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For single cell recordings and various ex-
perimental manipulations, physiologists prefer
an animal model having large somatic cells
and a competence to survive harsh surgery.
Salamanders fit these requirements. Among
various species of salamanders, the mudpuppy
(Necturus), the tiger salamander (Ambystoma
tigrinum), and the axolotl (Ambystorna mexica-
rum) have often been used in physiological
experiments. The use of the axolotl for neuro-
biology has been reviewed by Harris in a recent
volume (Armstrong and Malacinski 1989).
Salamanders are also useful for studying neu-
ral mechanisms of “taste.” This article may be
regarded as another chapter on the neurobiol-
ogy of taste in salamanders based on our re-
cent findings in this line obtained from the
axolotl in particular.

Mudpuppy. Much of our knowledge of the
taste system in the salamander comes from
the mudpuppy. Using a glass microelectrode,
West and Bernard (1978) impaled single taste
cells in the lingual epithelium of the mud-
puppy, and studied the electrophysiological
properties of the cell membrane in response to
stimulation by various chemicals. Possibly due
to the large size of the cell, the loss of excita-
bility was minimal, and thus it was possible to
demonstrate a regenerative spike in the taste
cell (Roper, 1983). Effective stimulants were
surveyed by extracellular recordings from the
glossopharyngeal (IX) nerve (Samanen and
Bernard, 1981), which together with the facial
(VI) nerve and the vagus (X) nerve constitute
the three pairs of cranial gustatory nerves. HCI
(sour), NaCl (salty), and quinine hydrochloride
(bitter) were effective. Sucrose (sweet) was least
effective. Staining of single taste cells with
fluorescent dye successfully showed a func-
tional coupling between these cells (West and
Bernard, 1978; Yang and Roper, 1987). An
excitatory property of the taste cell membrane
can be studied in greater detail if a whole-cell
clamping (a new technique in electrophysiol-
ogy) is applied. To this end, single taste cells
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were isolated enzymatically from the mud-
puppy (Kinnamon et al. 1988), and also from
the tiger salamander (Sugimoto and Teeter
1987) to record chemically induced membrane
currents.

A taste bud is a cuboidal structure of col-
lected taste cells. In mammals, the taste buds
are embedded in a folded lingual epithelium.
Thus the apical side of taste cells is mostly
invisible without dissection. In the mudpuppy,
however, they are embedded in a flat lingual
epithelium and face directly onto the oral cav-
ity. Such a configuration of the taste buds per-
mits easier access for the microelectrodes as
well as for the chemicals for gustatory stimula-
tion or fixation. The electron microscope re-
vealed the fine structure of the taste buds in
the apical microvilli (Cummings et al. 1987)
and three types of taste receptor cells based on
intracellular structures and synapses
(Farbman and Yonkers 1971; Delay and Roper
1988). There are a few neuroanatomical stud-
les on the central projection of gustatory
nerves in salamanders (Herrick 1948; Opdam
and Nieuwenhuys 1976; Roth and Wake
1985), but no electrophysiological study on
higher gustatory neurons in the salamander
brainstem.

Axolotl. We have adopted the axolotl as a
model animal to study the physiology and
anatomy of the taste system (Nagai et al.
1989), because of the availability of inbred
strains, the relative ease with which it can be
raised in a laboratory, and the cooperation of
the Indiana University Axolotl Colony (practi-
cally speaking most important). Juveniles of
the axolotl have been regularly shipped by air
cargo to our laboratory in Tokyo. We raise
them at normal room temperature for several
months to a year by feeding them dog food
pellets. Thus in our aquarium, axolotls at vari-
ous developmental stages are ready for use
year round. They stay healthy even in sum-
mer. These are the advantages of using axo-
lotls, compared to mudpuppies or tiger sala-
manders, which must be captured in the field,
and which require special temperature con-
trols to maintain them in a healthy condition.
We usually use the adult in surgical proce-

dures for physiological recordings and neuro-
anatomy.

We recorded the neural responses from
the glossopharyngeal (IX) nerve of axolotls
(Nagai, 1989). The integrated whole nerve re-

cordings provided a response profile to salts
(0.5 M KCI, 1.0 M NaCl, 0.5 M CaCl), bitter (1
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mM quinine-HCI), acid (0.1 N citric acid), sweet
(1.0 M sucrose) and amino acids (50 mM, Phe,
Arg, Gly, Ala, Glu). Generally the response to
CaCl, was robust, but not that to amino acids
and sucrose. The response to quinine and cit-
ric acid was smaller than that to 0.5 M KCL
We were interested in knowing if the taste re-
sponse differs among four inbred strains (wild,
white, albino, and eyeless). The result turned
out to be rather discouraging. The response
profiles to the chemicals listed above seemed
similar in the four strains. We need to pursue
the study of chemosensitivity among the
strains using more animals and chemicals,
however, because the studies on chemosensi-
tivity in the mudpuppy are contradictory (Sa-
manen and Bernard 1981; McPheeters and
Roper 1985), and there may be seasonal vari-
ation in the properties of the taste cell mem-
brane (Roper and McBride 1989). Because the
axolotl is a carnivore, it was suspected that its
taste system would be sensitive to amino acids
or to a diet containing these. The extracts from
dog food and earthworm, however, induced a
far smaller response than 0.5 M KCL The
small responses to the amino-acid-containing
diets were possibly due to the salts they con-
tained. A question arose: Is the axolotl en-
dowed with discriminative ability with respect
to taste qualities? As a test we presented to an
axolotl a dog food pellet soaked in quinine so-
lution (above 10 mM). After taking the pellet
into the oral cavity, the animal spit it out. This
simple behavioral experiment showed that the
axolotl could discriminate the bitter sub-
stance, which induced a rejection behavior in
most animals. The concentration used was
high, but we should remember that the experi-
ment was done in the water. The axolotl may
be useful in a behavioral study on food intake,
because in a separate experiment we found
that snapping at prey could be induced if the
prey were presented while the water was vi-
brated at low frequency (2 - 5 Hz). The lateral
line nerve of the axolotl detects the vibration
(Munz et al. 1984).

The IXth nerve responded not only to
chemicals but also to mechanical stimulation.
Squirting a water jet onto a single taste bud
induced the brisk response of a few units in
the whole nerve recording. The taste bud is
supposed to be a chemosensory organ, but
may also function as a mechanotransducer. In
support of this view, basal cells in mudpuppy
taste buds resemble Merkel cells (cutaneous
mechanoreceptors) (Delay and Roper 1988).
Similar basal cells have also been found in
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axolot] taste buds (Toyoshima et al. 1987). The
mechanosensitive units were larger in ampli-
tude than the chemosensitive ones, suggesting
fiber groups with a different diameter and
function were contained in the IXth nerve. To
identify these neurons (fiber groups) physio-
logically and then reveal their function in food
ingestion behavior in the axolotl, we needed to
start with neuroanatomy, ie., the morphology
of the ganglion, where the cell bodies of neu-
rons are distributed, and where their central
projection to the brainstem is located. We ex-
amined the IXth nerve by a neuronal tracer of
cobaltic lysine complex (Co-lys, Nagai and
Matsushima 1990). The tracer is useful for
studying the details of the neuronal structure
in the amphibian, in particular (Oka et al.
1987).

Co-lys was applied to the cut end of the
IXth nerve, just distal to the IX-X ganglion
complex. The dark-brown end product of Co-
lys labeled the cell body and process in the
ganglion. The afferent cell bodies in the gan-
glion were middle-sized (ca. 25 mm). The proc-
esses, when successfully labeled, were pseu-
dounipolar. In mammals and frogs, the IXth
nerve forms two separate ganglia in the IX-X
ganglion complex. In axolotls, however, the
ganglion was not clearly divided into two, but
formed a combined ganglion. The labeled cells
were diffusely distributed in the rostral part of
the IX-X ganglion complex. A few labeled cells
were also seen in the caudal part, where the
vagus (X) nerve fiber and cell bodies were
mainly distributed. To reveal the distribution
patterns of the IXth nerve and the Xth nerve
cell bodies, we applied HRP and Co-lys simul-
taneously to the respective nerves. The cell
bodies of the IXth nerve, discerned by the
blue-black end product of HRP, appeared
among the numerous Xth nerve cell bodies in
the caudal part. Hence, in the axolotl, the gan-
glion cells of the IXth nerve are not clearly sep-
arated from those of the Xth nerve.

The IXth nerve system in the axolotl as-
sumes a primordial form in its ganglion, but
its topographical organization in the brainstem
is basically similar to that in frogs. The affer-
ent and efferent components of the IXth nerve
in the brainstem were transganglionically la-
beled with Co-lys. The majority of the afferent
fibers formed strong ascending and descending
bundles in the solitary fasciculus. The rest of
the afferent fibers formed in the spinal tract of
the trigeminal nerve a weak bundle, which had
a short ascending limb and a long descending
limb. These two bundles had terminal areas in




the ipsilateral brainstem: in the dorsal gray
matter for the solitary fasciculus and in the
lateral funiculus for the spinal tract of the
trigeminal nerve, respectively. The cell bodies
of the efferent neurons had developed dendritic
arborizations in the ventrolateral white matter,
and formed a longitudinal cell column in the
ventrolateral margin of the gray matter.
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