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Summary
1. The effects of adaptation to diluted natural water (NW) and various salt solutions on

the gustatory responses recorded from the palatine nerve in rainbow trout (Oncorhynchus
mykiss) were studied.

2. The magnitude of the response to 1 mmol l21 L-proline (L-Pro) decreased when the
perfusing NW was diluted with artificial fresh water (AFW) that maintained
concentrations of major cations. AFW suppressed the responses to L-Pro by about 70 %.

3. The responses to 1 mmol l21 L-Pro, 0.1 mmol l21 quinine–HCl (Q-HCl) and
10 nmol l21 taurolithocholic acid (TLCA) were eliminated or reduced (to <10 %) by
adapting the palate to distilled water (DW). The addition of 0.1–100 mmol l21 salts
(NaCl, KCl, CaCl2, MgCl2) and choline chloride restored the gustatory responses to
about 50 % of those in NW. The addition of salts to NW had no effect on the gustatory
responses.

4. The gustatory responses to 5 % CO2 were similarly reduced when the palate was
adapted to solutions that contained no NW (DW, AFW, 10 mmol l21 NaCl in DW).
However, the reduction was independent of salt concentration, suggesting a different
transduction mechanism for CO2.

4. Tetrodotoxin (1 mmol l21) had no effect on the gustatory responses to L-Pro.
5. We conclude that NW is required and that cations alone are not sufficient to support

maximal gustatory responses. The results suggest that an unknown substance(s)
contained in NW plays an essential role in gustatory reception and that permeation of
cations through the apical membrane of gustatory cells is not involved in gustatory
transduction in rainbow trout.

Introduction

The apical processes of the gustatory cells in fishes are exposed directly to natural
water, although their surfaces are usually covered with the thin cap of mucus secreted by

*Present address: Department of Physiology, Okayama University Dental School, Okayama 700,
Japan.

†To whom correspondence should be addressed.

Key words: rainbow trout, Oncorhynchus mykiss, taste, electrophysiology, palatine nerve, amino acids,
bile salts, transduction.



the supporting cells (Jakubowski and Whitear, 1990; Reutter, 1992). Thus, changes in
water quality due to rainfall, melting snow and anthropogenic activities could affect the
functional characteristics of the gustatory system (see Klaprat et al. 1992). In contrast,
mammalian gustatory cells are normally covered with saliva, which plays an important
role in gustation, acting as an ion reservoir (Matsuo and Yamamoto, 1992). It is
generally accepted that the adsorption of chemical stimuli on the microvillar membranes
of gustatory cells induces the receptor potential (Beidler, 1971). In the eel (Anguilla
japonica), gustatory receptor cations in the external solution support the gustatory
responses to amino acids, and binding of the cations to the receptor membrane plays an
essential role in gustatory reception (Yoshii and Kurihara, 1983). Recently, L-arginine-
activated (Teeter et al. 1990) and L-proline-activated (Kumazawa et al. 1990) cation
channels on the apical membrane of the gustatory cells in the catfish (Ictalurus
punctatus) have been proposed. Besides cations, natural water contains various
inorganic and organic substances which may be involved in gustatory reception in
fishes.

To test this possibility, we examined the effects of diluted natural water and altered
ionic environments on the gustatory responses in rainbow trout (Oncorhynchus mykiss).
Extensive electrophysiological investigations have pinpointed specific and potent
gustatory stimuli for rainbow trout, including amino acids, bile salts and CO2 (Marui et
al. 1983; Yamamori et al. 1988; Yamashita et al. 1989; Hara et al. 1993; Hara, 1993). Our
data indicate that an unknown substance(s) in natural water plays an important role in
gustatory reception and that external ions alone are not sufficient to support maximal
gustatory responses in rainbow trout.

Materials and methods

Experimental animals

Rainbow trout, Oncorhynchus mykiss (Walbaum), 18–23 cm in standard length, were
obtained from the Rockwood Aquaculture Research Centre, Freshwater Institute. Fish
were held in laboratory tanks supplied with flowing, aerated, dechlorinated Winnipeg city
water (11.5–12.5 ˚C) which contained the following concentrations of major ion:
0.51 mmol l21 Ca2+, 0.24 mmol l21 Mg2+, 0.14 mmol l21 Cl2, 0.08 mmol l21 Na+ and
0.04 mmol l21 K+. Hardness was equivalent to 0.75 mmol l21 CaCO3 (75.1 mg l21)
(Wagemann et al. 1987). The average pH of the water was 7.7 (range 7.64–7.80) (Brown
et al. 1984). Dissolved inorganic carbon measured by gas chromatography (Stainton et al.
1974) was 1.43±0.04 mmol l21 (mean ± S.E.M.).

Electrical recording of gustatory responses

Gustatory responses were recorded from the palatine nerve (VIIth cranial nerve)
innervating taste buds located on the palate and inside the upper lip using the method of
Marui et al. (1983). The fish were anaesthesized with MS222 (tricaine
methanesulphonate, 1:8000), immobilized with an intramuscular injection of Flaxedil
(gallamine triethiodide, 5 mg kg21 body mass) and positioned in an acrylic trough with
natural water (NW) (dechlorinated Winnipeg city water) perfusing the gills. The eyeball
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was removed to expose the palatine nerve running through the bottom of the eye socket.
The nerve bundle was cut off centrally and its peripheral end was hooked on bipolar
platinum–iridium electrodes. Throughout surgery, MS222 (1:8000) was continuously
metered into the water perfusing the gills. Mineral oil was added to the orbit to prevent
drying of the nerve preparation during recording. The neural activity of the whole nerve
bundle was amplified (Grass 7P511), integrated (time constant 0.5 s) and recorded on a
pen recorder (Grass 7B polygraph). The response magnitude was measured as the height
of integrated responses over a stimulus duration of 5 s. Consistent responses were
generally obtained 5 min after the onset of perfusion with adapting solutions (see Fig. 3).
Each stimulus was tested 3–4 times consecutively with a standard interval of 2 min during
the period from 5 to 11 min after perfusion started. The mean response obtained was
expressed as a percentage of responses to respective gustatory stimuli dissolved in NW
(control response) before adaptation. Statistical significance was assessed using Student’s
t-test.

Stimulus delivery and perfusion

The apparatus used to deliver stimulant and perfusing solutions to the palate is shown
in Fig. 1. A bottle containing an adapting solution was placed in a raised waterbath
providing a constant temperature (11.5–12.5 ˚C) and pressure head. A constant volume
(2 ml) of stimulant solution was drawn into a disposable glass pipette and placed in a
water jacket. To avoid contamination, distilled water (DW), instead of NW, at
11.5–12.5 ˚C was led into the water jacket to maintain the test solution at constant
temperature. In all experiments, the palate was first acclimated to NW and a standard
response to 1 mmol l21 L-proline (L-Pro) established. After the introduction of the
adapting solution, a stimulant prepared in the respective adapting solution was applied to
the palate at a flow rate of 0.2 ml s21 for 5 s.

Adapting and test solutions

Adapting solutions used were as follows: DW with or without 1 mmol l21 NaHCO3;
artificial fresh water (AFW); NW diluted with DW; NW diluted with AFW;
0.1–100 mmol l21 salt solutions prepared with DW (NaCl, KCl, MgCl2, MgSO4, CaCl2,
sodium acetate and choline chloride) and sucrose; and the same salt solutions prepared
with NW. The composition of AFW based on chemical analyses of Winnipeg water
was 0.08 mmol l21 NaCl, 0.04 mmol l21 KCl, 0.51 mmol l21 CaCl2 and 0.24 mmol l21

MgCl2. Dilution of NW with AFW maintained the concentrations of major cations. The
ionic compositions of all adapting solutions are listed in Table 1. All salts and sucrose
were of the highest purity available from commercial sources. Gustatory stimulant
solutions employed were 1 mmol l21 L-Pro, 0.1 mmol l21 quinine–HCl (Q-HCl),
10 nmol l21 taurolithocholic acid (TLCA) (all from Sigma Chemical, MO) and 5 %
CO2. The gustatory receptors of rainbow trout are highly sensitive to these chemicals
(Marui et al. 1983; Hara et al. 1984; Yamashita et al. 1989). Treatment with
tetrodotoxin (TTX; Sigma Chemical) was carried out by perfusing the palate with a
1 mmol l21 solution for 5 min. Responses before, during and after treatment were
compared.
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Results

Characteristics of palatine nerve responses

Stimulation of the palate and the inside upper lip with 1 mmol l21 L-Pro dissolved in
NW elicited a large response from the palatine nerve (Fig. 2). The response to L-Pro was
rapidly adapting and quickly returned to the baseline level of activity, even with
continued stimulation. The response characteristics to all gustatory stimuli were similar,
although responses to TLCA were generally sustained by continued stimulation.

Effects of DW, AFW and diluted NW on gustatory responses to L-Pro

When the palate was irrigated with DW, responses to L-Pro (dissolved in DW) were
almost eliminated after 5 min of adaptation (Fig. 2A). The responses recovered to the
original level 5–10 min after the preparation was returned to NW. DW buffered with
1 mmol l21 NaHCO3 (pH 7.8–7.9) had similar effects (data not shown). Adaptation to
AFW induced a slight L-Pro response (approx. 15 % of the control response) (Fig. 2B).
NW was diluted with either DW or AFW. Temporal responses to 1 mmol l21 L-Pro
following adaptation to NW diluted with DW and AFW are shown in Fig. 3. The
magnitude of the response to L-Pro gradually declined and attained a steady level
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6–7 min after the onset of perfusion with DW-diluted NW (Fig. 3A). The magnitude of
the response decreased with increasing dilution, reaching less than 10 % of the control
value with DW alone. Effects of dilution with AFW were similar to those of DW
dilution, but the magnitude of the response attained a steady level within 5 min
(Fig. 3B). In the ensuing experiments, the steady response levels obtained after 5 min of
adaptation were employed (also see Materials and methods). Fig. 4 shows magnitudes
of responses to 1 mmol l21 L-Pro as a function of the percentage dilution of NW with
DW and AFW. There was no significant difference in the response magnitude between
DW and AFW dilutions; for example, responses to L-Pro in 5 % NW+95 % DW and 5 %
NW+95 % AFW were 11.0±6.8 % (mean ± S.E.M.) and 15.5±2.0 %, respectively
(P>0.5).

Effects of electrolyte and non-electrolytes on responses to L-proline

Adaptation to DW almost eliminated the response to L-Pro (see Fig. 2). However, the
responses were partially restored by adding various concentrations of salts to the
perfusing DW. Adaptation to 10–100 mmol l21 mono- and divalent chlorides (NaCl, KCl,
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NW

AFW NW

Fig. 2. Effects of adaptation to distilled water (DW) and artificial fresh water (AFW) on
gustatory responses to 1 mmol l21 L-proline (L-Pro) of the palatine nerve of rainbow trout.
Left-hand traces in A and B, integrated responses to L-Pro in natural water (NW) during
perfusion of the palate with NW. Middle traces show (A) integrated responses to L-Pro in DW
and (B) integrated responses to L-Pro in AFW. Right-hand records in A and B show integrated
responses to L-Pro after returning to perfusion with NW. A and B were obtained from different
preparations. Each division of the time signal marks 5 s.



CaCl2, MgCl2) and choline chloride restored the response to L-Pro to a maximum of 50 %
(Fig. 5). Adaptation to 10 mmol l21 MgSO4 (Fig. 5A) and sodium acetate (data not
shown), salts of anions other than chloride, restored the response to 32 and 40 % of the

179Fish gustation and ionic environments

121086420
0

20

40

60

80

100

6

AFW
5 % NW + 95 % AFW
10 % NW + 90 % AFW
20 % NW + 80 % AFW

121086420
0

20

40

60

80

100

DW
5 % NW + 95 % DW
10 % NW + 90 % DW
20 % NW + 80 % DW

A B

Time  (min)

R
es

po
ns

e 
m

ag
ni

tu
de

 (
%

)

Fig. 3. Temporal decline of gustatory responses to 1 mmol l21 L-proline (L-Pro) after
adaptation to (A) natural water (NW) diluted with distilled water (DW) and (B) natural water
diluted with artificial fresh water (AFW). Responses to 1 mmol l21 L-Pro in NW (control
response) were obtained during perfusion of the palate with NW. In this and following graphs,
average (N=3 preparations) response magnitude is presented as a percentage of the control
response magnitude. Vertical bars represent S.E.M. The abscissa represents time after onset of
perfusion with adapting solutions. Curves drawn in this and the following figures were fitted
to the points by eye.
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Fig. 4. Effects of dilution of natural water (NW) with distilled water (DW) and artificial fresh
water (AFW) on responses to 1 mmol l21 L-proline (L-Pro). Vertical bars represent S.E.M.,
N=3.



control response, respectively. However, adaptation to sucrose solution, a non-
electrolyte, failed to restore the response to L-Pro. Therefore, response recovery was
probably due to the presence of ions and not associated with changes in osmolarity.
Addition of these electrolytes and non-electrolytes to NW did not increase the magnitude
of the response to L-Pro beyond the control level (P>0.4). Instead, there was a slight
decline in the magnitude of the response when the preparations were adapted to high
concentrations (10–100 mmol l21) (P>0.05) (Fig. 5B).

Effects of DW and AFW on gustatory responses to other stimulants

Adaptation to DW markedly reduced or eliminated gustatory responses to Q-HCl and
TLCA (Fig. 6A), whereas adaptation to AFW reduced the responses to these chemicals
by about 60 % (Fig. 6B). Responses to 5 % CO2 were similarly suppressed by about 60 %
when the palate was adapted to either DW or AFW. All the responses recovered
completely 5–10 min after returning to perfusion with NW (Fig. 6A,B). The effects of
various adapting solutions on gustatory responses to 1 mmol l21 L-Pro, 0.1 mmol l21 Q-
HCl, 10 nmol l21 TLCA and 5 % CO2 are summarized in Fig. 7. Responses to all
gustatory stimuli tested were significantly reduced when the palate was adapted to
solutions other than NW (P<0.05). Adaptation to DW caused the greatest reduction in
responses to all gustatory stimuli, except for CO2 which remained at 38 % of the control
value throughout. Responses to L-Pro, Q-HCl and TLCA were 20–40 % of respective
control responses during adaptation to AFW. Responses to these chemicals were
improved to about 50 % of the control value by adding 10 mmol l21 NaCl. However, the
response to CO2 remained unchanged with the same treatment (P>0.4). Furthermore,
addition of 1022 mol l21 NaCl to NW did not enhance the gustatory responses to any of
the stimulants tested (P>0.1).
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Effects of tetrodotoxin

When added to perfusing NW, 1 mmol l21 TTX had no effect on the gustatory
responses elicited by 1 mmol l21 L-Pro. The response magnitude remained unchanged
during the 5 min perfusion period and after the preparation had been returned to NW
(Fig. 8).

Discussion

Suppression of gustatory responses by DW and AFW

The magnitude of the gustatory responses to L-Pro recorded from the whole palatine
nerve bundle was greatly reduced or nearly abolished within 5 min of perfusion of the
palate with DW. Similarly, adaptation to AFW reduced the responses to L-Pro to about
27 % of those in NW. Response levels to L-Pro showed a gradual decrease with increasing
dilution of NW, even though the concentrations of major cations were held constant. This
was essentially the case with the other gustatory stimuli, including Q-HCl and TLCA.
The results suggest that NW is essential to ensure maximal gustatory responses to known
chemicals. Because the addition of major cations to DW did not fully restore the gustatory
responses, substances other than these ions must be primarily responsible for the
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NWAFWNW

Fig. 6. Effects of adaptation to (A) distilled water (DW) and (B) artificial fresh water (AFW)
on gustatory responses to 0.1 mmol l21 quinine–HCl (Q-HCl), 10 nmol l21 taurolithocholic
acid (TLCA) and 5 % CO2. Left-hand traces in A and B show integrated responses in NW.
Middle traces in A show integrated responses in DW. Middle traces in B show integrated
responses in AFW. Right-hand traces in A and B show integrated responses in NW after
recovery from adaptation to DW or AFW. The records in A and B were obtained from six
different preparations. Each division of the time signal marks 5 s.



maintenance of the response in NW. In the rat chorda tympani nerve, gustatory responses
are dependent on [HCO32] and/or the pH of the surrounding medium (Matsuo and
Yamamoto, 1992). However, in the present study, addition of 1 mmol l21 NaHCO3 to
DW (pH 7.8–7.9, close to that of NW) had no effect, suggesting that neither HCO32 nor
pH plays a key role in maintaining the gustatory response in rainbow trout. This is
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consistent with earlier findings that the gustatory responses to L-Pro remain unchanged
over a wide range of pH (Marui et al. 1983; Kiyohara et al. 1984). In NW-deficient
conditions (i.e. when the palate was irrigated either with DW or AFW), responses to
gustatory substances were restored up to a maximum of 50 % of those of respective
control responses by addition of a maximum of 10 mmol l21 salts to the perfusing media.
There were no significant differences in the effect among types of cations (mono- or
divalent) or anions (Cl2, SO422 or acetate). Thus, external ions support gustatory
responses to some extent. However, addition of the same concentration of salts to NW did
not improve the responses to stimuli. These results indicate that NW contains ions at
levels sufficient to maximize the gustatory response and that adding amounts beyond
these levels had very little effect.

The responses to CO2 remained at about 40 % of the control value during adaptation to
DW and were independent of added salts. In contrast, responses to L-Pro, Q-HCl and
TLCA during adaptation to diluted NW were all dependent on salt concentrations. Thus,
the receptor mechanism for CO2 in rainbow trout seems to be different from those for
other gustatory chemicals. This supports the demonstration of Yamashita et al. (1989)
that single palatine nerve fibres responding to CO2 do not respond to other gustatory
stimuli, including amino acids and bile salts. During gustatory stimulation with L-Pro, Q-
HCl and TLCA, interactions of the stimulus with molecules on the apical membrane of
the gustatory cells are probably the initial process of gustatory transduction (for a review,
see Kinnamon and Cummings, 1992), whereas during CO2 stimulation small CO2

molecules can permeate directly through the cell membrane (Hidaka, 1970; Yoshii et al.
1980). It is likely that specific binding of stimulus molecules could be affected by ions in
the environment more readily than could direct permeation of small molecules such as
CO2.

Importance of NW in gustation

All responses to gustatory stimuli elicited in AFW and particularly DW were much
reduced in rainbow trout. The addition of salts improved the responses in DW to some
extent. In their study with the eel palatal organ, Yoshii and Kurihara (1983) pretreated the
epithelium with 5 mmol l21 EDTA to remove all possible ions from the surface of the
palate. Despite the EDTA treatment, adaptation to DW did not always inhibit gustatory
responses to amino acids and addition of salts resulted in complete restoration of
responses. The two studies may be different because different species were used.
However, differences in experimental procedures cannot be ruled out. In the present
experiments, the palatal organ was continuously perfused with NW at a rate of 0.2 ml s21,
unless stated otherwise. In the eel experiments (Yoshii and Kurihara, 1983), the palate
was irrigated with perfusing solutions for 4 min and a stimulant solution was applied at a
flow rate of 0.5 ml s21. After stimulation, the palate was rinsed with the perfusing
solution. Perhaps a substance(s) that supports gustatory responses is more easily removed
from the surface of the rainbow trout palate than from the eel palate. Eels are known for
their copious production of a variety of mucosubstances. Because goblet cell
mucosubstances are relatively uniform in their histochemical characteristics throughout
eel epithelial tissues, it is highly likely that the eel gustatory cells are covered with thick
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mucus rich in a neuraminic acid containing mucosaccharides (Yamada and Yokote,
1975). Although we did not examine the effects of the removal of ions from NW, both
inorganic cations and unknown substances may be required to achieve maximal gustatory
responses in both species.

Ion channels

L-Arginine-activated (Teeter et al. 1990; Brand and Bruch, 1992) and L-proline-
activated (Kumazawa et al. 1990; Brand et al. 1991) cation channels have been
demonstrated in reconstituted gustatory epithelium membranes from channel catfish
(Ictalurus punctatus) (reviewed by Caprio et al. 1993). Both types of channel are
permeable to Na+, K+, Ca2+ and Ba2+. In the present study, however, addition of these salts
to NW did not augment gustatory responses to L-Pro, suggesting that an L-Pro-activated
cation channel may not be involved in gustatory transduction in vivo in rainbow trout.

Perfusion of the palate with TTX at 1 mmol l21 for more than 5 min had no effect on
gustatory responses to L-Pro. The TTX-sensitive, voltage-dependent Na+ current is
known to be present in most gustatory cells (Kinnamon and Cummings, 1992). In frog
(Rana ridibunda), the transient inward Na+ current in a patch-clamped gustatory cell was
completely blocked by 0.1 mmol l21 TTX present in the bath (Avenet and Lindemann,
1987). However, in vivo experiments by Ozeki and Noma (1972) demonstrated that the
generation of a receptor potential in response to gustatory stimuli was not inhibited by
TTX at 3.08 mmol l21. The present results, together with our earlier studies with rainbow
trout and Arctic char (Yamamori et al. 1988), suggest that the L-Pro-activated TTX-
sensitive cation channel(s) is not present in the apical membrane of the gustatory cells and
that TTX does not penetrate the tight junctions found at the top of the gustatory cells.
Because responses to other gustatory substances are also independent of ions in the
medium, the same mechanism may be widely distributed in the fish gustatory system.

Five to six minutes was required for the suppression of the gustatory responses by DW
and diluted NW to be completed, and even longer periods were needed for a complete
recovery. This is consistent with our interpretation that the unknown substance(s)
essential for the maximal gustatory response in rainbow trout is not a simple
physicochemical factor, such as ionic conditions, pH or osmolarity of the medium.
Instead, it suggests that mucous substances covering the apical membrane of the
gustatory cell may be involved in the action, possibly acting as a reservoir or carrier of the
unknown substance that is continuously replenished by the NW. A number of studies
routinely employ distilled water, artificial fresh water or sea water for perfusion and as
media for chemical stimulants (e.g. Yoshii et al. 1979; Kiyohara et al. 1981; Kiyohara
and Hidaka, 1991; Hidaka et al. 1992).

Cautious interpretation of data will be required if the phenomena observed in the
present study are common in other fish species. These avenues of research represent a
new approach that is worth pursuing.
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