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The chorda tympani (CT) nerve innervating the anterior tongue contains two types of NaCl-responsive fibers: one, the N-type, receives
input from receptor cells, the NaCl responses of which are strongly inhibited by amiloride, whereas the other, the E-type, receives input
from cells poorly sensitive or insensitive to amiloride. To investigate the formation of this differentially responsive neural system, we
crushed the mouse CT nerve and examined the subsequent recovery of NaCl responses and amiloride sensitivity of the regenerated nerve
and behavioral discrimination between NaCl and KCl. At 2 weeks after the nerve crush, no significant response of the nerve to chemical
stimuli was observed. At 3 weeks, responses to salts gradually reappeared. In this period, almost all single fibers responding to NaCl were
insensitive to amiloride (E-type). At 4 weeks, some of the single fibers showed amiloride sensitivity (N-type) and behavioral discrimina-
tion between NaCl and KCl reappeared. After �5 weeks, the number of N-type fibers had reached the control level and became approx-
imately equal to that of E-type fibers. During the course of recovery, N-type and E-type fibers were clearly distinguishable on the basis of
their amiloride sensitivities, their KCl/NaCl response ratios, and their concentration–response relationships to NaCl. These results
suggest that two salt-responsive systems are independently reformed after the nerve crush. The selective synapse reformation may
account for recovery of behavioral discrimination between NaCl and KCl after taste nerve crush and regeneration. It may also explain
stable sensory coding for taste quality during the continuous turnover of receptor cells in the healthy animal.
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Introduction
It is known that taste cells are replaced with an average life span of
�10 d in mammals (Beidler and Smallman, 1965; Farbman,
1980; Takeda et al., 1981). This turnover is accompanied by con-
tinuing synaptic reconnection between newly formed taste cells
and gustatory fibers. Little is known about how a constant affer-
ent message for taste quality coding is maintained and transmit-
ted to the brain under such continual synaptic reconnection.
Oakley (1975) addressed this issue by comparing responses of
branches of a single taste fiber of the cat chorda tympani (CT)
nerve, innervating the anterior tongue, to various taste stimuli.
He found that the branches have very similar relative responsive-
ness to the stimuli. This implies that a given class of taste axons
maintains a persistent association with its corresponding class of
receptor cells.

Recent studies further addressed this issue by using a selective
sodium taste inhibitor, amiloride, a blocker of the epithelial so-
dium channel ENaC. These studies demonstrated the existence of

two types of rodent CT fibers. One type receives input from re-
ceptor cells that narrowly respond to NaCl (LiCl), the NaCl re-
sponse being strongly inhibited by amiloride (labeled N-type).
The other type receives input from cells broadly responsive to
electrolytes, including various salts and acids, and shows almost
no amiloride sensitivity (E-type or H-type) (Ninomiya and Fu-
nakoshi, 1988; Hettinger and Frank, 1990). The glossopharyngeal
(IXth) nerve, innervating the posterior tongue, has primarily the
E-type (Formaker and Hill, 1991; Ninomiya et al., 1991). A sub-
sequent study (Ninomiya, 1998) examined the amiloride sensi-
tivity of regenerated and cross-regenerated mouse CT and IXth
nerves and found approximately equal numbers of N-type and
E-type fibers in all of the intact, regenerated, and cross-
regenerated CT nerves. This suggests that regenerated N-type or
E-type axons selectively recouple with amiloride-sensitive (AS)
or amiloride-insensitive (AI) taste cells, regardless of whether
they innervate the front or the back of the tongue. Collectively,
previous studies suggest selective synapse formation between
taste axons and cells, which may also explain stable responsive-
ness of taste neurons during continuous receptor cell turnover.

Our previous study (Ninomiya, 1998), however, did not in-
vestigate the processes of reformation of the two differential neu-
ral systems for salt responses (AI and AS systems) during the CT
regeneration. It remains unclear whether incoming regenerated
CT axons would (1) induce AI or AS properties after synapse
formation with identical progenitors, (2) innervate taste cells
randomly followed by elimination of mismatched branches, or
(3) selectively innervate AS or AI taste progenitor cells. The pur-
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pose of the present study, therefore, is to test these possibilities.
To accomplish this, we crushed the mouse CT nerve and exam-
ined the subsequent recovery of NaCl responses of the regener-
ated nerve and their amiloride inhibition during the course of the
nerve regeneration. Because it was suggested that the AS system
of the CT plays a crucial role in the detection of sodium salts
(Spector et al., 1996), we also examined concomitant changes in
behavioral discrimination between NaCl and KCl during the
nerve regeneration.

Materials and Methods
Experimental manipulation. All experimental procedures were approved
by the committee for Laboratory Animal Care and Use at Kyushu Uni-
versity (Fukuoka, Japan). Subjects were adult male and female C57BL/
6NCrj mice (Charles River Japan, Tokyo, Japan), 8 –20 weeks of age,
ranging in weight from 20 to 32 gm. At 8 –10 weeks of age, mice were
divided into five groups, including one intact control group and four
experimental (nerve-crush) groups with bilateral CT nerve crush. Four
nerve-crush groups (2, 3, 4, and �5 weeks groups) were used for obtain-
ing data at the time points of 14 –16, 21–23, 28 –30, and �35 d (�50 d)
after the CT nerve crush and regeneration, respectively. Each animal in
each group was used for either behavioral or electrophysiological exper-
iments. For the CT nerve crush, animals were anesthetized with pento-
barbital sodium (40 –50 mg/kg, i.p.; Nembutal; Abbott Laboratories, Ab-
bott Park, IL), and the bilateral CT nerves were exposed at �5 mm
rostrally apart from their entry to the bulla and repeatedly crushed at a
single point with number 5 forceps until only a thin strand of nerve
sheath remained (5–10 crushes). We chose nerve crush instead of nerve
section, because in our pilot study we found that time needed for recovery of
taste responses after nerve section extensively varies among individuals, and
that time needed for recovery of taste responses after nerve crush was much
more stable. Intact control animals received no manipulations.

Behavioral experiments: measurements for discrimination between NaCl
and KCl. The conditioned taste aversion paradigm was used for measure-
ments of behavioral discrimination between NaCl and KCl before and
after the CT nerve crush and regeneration. We defined behavioral dis-
crimination between NaCl and KCl in mice as a case in which mice
showed lick rates for KCl that were statistically different from those for
NaCl during a generalization task after avoidance conditioning to NaCl.
Thus, our test is different from a discrimination task previously per-
formed by Spector et al. (1996). The conditioned stimulus for all groups
was 0.3 M NaCl. Test stimuli (TSs) used were 0.01, 0.03, 0.1, 0.3, and 1.0 M

NaCl (Nacalai Tesque Inc., Kyoto, Japan) with and without 30 �M amilo-
ride (Sigma, St. Louis, MO) and 0.01, 0.03, 0.1, 0.3, and 1.0 M KCl (Wako
Ltd., Osaka, Japan) with and without 30 �M amiloride. These chemicals
were dissolved in distilled water. Experimental details for this test have
been described previously (Ninomiya et al., 1984b). Briefly, on the first
day of training, each animal was placed in a test cage and given ad libitum
access to distilled water from a drinking tube during a 1 hr session. From
the second through fifth days, training session time was reduced from 1
hr to 30 min. During this period, the animal was trained to drink distilled
water on an interval schedule, consisting of a 10 sec period of presenta-
tion of distilled water alternated with 20 sec intertrial intervals, resulting
in 30 –50 trials during the 30 min session. On the sixth day, each animal
was given access to 0.3 M NaCl solution during the interval schedule for
�20 times and then given an intraperitoneal injection of LiCl (230 mg/
kg; unconditioned stimulus), to induce gastrointestinal malaise. The
conditioning against NaCl occurred on 14, 21, 28, or �35 d after nerve
crush for the four experimental groups. From the seventh to ninth days,
the number of licks for test solutions by each animal was counted during
first 10 sec after the first lick. On each test day, the first test stimulus given
to the animal was always distilled water, followed by a 0.3 M NaCl solution
in the second trial. Animals that avoided the NaCl solution were repeat-
edly presented with distilled water and each of the TSs without amiloride
in a randomized order. Then TSs with amiloride were tested. Testing
continued until the mice no longer licked the distilled water within 7 sec
after the animal’s first lick on a certain trial. The response of each animal

to each stimulus was measured by the mean number of licks during the
repeated 10 sec presentations.

Electrophysiological experiments: recordings of responses from intact and
regenerated CT. At �2–5 weeks or more after the CT crush, nerve-crush
groups were reoperated under pentobarbital anesthesia to expose the
regenerated nerve and to dissect a single fiber or a few fibers of the nerve
for electrophysiological recording. The procedures of dissection and re-
cording of responses of the regenerated nerve and fibers were the same as
those used previously for the nonoperated normal CT nerve and fibers of
intact animals (Ninomiya et al., 1984a, 1991; Ninomiya, 1997). Briefly,
under pentobarbital anesthesia, the trachea of each animal was cannu-
lated, and the mouse was then fixed in the supine position with a head
holder to allow dissection of the CT nerve. The hypoglossal nerve was
transected bilaterally to prevent tongue movements. The right CT nerve
was exposed at its exit from the lingual nerve by removal of medial
pterygoid muscle. The CT nerve was then dissected free from surround-
ing tissues and cut at the point of its entry to the bulla. For whole-nerve
recording, the entire nerve was placed on a silver wire electrode. For
single-fiber recording, a single fiber or a few fibers of the nerve were
teased apart with a pair of needles and lifted on the electrode. An indif-
ferent electrode was placed in nearby tissue. Neural responses resulting
from chemical stimulations of the tongue were fed into an amplifier (K-1;
Iyodenshikogaku, Nagoya, Japan), monitored on an oscilloscope and
audiomonitor, recorded on a recorder (WS-641G; Nihon-kohden, Tokyo,
Japan), and stored on magnetic tape for later analysis. Whole-nerve re-
sponses were integrated by an integrator having a time constant of 1.0 sec.

Chemical, electrical, and cold stimulations to the tongue. The anterior
half of the tongue was enclosed in a flow chamber made of silicone rubber
(Ninomiya and Funakoshi, 1981a). Solutions were delivered into the
chamber by gravity flow and flowed over the tongue for a controlled
period. Solutions used as chemical stimuli were: 0.01, 0.03, 0.1, 0.3, and
1.0 M NaCl with and without 30 �M amiloride; 0.3 M NaCl with 10 or 100
�M amiloride; 0.01, 0.03, 0.1, 0.3, and 1.0 M KCl with and without 30 �M

amiloride; and 0.1 M NH4Cl (Nacalai Tesque Inc., Kyoto, Japan). These
chemicals were dissolved in distilled water and used at �24°C. For
whole-nerve recording in the second week, responses of the CT to cold
distilled water at �10°C and electrical stimulation (ES) applied to the
tongue were tested, because this group responded to chemical stimuli
only slightly or not at all. For ES, an Ag-AgCl electrode was placed on the
inside wall of the flow chamber or was placed directly on the tongue when
required. The Ag-AgCl indifferent electrode was positioned in nearby
tissue. Anodal current was passed through the tongue from a ramp cur-
rent generator (Densi-sekkei, Nagoya, Japan). The bathing medium used
during the current stimulation was 0.001 M NaCl (Ninomiya and Funa-
koshi, 1981b). We found that anodal current with the intensity of 20 �A
(the rate of rise at 100 �A/sec and the duration of �20 sec) provoked
robust responses in the CT at the 2 weeks nerve crush. Thus, we decided
to use the response to the anodal current as the standard to calculate
relative magnitudes of response to each chemical stimulus at each exper-
imental period after nerve crush. For single-fiber recording, responses to
tactile stimulation of the tongue for each unit were examined by lightly
pressing the tongue surface with a glass rod (tip diameter, �2 mm). The
order of chemical stimulations for whole-nerve and single-fiber record-
ings was 0.1 M NH4Cl, 0.01–1.0 M NaCl, 0.01–1.0 M KCl, and 0.01–1.0 M

NaCl with 30 �M amiloride; 0.01–1.0 M KCl with 30 �M amiloride; and
0.3 M NaCl with 10 or 100 �M amiloride. After the series of stimulations
with amiloride, 0.01–1.0 M NaCl without amiloride was repeatedly ap-
plied to check the recovery after amiloride inhibition. In most cases of
whole-nerve recording, but also in some single-fiber recordings, after
confirming the recovery (�85% of control levels of responses)m these
series of stimulations were repeated. During chemical stimulation of the
tongue, the test solution flowed for �25 sec at the same flow rate as the
distilled water used for rinsing the tongue (�0.5 ml/sec). The tongue was
rinsed during the interval of �1 min between successive stimulations.
The stability of each preparation for whole-nerve recording was moni-
tored by the periodic application of ES or 0.1 M NH4Cl. A recording was
considered to be stable when the ES or NH4Cl response magnitudes at the
beginning and end of each stimulation series deviated by no more than
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15%. Only responses from stable recordings were used in the data
analysis.

Data analysis of neural activities. In the analysis of whole-nerve re-
sponses, the magnitude of the integrated responses at 5, 10, 15, and 20 sec
after stimulus onset was measured and averaged. Relative response mag-
nitude (averaged) for each test stimulus was calculated when the re-
sponse magnitude to ES (20 �A anodal current) was taken as a unity
(1.0), and this value was used for statistical analysis. In the analysis of
single-fiber responses, single fibers were identified by their uniform spike
height, singular wave form, and intervals between contiguous spikes (Ni-
nomiya, 1998; Kawai et al., 2000). Frequency-time histograms of impulse
discharges before, during, and after chemical stimulation of the tongue
were calculated by means of a spike-analysis system (SAS-1; Iyoden-
shikogaku). For data analysis, we used the net average frequency for the
first 10 sec after the stimulus onset was obtained by subtracting the spon-
taneous frequency for the 10 sec period before stimulation. We calculated
the percentage of amiloride inhibition of responses to 0.3 M NaCl for each
fiber and used the 60% control response level to classify the fibers as
N-type (�60%) and E-type (�60%). Previous studies have shown that
the 60% level was the most appropriate level to differentiate the two
groups of fibers with different amiloride sensitivities in rodents (Ni-
nomiya and Funakoshi, 1988; Hettinger and Frank, 1990; Ninomiya,
1998).

Results
Behavioral discrimination between NaCl and KCl after nerve
crush and regeneration
In the control group, lick rates to concentration series (0.01–1.0
M) of NaCl were significantly different from those of KCl (repeat-
ed ANOVA; F(1,40) � 95.8; p � 0.001), although mice similarly
avoided both 1.0 M salts with very low lick rates (�10 licks per 10
sec) (Fig. 1, control). Mice clearly showed a difference in licks for
NaCl with and without amiloride (F(1,40) � 79.4; p � 0.001) but
no significant difference in lick rates for NaCl with amiloride and
KCl (F(1,40) � 0.1; p � 0.05). Thus, control mice could behavior-
ally discriminate between NaCl and KCl in a wide range of con-
centrations (0.01– 0.3 M), yet this discrimination was abolished
by amiloride. The behavioral discrimination between NaCl and
KCl was still absent 2 weeks after crush of the CT (F(1,40) � 2.5;
p � 0.05) (Fig. 1, 2 weeks). Salt discrimination started to recover
4 weeks after nerve crush. At this time, lick rates for NaCl and KCl
(0.1 and 0.3 M) were significantly different (Student’s t test; p �
0.05– 0.001) (Fig. 1, 4 weeks). Also, lick rates for 0.1 and 0.3 M

NaCl with and without amiloride were different at this time (t
test; p � 0.05), suggesting beginning restoration of amiloride
sensitivity. At �5 weeks, lick rates to concentration series of NaCl
or KCl with and without amiloride became similar to those of the
control and showed significant differences between NaCl and
KCl (F(1,40) � 73.0; p � 0.001) and between NaCl with and with-
out amiloride (F(1,40) � 53.9; p � 0.001). This suggested a com-
plete recovery of discrimination between NaCl and KCl and of
amiloride sensitivity.

Whole-nerve responses of the regenerated CT to salts
At 2 weeks after crushing of the CT, no significant neural re-
sponses to salt stimuli were observed. However, anodal current
and cold stimulation applied to the tongue produced robust re-
sponses in the nerve at this stage (Fig. 2). At 3 weeks, responses to
salts reappeared, although NaCl responses were not yet inhibited
by amiloride (t test; p � 0.05) (see Figs. 2– 4). At this stage, the
order of magnitude of salt responses was NH4Cl � KCl � NaCl
(Figs. 2, 3). At 4 weeks, responses to NaCl increased relative to
KCl, and responses to 0.1 and 0.3 M NaCl were significantly in-
hibited by amiloride (t test; p � 0.05) (Figs. 2, 3). At this stage,

amiloride was effective already at concentration of 10 �M, and it
significantly inhibited 0.3 M NaCl responses, as in the control
group (Fig. 4). At �5 weeks, responses to concentration series of
NaCl or KCl with and without amiloride became similar to those
in intact control mice with significant differences between re-
sponses to NaCl with and without amiloride (F(1,32) � 76.2, p �
0.001 for the �5 weeks group; F(1,32) � 45.6, p � 0.001 for the
control group). Thus, the whole-nerve recordings showed differ-
ences in NaCl and KCl responses and amiloride inhibition of
NaCl responses, as did the behavioral data. There was only a slight
difference in responses to 0.03 M NaCl at �5 weeks; unlike in the
control group, these responses were not significantly inhibited by
amiloride (t test; p � 0.05) (Figs. 2– 4).

Single-fiber responses of the regenerated CT to salts
Consistent with results from whole-nerve recording, almost no
single CT fiber responded to chemical stimuli at 2 weeks after
nerve crush. Instead, 16 of 17 fibers responded only to tactile
stimulation of the tongue. One fiber showing very weak re-
sponses to 0.3 and 1.0 M NaCl exhibited no clear amiloride inhi-
bition (E-type; Table 1). At 3 weeks, some fibers showed robust
responses to 0.3 and 1.0 M NaCl, but most fibers responding to
NaCl were of the E-type (see Fig. 6, Table 1). At this stage, two

Figure 1. Lick rates (number of licks per 10 sec) to concentration series of NaCl and KCl with
and without 30 �M amiloride (Ami) in the intact control group (n � 6 each) and experimental
groups (n � 6) at 2, 3, 4, and �5 weeks after bilateral CT nerve crush. Values indicated are
means � SD. The mean lick rate for the conditioned stimulus (0.3 M NaCl) in each group was
7 � 3 (control), 39.7 � 11.5 (2 weeks), 27.8 � 16.2 (3 weeks), 21.7 � 13.8 (4 weeks), or 7 �
4 (�5 weeks), respectively. Lick rates for NaCl were significantly different from those either for
KCl or for NaCl with amiloride in intact control and experimental mice at 4 weeks (0.1 and 0.3 M)
and �5 weeks after nerve crush (0.01– 0.3 M): Student’s t test; *p � 0.05; ***p � 0.001. wk,
Weeks.
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fibers were classified as N-type (Table 1), showing poor but sig-
nificant responses to NaCl. At 4 weeks, the number of N-type
fibers increased, reaching �25% of all regenerated CT fibers (see
Fig. 6, Table 1). These N-type fibers, as well as the E-type fiber,
briskly responded to NaCl (see Figs. 5, 8). At �5 weeks after nerve
crush, there was an approximately equal number of N-type and
E-type fibers responding with high-impulse frequencies to NaCl,
as in control mice (see Figs. 6, 8, Table 1). From 3 to �5 weeks
after nerve crush, the distribution of E-type fibers in a plot of
percentages of control responses to NaCl plus amiloride had a
peak (�90%) at each stage (i.e., it was basically unchanged) (Fig.
6, E-type). In contrast, the N-type population sharply grew dur-
ing this period and formed a new peak (�20%). A bimodal dis-
tribution resulted (Fig. 6). Thus, no intermediate group and no
clear sensitivity shift of the E-type population appeared during
the course of regeneration. Mean response ratios (KCl/NaCl) of
E-type were near 1.0 at all times, similar to the response ratios of
controls (t test; p � 0.05). They were clearly different from the
response ratios of N-type at 4 weeks and �5 weeks and of the
corresponding controls (�0.25; t test, p � 0.001) (Fig. 7). This
suggests that selectivity for NaCl is much higher in N-type than in
E-type at all times after nerve crush. As shown in Figure 8, mean
impulse frequencies in response to concentration series of NaCl
in each type gradually increased during the regeneration. The
dissociation constant (Kd) and the maximum response (Vmax)
were calculated on the basis of the concentration–response rela-
tionship for NaCl in each group from 3 to �5 weeks after the

nerve crush (Table 2). Both in E-type and in N-type, the Vmax

values gradually recovered, nearly reaching the control levels
during this period. In contrast, the Kd value of the E-type sharply
decreased, from 98.9 mM (237.2% of controls) at 3 weeks to 32.5

Figure 2. Sample recordings of integrated whole-nerve responses of the regenerated CT to
anodal current with 20 �A (ES), 0.1 M NH4Cl, 0.3 M NaCl with and without 30 �M amiloride
(Ami), 0.3 M KCl with and without 30 �M amiloride, and cold stimulation with distilled water
(d.w.) applied to the tongue in experimental mice at 2, 3, and 4 weeks after nerve crush. These
examples were taken from recordings using different electronic amplification factors. wk,
Weeks.

Figure 3. Relative responses to concentration series of NaCl and KCl with and without 30 �M

amiloride in the intact control group (n � 5) and experimental groups (n � 5 each) at 2, 3, 4,
and �5 weeks after nerve crush. Response to anodal current with 20 �A applied to the tongue
was used as a unity (1.0). Responses to 0.1 M NH4Cl, as an alternative control, are indicated by
open squares. Values indicated are means � SD. Responses to NaCl were statistically signifi-
cantly different from those to NaCl with amiloride (NaCl � Ami) in intact control group (0.03–
1.0 M) and experimental groups at 4 weeks (0.1 and 0.3 M) and �5 weeks after nerve crush
(0.1–1.0 M). t test; *p � 0.05; **p � 0.01; ***p � 0.001. wk, Weeks.

Figure 4. Relative responses to 0.3 M NaCl with 10, 30, and 100 �M amiloride and without
amiloride (0) in intact control (n � 5) and experimental groups (n � 5 each). Response to
anodal current with 20 �A applied to the tongue was used as a unity (1.0). Values indicated are
means � SD. Responses to 0.3 M NaCl were significantly inhibited by �10 �M amiloride in
intact control (t test; p �0.001) and experimental groups at 4 weeks (p �0.05) and �5 weeks
(p � 0.001) after nerve crush. wk, Weeks.
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mM (77.9% of controls) at 4 weeks, which is near the control level
(41.7 mM). The Kd value of N-type responses, first measurable at
4 weeks, already was 106.3 mM (133.2% of controls) [i.e., it was
closer to the control level (79.8 mM) from the beginning].

Discussion
The present study examined processes of reformation of the two
differential neural systems for salt response, the AI and AS sys-
tems, during CT nerve regeneration. Thus, we attempted to test
the following three possibilities: that incoming regenerated CT

Figure 6. Distributions of taste fibers along with their percentage control responses to 0.3 M

NaCl with 30 �M amiloride (Ami) (control responses to NaCl without amiloride � 100%) in the
intact control (n � 31) and experimental groups at 3 weeks (n � 20), 4 weeks (n � 21), and
�5 weeks (n � 29) after bilateral CT nerve crush. There were two groups of taste fibers in the
distribution (bimodal in shape, amiloride-sensitive and amiloride-insensitive types) for intact
control and experimental groups at 4 weeks and 5 weeks after nerve crush, whereas most
regenerated fibers of mice at 3 weeks after nerve crush were amiloride insensitive, thereby
producing a unimodal distribution. wk, Weeks.

Table 1. Numbers of tactile, E-type, and N-type fibers in control and experimental
groups

Group Tactile E-type N-type Total

Control 1 (3.1%) 15 (46.9%) 16 (50.0%) 32
2 weeks 16 (94.1%) 1 (5.9%) 0 (0%) 17
3 weeks 4 (16.7%) 18 (75.0%) 2 (8.3%) 24
4 weeks 3 (12.5%) 15 (62.5%) 6 (25.0%) 24
�5 weeks 2 (6.5%) 14 (45.2%) 15 (48.4%) 31

Each figure in parentheses indicates percentage of total fibers in each class.

Figure 5. Sample recordings and impulse frequency histograms for responses of E-type and
N-type fibers to 0.3 M NaCl with and without 30 �M amiloride (Ami). wk, Weeks.

Figure 7. Ratio of impulses to KCl to those to NaCl in E-type and N-type fibers in intact control
(n � 14 each of E-type and N-type) and experimental groups at 3 weeks (n � 12, E-type only),
4 weeks (n � 12 for E-type and 6 for N-type), and �5 weeks (n � 14 each) after bilateral CT
nerve crush. wk, Weeks.

Figure 8. Impulses (per 10 sec) to concentration series of NaCl in E-type and N-type fibers in
intact control (n � 8) and experimental groups (n � 5– 8) at 2, 3, 4, and �5 weeks after
bilateral CT nerve crush. Values indicated are means � SD. wk, Weeks.

Table 2. Kd and Vmax of E-type and N-type fibers obtained from the kinetic analysis
of the concentration–response relationship for NaCl in control and experimental
groups

E-type (% of control) N-type (% of control)

Control
Kd 41.7 mM (100) 79.8 mM (100)
Vmax 103.2 (100) 151.1 (100)

3 weeks
Kd 98.9 mM (237.2)
Vmax 43.6 (42.2)

4 weeks
Kd 32.5 mM (77.9) 106.3 mM (133.2)
Vmax 52.7 (51.1) 45.1 (30.0)

�5 weeks
Kd 32.5 mM (77.9) 84.5 mM (105.9)
Vmax 87.0 (84.3) 129.6 (85.8)

Concentration–response relationship for 0.01–1.0 M NaCl (impulses per 10 sec) was obtained based on the data of
the control (n � 8 each for E-type and N-type) and experimental groups at 3 weeks (n � 5 each), 4 weeks (n � 5
each), and �5 weeks (n � 8 each) after nerve crush.
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axons would (1) induce AI or AS properties after synapse forma-
tion with identical progenitors, (2) innervate AS and AI progen-
itor cells randomly followed by elimination of mismatched
branches, or (3) selectively innervate AS or AI progenitor cells. To
accomplish this, we crushed the mouse CT nerve and examined
subsequent recovery of NaCl responses of the regenerated nerve
and their amiloride inhibition during the course of nerve regen-
eration. The results revealed that NaCl responses of the CT
started to recover from �3 weeks after the nerve crush, whereas
amiloride inhibition of NaCl responses clearly reappeared from
�4 weeks onward (Figs. 2– 8). Thus, reformation of the AI system
(E-type axons, AI receptor cells) started �1 week earlier than
reformation of the AS system (N-type axons, AS cells). Full re-
covery of both NaCl-responsive systems took at least 5 weeks
(Figs. 3, 4, 6, 8). Importantly, segregation of the two types of
fibers at each stage was evident from their sensitivities to amilo-
ride and their selectivities (KCl/NaCl response ratios). The num-
ber of fibers responding to NaCl after amiloride formed a bi-
modal distribution (Fig. 6). No cluster of fibers with intermediate
sensitivity to amiloride and no clear sensitivity shift in the E-type
population appeared during the course of regeneration. More-
over, response properties of N-type fibers to concentration series
of NaCl, judged by Kd values, were also clearly different from
those of E-type, right from the beginning of their appearance at 4
weeks after crush (Table 2).

These results may weaken the possibility of the first working
hypothesis. The first model may provide one reason for the find-
ing that those mouse N-type CT axons, which cross-reinnervated
into the poorly amiloride-sensitive posterior tongue, even form
synaptic connections with AS cells (Ninomiya, 1998). This model
may allow regenerated axons to contact any cell without specific
guidance. For example, N-type axons facing AI might contact
them and possibly alter them into their preferential AS type.
Thus, these cells will suffer a sensitivity shift, causing the transient
appearance of fibers showing intermediate response properties.
Yet, no such group and stage were evident during the regenera-
tion. Likewise, the second working hypothesis might also require
an intermediate type of fibers, because of the initial random in-
nervation to AI and AS receptor cells. This model may fit well
with the finding that the size of the chemical receptive field of
sheep N-type fibers diminished as the NaCl/NH4Cl response ra-
tio increased (Nagai et al., 1988). Given that the discharge of an
axon would decrease with the number of receptor cells connected
to the axon, this model may also require a decrease in impulse
frequencies during the particular stage at which elimination of
mismatched branches occurs. Yet, impulse discharges of both
E-type and N-type fibers kept increasing during the course of
regeneration (Fig. 8). Although the possibilities of the former two
hypotheses could not be ruled out, because of a possible quick
sensitivity shift taking only a few days (Cheal et al., 1977), which
may have gone undetected in the present study, the third working
hypothesis may be the most likely one. That is, the aforemen-
tioned contradictory findings against other models, such as no
appearance of an intermediate type of fiber and dichotomized
responsiveness either to amiloride or to NaCl (KCl/NaCl re-
sponse ratio and Kd value) for each axon during the course of
regeneration, may be preferentially explained by the model for
which regenerated E-type and N-type may independently form
synapses with different classes of progenitors. Because it func-
tionally matured, each regenerated axon would extend branches
to its corresponding class of receptor cells and thus expand the
capacity to respond to NaCl with higher impulse frequencies (Fig.
8) and Vmax value (Table 2).

The response of AS receptor cells is thought to require ENaCs
on their apical membrane, allowing direct entry of sodium ions
into receptor cells and, thus, cell depolarization (Heck et al., 1984;
Lindemann, 1996). In contrast, AI cells are sensitive to various
electrolytes (salts and acids) and may have more than one re-
sponse mechanism. One is the transduction system that begins
with electroneutral diffusion of the salt across the tight junctions
between taste receptor cells and sodium entry into the cells via
unspecified basolateral ion channels (Elliott and Simon, 1990;
Ye et al., 1991, 1993). The paracellular pathway would not be
blocked by mucosal application of amiloride and would allow
entry of small ions, such as Na�, K�, H�, and Cl�, which may,
thus, provoke AI cell responses. In addition, AI responses in
E-type may occur through the apical K� channels (Kinnamon et
al., 1988), unspecific cation channels (Miyamoto et al., 1998),
and hyperpolarization-activated, cyclic nucleotide-gated cation
channels (Stevens et al., 2001), which were all suggested to be
involved in responses to acids. The constant Kd value in N-type
throughout the regeneration and the sharp drop in Kd values in
E-type, especially at the initial stages of regeneration in the
present study, may in part reflect participation and maturation
processes of these single or multiple transduction mechanisms
for the AS or AI system, respectively.

Robust responses to anodal currents and cold stimulations
observed at 2 weeks after nerve crush imply that the regenerated
CT at this stage might have reached the epithelial tissue just below
the tongue surface, although no chemical responsive elements of
taste cells were restored as yet. Thus, at this stage, anodal re-
sponses may not be chemically mediated (Herness, 1985). It is
likely that the anodal current may force small cations to pass
through the aforementioned paracellular pathways and activate
the nerve fibers directly or via crude AI receptor cells (Ninomiya
and Funakoshi, 1981b, 1989). Recovery of the AI system before
that of the AS system is compatible with a previous study in
gerbils with unilateral CT crush (Cheal et al., 1977). Regenerated
gerbil E-type fibers recovered �14 d after the crush, whereas
N-type fibers recovered a bit later, at �16 d. Compared with that
in gerbils, the recovery rate of overall taste responses in mice is
slower. This may be attributable in part to the longer distance to
be traversed by the recovering axons (crushed CT just proximal
to its union with the lingual nerve in gerbils and at �5 mm to its
entrance to the bulla in mice) and by a lack of possible influences
from the intact side, including centrally mediated efferent control
(Hellekant, 1971) and parasympathetic saliva of the submaxillary
glands (Catalanotto and Sweeney, 1973) by bilateral nerve crush
in the present study. An earlier appearance of the AI system was
also found in the course of taste development in rats. The AI
system is present at birth, whereas the AS system appears postna-
tally (Hill and Bour, 1985). Unlike these rodents, hamsters
showed constant amiloride inhibition of NaCl responses from 4
to 8 weeks after CT nerve crush (Cain et al., 1996) and even no
clear difference in the developmental appearance of AS and AI
systems (Hill, 1988).

The present study in mice confirmed the importance of the AS
system for behavioral discrimination between NaCl and KCl
demonstrated previously in rats (St. John et al., 1995; Spector et
al., 1996). Differences in mouse lick rates for NaCl and KCl were
still absent 2 weeks after the nerve crush and reappeared from 4
weeks (Fig. 3). At this time, electrophysiological data suggested
the reappearance of the AS system in the same mice. After �5
weeks, like in the control group, mice clearly discriminated be-
tween these salts at concentrations from 0.01 to 0.3 M. The dis-
crimination was abolished when NaCl solutions were mixed with

Yasumatsu et al. • Regeneration of Neural Coding Channel for Sodium Salt J. Neurosci., May 15, 2003 • 23(10):4362– 4368 • 4367



amiloride (Fig. 1). Later recoveries of salt discrimination after CT
damage were reported in rats (49 d) (St. John et al., 1995) and in
hamsters (16 weeks) (Barry et al., 1993). This may be attributable
to the longer distance from the point of nerve injury to taste buds
in those studies. Furthermore, regeneration may be more diffi-
cult when the CT is damaged at the middle ear, as was found in
humans (Saito et al., 2001). Neural inputs from the AS and AI
systems are reported to remain largely segregated in the first cen-
tral gustatory nucleus, the solitary tract, in rodents (Scott and
Giza, 1990; Boughter and Smith, 1998; St. John and Smith, 2000).
This remained true even after CT nerve crush and during regen-
eration (Barry, 1999). The segregation may be essential for qual-
ity coding of the salt tastes.

In conclusion, the present findings are consistent with the
view that regenerating taste axons selectively innervate their cor-
responding classes of taste progenitor cells. Reformation of syn-
apse connections between matched sets of taste axons and cells
(AS and AI systems) restores behavioral salt taste discrimination
after CT nerve crush. Selective synapse formation could normally
explain the stability of response profiles of particular classes of
taste axons, thereby maintaining stable sensory signals for taste
quality in the presence of continued receptor cell turnover.
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