THE JOURNAL OF COMPARATIVE NEUROLOGY 307:675-682 (1991)

Immunocytochemistry of
Gamma-Aminobutyric Acid, Glutamate,
Serotonin, and Histamine in Necturus .
Taste Buds
S. JAIN AND S.D. ROPER
Department of Anatomy and Neurobiology, Colorado State University, Ft. Collins, Colorado
80523 and The Rocky Mt. Taste and Smell Center, University of Colorado Health Sciences
Center, Denver, Colorado 80262

ABSTRACT
Little information is currently available about which neurotransmitters are involved in
signal processing in the peripheral sensory organs of taste, taste buds. Synaptic contacts
between taste cells and sensory axons have long been known to exist, but what substances are
active at these synapses is not known. Our objective in this study was to test for the presence of
the neurotransmitter candidates, GABA, glutamate, serotonin, and histamine in taste buds of
Necturus maculosus. Light microscopic immunocytochemical techniques were used to investigate the location of these substances in taste buds and surrounding epithelium. GABA and
glutamate were detected in nerve fibers that innervate the taste buds, and, to a substantially
lesser extent, in fine, varicose axons that penetrated the surrounding nontaste epithelium.
Serotonin immunostaining was strong in basal cells in frog taste discs but was only faintly
detected in Necturus taste buds. Histamine was not detected at all in taste buds. We conclude
that amino acid neurotransmission may be involved in taste mechanisms and that monoamines
may also play a role in chemosensory transduction in the taste bud. On the basis of our inability
to detect histamine with immunocytochemical techniques, we conclude that this substance is
unlikely to be a major neurotransmitter in Necturus taste buds.
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Our understanding of the cellular organization and
chemosensory function of vertebrate taste buds is undergoing a major revision because of advances over the past few
years in ultrastructural analyses and electrophysiological
studies of taste cells. Until recently, taste cells have been
considered as a passive interface between the external
environment and the nervous system. Data, however, now
indicate that taste cells generate active responses to taste
stimuli and possess synaptic interconnections that may
underlie some form of information processing in the taste
bud (Roper, '89). For example, ultrastructural evidence for
synaptic connections between receptor cells and basal cells,
between basal cells and gustatory axons, and between
receptor cells and gustatory axons has been reported in
Necturus (Delay and Roper, '88). Dye-coupling, and hence
electrical connections between receptor cells, has also been
observed in Necturus (Yang and Roper, '87).
As a first step in analyzing interactions between taste
cells, it is important to identify the neurotransmitters
involved at synapses in taste buds. To date, the data
implicating any one neurotransmitter candidate are scantly.
O
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Duncan ('64) has reported that taste responses are modified
by cholinergic antagonists, suggesting that acetylcholine is
a transmitter. However, Tateda and Beidler ('64) found
that taste function in rats was unaltered by cholinergic
agonists and instead reported that GABA depressed gustatory nerve responses elicited by taste stimuli applied to the
tongue. Monoaminergic transmission has been implicated
in taste buds (e.g., Takeda and Kitao, '80; Esakov, et al.,
'83) and positive immunoreactivity for serotonin has been
identified in taste cells (Uchida, '85; Fujimoto et al., '87).
Although these reports are highly suggestive, few attempts
to correlate structure with function have been made.
We have been approaching the problem of identifying
potential neurotransmitters by utilizing immunohistochemical techniques. We have investigated the immunoreactivity
of antibodies for transmitter candidates in taste buds of
Necturus maculosus in the hope that once likely candidates
are identified, it will be possible to test their effects with
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electrophysiological recordings. Our data so far indicate
that GABA and glutamate are found in taste buds, but
histamine is not. Strong immunopositivity for serotonin
was found in frog taste cells but only weakly in Necturus
taste cells. Preliminary reports of these experiments have
been published in abstract form (Jain and Roper, '89a,b).

MATERIALS AND METHODS
Mudpuppies (Necturus maculosus) were obtained from
commercial sources. Animals were maintained in 150 gal.
plastic stock tanks filled with 5% artificial sea water and
kept at 10°C.

Tissue preparation
Animals were deeply anesthetized by immersion in icecooled water and were killed by rapid decapitation. Lingual
epithelium was dissected out and fixed in 1.75% paraformaldehyde and 0.2% glutaraldehyde (for GABA, glutamate,
and serotonin immunostaining) or 4% paraformaldehyde
(for histamine immunostaining) in 0.1 M phosphate buffer
at pH 7.2 for 1hour. In processing tissue for serotonin and
histamine immunostaining, immediately after freeing the
epithelium and prior to fixation, the tissue was bathed in an
amphibian physiological solution (APS)in which MgCl, had
been substituted for CaC1, to block neurotransmitter release (112 mM NaCl, 2 mM KCl, 8 mM MgCl,, 5 mM
HEPES at pH 7.2) for 1hour.
Cryoprotection was obtained by immersing tissue in
successively increasing concentrations of sucrose (0.25 M,
0.5 M, and 1.0 M in phosphate-buffered saline, PBS: 0.1 M
phosphate buffer 0.9% NaCl, pH 7.21, each for 1 hour,
and finally overnight in 2.0 M sucrose in PBS at 4°C. Tissue
blocks were then frozen in chilled isopentane cooled with
liquid nitrogen and embedded in O.C.T. Compound (Miles,
Inc., Elkhart, IN). Blocks of embedded tissue were kept at
-60°C until sectioned, but no longer than 30 days. Twenty
micron thick sections were cut on a cryostat and screened
for the presence of taste buds. Lingual sections that contained taste buds were transferred to wells of 24-well
culture plates.

+

Immunocytochemistry
Immunostaining was performed on free floating sections
with indirect immunoperoxidase visualization as follows.
Sections were incubated in blocking serum (1:60) for 2
hours prior to incubation with primary antisera to reduce
nonspecific staining. Sections were next incubated in primary antibody [GABA-BSA (-bovine serum albumin),
1:2,000; glutamate-KLH (-keyhole limpet hemocyanin),
1:4,000-1:8,000; serotonin-BSA, 1:1,000; histamine-BSA,
1:1,000] overnight at 4"C, washed, and then incubated in
secondary antibody (1:200) for 1-2 hours, and washed.
Next, sections were incubated in 1:250 ABC solution (PelFreez, Rogers, AR) for 30-60 minutes and washed. This
was followed by incubation in diaminobenzidine tetrahydrochloride (DAB, 0.25 mg/ml) with H,O, (0.003%in PBS) for
3-5 minutes and washed. The sections were then transferred to slides and mounted in aquamount. Phosphate
buffer was used in processing the tissue for GABA and
serotonin immunostaining, and Tris buffer in the case of
glutamate and histamine immunostaining. Triton X-100
(0.1%) and BSA (0.1%) were included in the working
dilutions of ABC and in wash buffers. Working dilutions of
the primary antibody, blocking sera and secondary antibody

were prepared by adding Triton X-100 (0.5%),BSA (0.1%),
and fetal calf serum (10%).

Sources
Primary polyclonal antisera raised in rabbit against
GABA-BSA, serotonin-BSA, and histamine-BSA were obtained from Chemicon, and mouse monoclonal antibodies
against glutamate-KLH (conjugated with glutaraldehyde),
Glu-2, were generously provided by Dr. James Mad1 (Department of Anatomy and Neurobiology, Colorado State University). These antisera have been extensively characterized by
immunocytochemistry and radioimmunoassay or enzymelinked immunosorbent assay (Seguela et al., '84; Geffard et
al., '85; McDonald et al., '89). Blocking sera (normal goat
and normal horse sera) and secondary antibodies (biotinylated anti rabbit IgG produced in goat, biotinylated anti
mouse IgG produced in horse) were purchased from Vector
Laboratories (Burlingame, CA). Acetyl Avidin-Biotin Complex (ABC) was purchased from Pel-Freez (Rogers, AR).
GABA, 1-aspartic acid, 1-glutamine, glutamate, glycine,
b-alanine, taurine, keyhole limpet hemocyanin (KLH), and
diaminobenzidine tetrahydrochloride (DAB) were purchased from Sigma Chemical Co. (St. Louis, MO). Antisera
to neuron-specific enolase (NSE) were purchased from
Dako (Santa Barbara, CA).

Immunocytochemical controls
Mouse cerebellum was used as one positive control to test
the viability and specificity of our GABA and glutamate
antibodies (Ottersen and Storm-Mathisen, '84). Mice were
anesthetized with intraperitoneal injection of sodium pentobarbital and perfused intracardially with fixative containing 2% paraformaldehyde and 0.25% glutaraldehyde in 0.1
M cacodylate buffer, pH 7.4. The cranial cavity was opened
and the cerebellum was removed and fixed overnight in the
same fixative at 4°C. Cryoprotection and embedding were
carried out in the same manner as for Necturus lingual
epithelium. Thirty micron thick sections were cut on a
cryostat and used for immunostaining.
Parasympathetic cardiac ganglia from Necturus were
used as a positive control tissue for serotonin immunostaining (Parsons and Neel, '86). Whole cardiac septa were taken
from Necturus, pinned onto Sylgard-coated Petri dishes,
and immersed in fixative (1.75% paraformaldehyde and
0.2% glutaraldehyde in 0.1 M PBS) for 1 hour. Fixed,
whole-mount preparations were processed for immunocytochemistry. Taste organs from frogs were also used as a
positive control tissue for serotonin immunostaining (Hirata
and Nada, '75). Frogs (R.pipiens) were pithed, the tongues
removed, and the tissue fixed in 1.75% paraformaldehyde
and 0.2% glutaraldehyde mixture in 0.1 M phosphate
buffer, pH 7.2 for 1 hour. Further processing of tissue
(cryoprotection, embedding, and sectioning) was done in a
similar way as for mudpuppy lingual epithelium.
Mouse stomach was used as a positive control tissue for
histamine immunostaining (Hakanson, et al., '86). Mice
were euthansized by intraperitoneal injection of sodium
pentobarbital. The abdominal cavity was opened, stomach
removed, and the tissue was fixed in 4% paraformaldehyde
for 90 minutes. Further processing of the tissue (cryoprotection, embedding, and sectioning) was done in a similar way
as for Necturus lingual epithelium.
Other controls included incubating sections with secondary antisera alone, or with primary antisera that had been
preabsorbed with excess antigen. For GABA and glutamate
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Fig. 1. Immunocytochemical demonstration of neuron-specific enolase (NSE) in the Necturus taste bud. A Bright-field micrography,
double-exposed at two focal planes to illustrate the complexity of nerve
fibers that innervate the lingual epithelium, and especially the taste
bud. A thick tangle of nerve fibers innervates the taste bud (tb) and
single fibers penetrate the epithelium (arrow). B: Same tissue photo-

graphed with differential interference contrast optics to illustrate the
details of nerve fibers. Axons terminate in the taste bud primarily in the
basal region and often seem to contact specific cells (arrow). Fine,
varicose fibers also penetrate the nontaste epithelium (arrow head).
Calibration, 40 b.

immunostaining, we prepared conjugates of amino acids
with keyhole limpet hemocyanin (KLH) or with bovine
serum albumin (BSA) to test for possible cross-reactivity
between the primary antiserum and amino acids other than
GABA and glutamate that might exist in the tissue. These
conjugates were prepared as follows (T.G. Kingan, personal
communication): 10 mg of BSA or KLH were dissolved in 2
ml of 0.1 M PBS. To this was added a sufficient quantity of
GABA, glycine, b-alanine, taurine, Z-aspartic acid, Z-glutamic acid, or I-glutamine to produce a final concentration
of 20 mM. Next, 5 mg glutaraldehyde (20 ~1 of 25%
solution) were added and stirred for 15-20 minutes. The
solution turned amber, indicating cross-linking of the amino
acid to protein. The reaction was quenched at this stage by
adding 15 mg sodium metabisulfite in 1ml of water. Lastly,
the solution was dialyzed against PBS for 24 hour at 4°C
with two changes of buffer, placed in aliquots, and frozen.
The protein concentration of conjugates was determined
by Bio-Rad (New Jersey) protein assay. The reactivity of
protein-amino acid conjugates to primary serum was determined by ELISA. The protein-amino acid conjugate (25
pg/ml) was added to prediluted primary serum and incubated for 24 hours at 4°C before applying to sections.

when they reach the base of the taste bud, and terminate
predominantly in the basal region of the taste bud. Furthermore, numerous single, fine varicose nerve fibers penetrate
the lingual epithelium in regions unrelated to taste buds,
often forming a delicate rete of axons that course through
the entire thickness of the epithelium. A suggestion of this
can be seen in the regions immediately adjacent to the taste
bud in Figure 1.We detected NSE immunostaining in taste
cells (cf. Toyoshima and Shimamura, '88) only when sections were incubated in anti NSE antisera for 3-6 times the
incubation period that resulted in positive staining in
axons. These results serve as a baseline for the subsequent
neurotransmitter immunohistochemistry on innervation
to the taste buds.

GABA immunoreactivity

Immunoreactivity to anti GABA-BSA antibodies was
present in nerve fibers innervating the taste buds; in cells in
the base of taste buds; in fine, varicose fibers penetrating
the epithelium in regions outside of taste buds; and in cells
in the surrounding nontaste epithelium. However, immunostaining was most striking in the nerve supply to the
taste buds (Fig. 2). Anti-GABA-BSA immunostaining of
nerve fibers innervating the taste buds closely resembled
the immunostaining produced by anti NSE antisera. Single
RESULTS
axons, their branches, and even putative synaptic varicosiNecturus taste buds are embedded in the epithelium on ties could readily be resolved. Positive immunostaining was
the dorsal surface of the tongue and rest on connective also seen in an occasional fine, varicose nerve fiber that
tissue papillae that take the shape of a goblet or cup. The penetrated the epithelium in regions unrelated t o taste
nerve supply to taste buds and surrounding epithelium in buds, although this was much less frequent than with anti
the mudpuppy was strongly and selectively stained by NSE antisera immunostaining.
antisera to neuron-specific enolase (NSE). We used this
Immunoreactivity in nerve fibers was abolished by omitmethod to identify the overall pattern of nerve fibers in the ting primary antibody, or by preabsorbing primary serum
lingual epithelium of Necturus as our preliminary data had with the antigen, GABA-BSA (25 kg/ml) or GABA itself (0.5
indicated that portions of the innervation to the tongue mg/ml) (Fig. 3). As further evidence for the specificity of
were strongly immunoreactive to antibodies directed against GABA immunoreactivity, and an even more stringent test
some neurotransmitter candidates (see below). Figure 1 of the specificity of the immunostaining, we preabsorbed
illustrates NSE immunoreactivity and demonstrates that primary antiserum with GABA-KLH (25 pg/ml). The reaxons enter the connective tissue papilla, branch profusely sults were identical with those shown in Figure 3, namely,
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Fig. 2. Immunocytochemical demonstration of gamma-aminobutyric acid (GABA) in the Necturus taste bud. Twenty micron thick
sections of Necturus lingual epithelium were incubated in anti-GABABSA antisera and processed as described in Methods. In some cases (A),
thick sections were reimbedded in plastic and sectioned at 5 km. A:
bright field micrograph of a 5 p thick plastic section of Necturus taste
bud. The section was counterstained with toiuidine blue. Immunostained nerve fibers (arrow) penetrate the connective tissue below the

taste bud (tb) and appear to form contacts (arrow heads) with taste cells
in the basal region of the taste bud. Some cells in the taste bud and
surrounding nontaste epithelium also appear to be immunopositive,
but, as shown in Figure 3, this immunoreactivity is not specific for
anti-GABA-BSA.B: Bright-field micrograph of a 20 p thick section of
another taste bud. Nerve fibers (arrows) that reach the taste bud are
strongly immunopositive. As in A, taste and epithelial cells are also
immunopositive, but not selectively for GABA. Calibration (A,B), 40 k.

immunoreactivity in nerve fibers was abolished. However,
immunoreactivity in taste cells and in surrounding nontaste epithelial cells was unaffected by these procedures (cf.
Fig. 3), indicating that the reaction product in taste cells
and epithelial cells was not specific for GABA. In contrast,
when sections were incubated in primary serum (antiGABA-BSA) that had been preabsorbed with BSA conjugates of amino acids other than GABA, namely, with
glycine-BSA, b-alanine-BSA, taurine-BSA, Z-aspartic acidBSA, 1-glutamine-BSA,or glutamate-BSA, GABA immunoreactivity was still present in taste buds and was indistinguishable from the above observations (cf. Fig. 2). These
observations indicate that immunostaining of nerve fibers
to taste buds was specific for GABA and was not due to a
cross reaction with related amino acids that might exist in
the fibers.
As a further control and to confirm that the anti-GABA
antibody used in our experiments reliably stained known,
identifiable GABA-containing cells, we tested sections from
mouse cerebellum that were processed in parallel with
sections from Necturus lingual epithelium. In cerebellar
tissue, Purkinje cells, stellate cells, and Golgi cell terminals
were stained (Fig. 4), confirming the specificity and reliabil-

ity of the primary antibody used in our experiments for
detecting the presence of GABA. Anti GABA-BSA immunostaining in the mouse cerebellum was abolished by preincubating the antiserum with GABA-BSA (25 pg/ml), as in the
Necturus taste buds.
In summary, our data indicate that GABA is found in
nerve fibers innervating taste buds in Necturus. We did not
detect specific GABA immunostaining in taste cells in these
experiments.

Glutamate immunoreactivity
Reaction product to anti-glutamate-BSA was also found
in nerve fibers innervating the taste buds of mudpuppy
(Fig. 5). The pattern of immunostaining was identical to
that found with anti-GABA-BSA.That is, individual axons
and putative synaptic terminals in the taste bud were
intensely stained (Fig. 5b). Some taste cells and epithelial
cells were less intensely stained. Occasional fine varicose
fibers penetrating the surrounding, nontaste epithelium
were immunopositive. Parallel to the above controls regarding anti-GABA-BSA, immunoreactivity to anti-glutamateKLH in nerve fibers was abolished by omitting primary
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Fig. 3. Immunostaining of axom innervating Necturus taste buds
was abolished by preincubating the anti-GABA-BSA antisera with
GABA-KLH. Bright-field micrograph of a 20 p thick section ofNecturus
lingual epithelium. Note that immunostained cells (arrows) are still
present in the taste bud and surrounding, nontaste epithelium, indicating that immunoreactivity in these cells is not specific for GABA.
However, immunopositive nerve fibers are absent, indicating that these
structures are selective for anti GABA antisera. Calibration, 40 p.
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Fig. 4. Immunocytochemical demonstration of the specificity of the
anti GABA-BSA antisera used in these studies. Thirty micron thick
sections of mouse cerebellum were incubated in anti-GABA-BSA
antisera and processed as described in Methods. This micrograph
illustrates the dense immunoreaction product in a Purkinje cell (arrow)
and stellate cells (arrowheads), known GABA-containing cells. Immunostaining was absent when antisera were preadsorbed with GABABSA, as described in the text. Calibration, 30 p.

puppy taste bud, and no immunoreaction in nerve fibers
innervating the taste buds. This was the case even though
we blocked transmitter release by replacing Ca++with Mg"
antibody or by preabsorbing the primary serum with in the fixative and wash solutions (cf. Methods). To rule out
glutamate-KLH or with glutamate-BSA (Fig. 6). However, the possibility that the primary antiserum merely had not
immunoreactivity in taste cells and in surrounding non- cross reacted effectively with Necturus tissues, known
taste epithelial cells was unaffected by these procedures. serotonergic cells in Necturus were tested in parallel with
Lastly, immunostaining was not abolished by applying anti lingual tissues. Small intensely fluorescent @IF) cells in the
glutamate-KLH that had been preabsorbed with GABA- cardiac parasympathetic ganglion of mudpuppy, which are
known to contain serotonin (Parsons and Neel, '861, showed
KLH (25 kg/ml).
Tests of the primary antibodies (anti-glutamate-BSA) on strong immunoreactivity in our procedures (Fig. 8a), ruling
sections of mouse cerebellum revealed staining selectively out that the primary antiserum was ineffective in Necturus.
in granule cells (Fig. 71, thereby confirming the specificity In contrast to the weak serotonin immunoreactivity in the
and reliability of the primary antibodies for glutamate on mudpuppy taste bud, cells in the frog taste disc showed
known glutamatergic structures. These data indicate that intense immunoreactivity to anti-serotonin-BSA antibodies
glutamate is also found in nerve fibers innervating taste (Fig. 8b).
We conclude that serotonin may be present in the
buds in Necturus.
Necturus taste bud, but that immunostaining, alone, has
Serotonin immunoreaetivity
provided only equivocal evidence to date.
Several investigators have used histofluorescent and
Histamine immunoreaetivity
immunocytochemical techniques to identify serotonin in
mammalian taste buds and in the frog taste disc (e.g.,
Since there are reports that GABA and histamine are
Reutter, '71; DeHan and Graziadei, '73; Savushkina et al., co-localized in olfactory lobes in the lobster (Orana et al.,
'74; Nada and Hirata, '77; Toyoshima et al., '84; Uchida, '891, we tested for the presence of histamine in taste buds of
'85; Fujimoto et al., '87).We found only weak immunostain- the mudpuppy. We were unable to detect any immunoreacing to anti-serotonin-BSA antibodies in cells in the mud- tion to anti-histamine antiserum in lingual tissue. We were
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Fig. 6. Immunostaining of axons innervating Necturus taste buds
was abolished by preincubating the anti-glutamate antisera with
glutamate-KLH. Bright-field micrograph of a 20-p thick section of
Necturus lingual epithelium. Calibration, 30 k.

Fig. 5. Immunocytochemical demonstration of glutamate in the
Necturus taste bud. A bright field micrograph of a 20 IJ. thick section of
Necturus lingual epithelium, illustrating dense reaction product in
nerve fibers (arrow) that innervate the taste bud and in some cells in
the taste bud and surrounding epithelium (arrowheads). Immunopositive staining in cells was shown not to be selectivefor glutamate, unlike
the specific anti-glutamate immunostaining in the nerve fibers. Calibration, 30 &. B: Differential contrast optics micrograph illustrating
immunopositive nerve terminals at the base of another Necturus taste
bud stained with Glu-2 antibody. Varicosities (arrowheads) can be seen
in close apposition to cells in the base of the taste bud. Calibration, 20 k.

unable to detect the presence of histamine even when we
blocked transmitter release by replacing Ca++with Mg++in
the fixative and wash solutions (cf. Methods). As a positive
control to test for the selectivity and reliability of the
primary antiserum, we stained sections from the mouse
stomach. These studies confirmed that there was immunoreactivity to anti histamine-BSA antibodies in enterochomaffin cell and mast cells in these sections. We attempted to identify immunoreactivity to histamine in
enterochromaffin cells and mast cells from the mudpuppy
without success. We also attempted to stain basophils in
blood smears from Necturus, again without success. However, since the presence of histamine in these cells is not
known to us, we prefer to exert great caution in interpreting the results.

DISCUSSION
The experiments were designed to reveal the presence of
putative neurotransmitters in taste buds of Necturus macuZosus by using immunohistochemical techniques. Our results indicate that GABA and glutamate are found in nerve
fibers innervating taste buds in Necturus. We did not test
for co-localizationof these two amino acid neurotransmit-
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Fig. 7. Immunocytochemical demonstration of the specificity of the
Glu-2 antibody used in these studies. Bright-field micrograph of a 30 p
thick section of mouse cerebellum showing Purkinje cells (pc) and
surrounding tissue. Granule cells (arrowheads), known glutamatecontaining structures, are strongly immunopositive. Immunostaining
was abolished by preadsorbing Glu-2 with glutamate-BSAor glutamateKLH, as described in the text. Calibration, 30 p.

Fig. 8. Immunocytochemical demonstration of serotonin in the
Necturus cardiac ganglion (A) and in the frog taste disc (B). Both of
these structures are known to contain serotonergic cells. A Differential
interference contrast micrograph of a whole mount of the cardiac
ganglion, showing an immunopositive SIF cell (arrow). Surrounding
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ter candidates within the same structures. Serotonin, although found in taste buds from some species, was detected
only weakly in Necturus taste cells. Histamine was not
detected at all in Necturus taste buds.
We have been very conservative in interpreting our data.
Rigorous controls, including preabsorption of the primary
antibodies with protein-amino acid conjugates that were
closely related to GABA-BSA and glutamate-KLH, were
thoroughly conducted to examine tissue specificity of the
immunostaining. In order for immunopositive staining t o
be accepted as indicating the presence of a particular
substance in the taste bud, other tissues that were known
to contain the neurotransmitter also had to yield positive
immunostaining with the same antisera. Conversely, for a
negative result to be taken as an indication of the absence of
the neurotransmitter in the mudpuppy taste bud, positive
immunostaining in a known tissue source of that substance
had to be obtained in parallel experiments. However, we are
hesitant to rule out histamine unequivocally as a neurotransmitter in the mudpuppy taste bud since our positive
control was from murine tissue. To our knowledge, the
presence of histamine-containing tissues in Necturus tissues has not been demonstrated. Although only weak and
ambiguous immunostaining for serotonin was found in
Necturus taste cells in the present study, we believe that
this monoamine may occur there, on the basis of the strong
immunostaining that we and others have found in the frog
taste disc and mammalian taste buds.
The functional role of GABA and glutamate in the taste
bud is presently unknown. An early study (Tateda and
Beidler, '64) indicated that GABA did not alter receptor
potentials or resting potentials of rat taste cells but it did
inhibit the neural response to NaCl that was recorded from
the g~ossopharyngealnerve of the frog. GABA and glutaare known t o occur and are likely to act as neurotransmitters in Other vertebrate peripheral sensory Organs such
as the retina (Murakami et al.,'72; Lam et al., '78; reviewed
by Dowling, '87) and the inner ear (Mroz and Sewell, '89).
Thus, it might be anticipated that GABA and glutamate
could have an important function in neurotransmission in
taste buds.

cholinergic parasympathetic ganglion cells (arrowheads) are unstained.
Calibration, 30 IJ..B: Differential interference contrast micrograph of a
20 IJ. section of lingual epithelium in the frog, showing a taste disc. The
arrow points to the layer of immunopositive serotonergic cells at the
base of the taste bud. Calibration, 40 IJ..

S. JAIN AND S.D. ROPER

682

It is important to point out that immunostaining for
GABA and glutamate occurred in the nerve supply to the
taste bud and not in taste cells. Although there are suggestions in the literature that there is efferent innervation to
the taste bud (Esakov, '61; Brush and Halpern, '70; but cf.
Farbman and Hellekant, '781, it is unlikely that this
innervation is sufficiently extensive to account for the
profuse immunopositive GABAergic or glutamatergic nerve
fibers revealed in the present experiments. On the basis of
the similarity between NSE immunostaining and GABA or
glutamate immunostaining of the taste bud, it appears that
the entire nerve supply to the taste bud in Necturus, and not
a subset of fibers, contains GABA and glutamate. This is
puzzling since these neurotransmitters often, but not always (cf. Mroz and Sewell, '89) have opposing effects.
Further, it is curious that amino acid transmitter candidates were found in postsynaptic elements in the taste bud,
namely, the gustatory axons, rather than in the (presynaptic) taste cells. However, ultrastructural analyses have
revealed that synapses in Necturus contain putative synaptic vesicles both in pre- and post-synaptic elements (Delay
and Roper, '88), raising the possibility that some junctions
are bidirectional. Alternatively, the presence of GABA and
glutamate throughout the axons of chemosensory neurons,
including their peripheral processes, may merely reflect the
existence of these transmitter systems at synapses made by
the central processes in the CNS. Clearly, a great deal
remains to be resolved regarding amino acid neurotransmission in the taste bud, if it indeed occurs.
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