depression effect on the Na response in the
CT. In the CT, tonic response to 0.1 M Na-acetate is
markedly depressed to base line level when dissolved
in 0.00005 M amiloride solution, and tonic response to
0.01 M Na-saccharine is also inhibited to two-third of
distilled water solution (Figure 9; bottom). On the con-
trary, in the GSP, amiloride showed no clear effects
on responses to both Na-acetate and Na-saccharin (Fi-

gure 9; top). These recordings suggest that taste buds

|
\
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-aTnilo amilo
0-1 M acet.Na 0.01 M sacc. 0-1M NaCl 0.5M suc

Figure 9 : Effects of 0.00005 M amiloride solved in the stimulus solution of 0.1 M Na-acetate and 0.01 M saccharin on inte-

grated responses from one GSP and one CT of rats.
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on the soft palate posses not only high sensitivity for
sweet substances but also have different transduction

mechanisms from that of the tongue.

VI. Neural responses to amino acid in the GSP of

the rat

The amino acid is one of the essential nutrient for
all organisms and their importance as taste stimuli has
been recognized and investigated in several kinds of
animals including man. Psychophysiological studies
in man have addressed structure activity relationships
for the taste of amino acids. D-amino acids have been
reported to produce generally sweet taste while L-

forms produce either sweet, bitter, or no taste

7-58 . .
57-58) Ip mammals, several investigators have

sensation
reported stimulatory effectiveness for amino acids by
neural recording from the CT6757:59.62°70) genicu-

60-6) " These results have revealed that

late ganglion
several amino acids have prominent sweet taste compo-
nent. Although the GSP have strong sensitivity for
sweet substances as mentioned above, nothing is
known for the sensitivity for amino acids in this nerve.
Thus neural responses to various L- and D-amino
acids were recorded and compared between the GSP
and CT nerves in the rat.

In the rat CT, basic amino acids HCI salts (L-Arg-
HCI, L-Lys-HCl, and L-His-HCI) at 0.1 M produced
robust phasic and succeeding tonic response that were
quite similar to those for 0.1 M NaC|%6:62763.65-67) A
comparison of the phasic responses to L- and D- amino
acids in the CT and GSP nerve are shown in Figure
11. The responses to D-basic amino acids HCI salts
were similar to enantiomer, and differences between
the two forms were no significant. However, in the
GSP, D-His-HCl produced a significantly larger re-
sponse than L-His-HCl. The free base D-His was also
more stimulatory than L-His in the GSP. Multiple
unit responses of fine strands of the GSP showed that
the units which responded sucrose specifically re-
sponded to free base His (Figure 12). All eleven L-
neutral amino acids (Asn, Ser, Gln, Met, Thr, Phe, Leu
Val Pro at 0.1 M and Trp at 0.05 M) produced only
30% - 40% of relative response magnitudes in both the
CT and GSP, and there was strongly significant cor-
relation (p { 0.01) between the two nerves (Table 3). In

the CT, each response to D-neutral amino acids (Asn,
Ser, Gln, Ala, Met, and Thr at 0.1 M) was significantly
smaller than that to each enantiomer, only 0.05 M D-
Trp producing a significantly larger response than
that to L-Trp in this nerves. In the GSP, in contrast to
that, most of the D-neutral amino acids produced signi-
ficantly larger responses than the L-neutral amino
acids (Table 3). Only L-Pro produced a larger response
than the enantiomers. Effects of gurumarin which is
extracted from Gymnema sylvestre and which specifi-
cally suppresses sweet taste in the rat’® tested in the
CT and GSP. After the treatment for 15 min with 20
¢ g/ml gurmarin, responses to sucrose decreased 50%
in the CT. The suppression effect, in the GSP, was so
strong that responses to 0.5 M sucrose or 0.0l M Na-
saccharin decreased to 20% - 30%, and most of the re-
sponses to neutral amino acids of both forms were
affected, with some exceptions, such as D-Trp (Figure
13).

These results suggest that the strong stimulatory
effectiveness induced by D-amino acids in the rat GSP
depends on strong responsiveness to sweet substances,
and that the receptor sites or transduction mechanisms
for amino acids might be different from those of the

other loci of the soft palate.

VI. Neural responses in the GSP of the hamster
Recordings from the GSP in the hamster performed
by Harada and Smith was the second precise report af-
ter the first report by Nejad in the rat. Figure 14
shows the mean integrated responses to the concentra-
tion series of the four basic taste stimuli. Responses of
the GSP are shown at the top of the figure and those of
the CT at the bottom; phasic responses are on the left
Although the threshold for the
phasic response to sucrose in the GSP was about a

half log unit higher than in the CT, the relative re-

and tonic on the right.

sponse magnitude for 1.0 M sucrose in the GSP was
larger than that in the CT. The difference in sucrose
response between the two nerves is even more appa-
rent in the tonic response. Responses of one GSP and
one CT nerve to six 0.5 M sugars and to the 0.1 M
NaCl standard are shown in the Figure 15. The sugars
did not elicit pronounced phasic responses in either

nerve. All six of the sugars, however, produced larger
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Figure 10 ! Integrated responses of a GSP nerve to six 0.1 M L- and D-form amino acids and the 0.1 M NaCl in a rat.
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cate statistically significant differences (two tailed ttest * ™ p { 0.01; * p { 0.05).
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Table 3 : Correlalion coefficient between responses to L-vs
D-amino acids in the GSP or CT, and the GSP vs

CT.
basic neutral
LvsD GSP 0.3353* 0.7611™*
CT 0.9713 0.4741
GSP vs CT L-form 0.9754* O.7290: :
D-form 0.6326 0.8422
n 4 11

*p<0.05, **p<0.01

responses in the GSP than in the CT, relative to the
phasic response to 0.1 M NaCl. In fact, compared to
the tonic responses to 0.1 M NaCl, in each nerve
which are smaller in the GSP, the response to the
sugars were much larger than that in the GSP; sugar
responses were more than twice of the tonic response
to NaCl in the GSP but less than half of the tonic re-
sponse to NaCl in the CT (Figure 15). The mean rela-
tive responses to each of these stimuli in the two
nerves are shown in Figure 16. These response ratios,
as mentioned above, were derived from the data nor-
malized to the phasic response to 0.1 M NaCl and then
expressed as a portion of the TRM (as defined above).
There were significant differences (p ( 0.05) between
the CT and GSP in both the phasic and tonic portions
of the sugar responses, except for the initial phasic re-
sponse to glucose. In every instance, the relative re-
sponses to these sugars was larger in the GSP than in
the CT nerve. Since there was little pronounced phasic
response to the sugars, the differences between the two
nerves are markedly evident on both the phasic and
tonic response measures, indicating that the sugars are
around twice as effective on the soft palate as they are
on the anterior portion of the tongue compared to the

control, the phasic response to 0.1 M NaCl.

IX. Discussion

Most of the knowledge about the neurophysiological
mechanisms in peripheral gustatory nerves was based
on the response profiles from the CT innervating
anterior part of the tongue. Although histological data
apparently indicate the existence of numerous taste
buds on the soft palate in mammals, functions of those
taste buds had been remained unknown for a long

time. Recent electrophysiological studies in the rat

and hamster have enclosed the importance of the
gustatory input from the soft palate taste buds in mam-
mals. This importance is also revealed by behavioral
experiments. In the rat, bilateral section of the GSP
nerve results in a dramatic reduction in licking of suc-

. 71
rose solution ).

Also, we demonstrated that transec-
tion of the GSP and/or CT nerves in the hamster re-
sulted in a significant reduction of the conditioned
taste aversion for sucrose. The order of the section-
ing effects was GSP + CT > GSP 2 CT > sham
(Table 4). These reports suggest that the GSP plays an
important role for mediating sweet taste information.
On the other hand, in the hamster, there are almost
as many as taste buds on the soft palate as in 120-day-
old hamsters, although there are presumative buds,

W In rats, it is reported

showing no clear taste pore
that immature taste buds are present on the soft palate
of 1-day-old and mature taste buds are evident at 12

(&N Recently, we quantitatively ex-

days postnatally
amined postnatal development of taste buds on the soft
palate and the tongue in the rat. There exist 200 taste
buds on the soft palate at birth as many as in 3-week-
old although taste pore were observed in 50 taste buds
(Figure 17; top). On the contrary, less than 100 taste
buds, without observation of taste pore, existed in fun-
giform papillae on the anterior tongue in new born
rats, and the number of taste buds postnatally in-
creased during 4 weeks reached to the maximum of
200 (Figure 17, bottom). Human newborns have been
reported to possess a numeral number of taste buds on

19). Considering these number of taste

the soft palate
buds on the soft palate and the strong responsiveness
for sweet including many amino acids, gustatory func-
tion of the soft palate should play an important role on
the ingestion of milk during early development in post-

natal stage.

Table 4 : Effect of nerve transection on conditioned taste
26)

aversion
GSP+CT GSP CT sham
GSP+CT — 4.167 5.486 8.546
GSP — 1.282 4.467
CT — 3.229

Significant ¢- values are shown in underlined bold face type
(p < 0.01) or in bold face type (p < 0.05).
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Figure 14 : Mean concentration-response functions to four basic taste stimuli in the GSP and CT nerves of the hamster.
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Figure 15 I Integrated responses of one GSP and one CT of hamsters to six 0.5 M sugars and to the 0.1 M NaCl
standard.
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(solid bars; n=6) to the 0.5 M sugars. Error
bars show SE. Asterisks indicate significant
difference (two tailed ¢-test; ** p < 0.01, **
p < 0.05).
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