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ABSTRACT
Neuroactive substances such as serotonin and other monoamines have been suggested to be

involved in the transmission of gustatory signals from taste bud cells to afferent fibers. Lampreys are
the earliest vertebrates that possess taste buds, although these differ in structure from taste buds in
jawed vertebrates, and their neurochemistry remains unknown. We used immunofluorescence meth-
ods with antibodies raised against serotonin, tyrosine hydroxylase (TH), �-aminobutyric acid (GABA),
glutamate, calcitonin gene-related peptide (CGRP), neuropeptide Y (NPY), calretinin, and acetylated
�-tubulin to characterize the neurochemistry and innervation of taste buds in the sea lamprey,
Petromyzon marinus L. For localization of proliferative cells in taste buds we used bromodeoxyuridine
labeling and proliferating cell nuclear antigen immunohistochemistry. Results with both markers
indicate that proliferating cells are restricted to a few basal cells and that almost all cells in taste buds
are nonproliferating. A large number of serotonin-, calretinin-, and CGRP-immunoreactive bi-ciliated
cells were revealed in lamprey taste buds. This suggests that serotonin participates in the transmis-
sion of gustatory signals and indicates that this substance appeared early on in vertebrate evolution.
The basal surface of the bi-ciliated taste bud cells was contacted by tubulin-immunoreactive fibers.
Some of the fibers surrounding the taste bud were calretinin immunoreactive. Lamprey taste bud
cells or afferent fibers did not exhibit TH, GABA, glutamate, or NPY immunoreactivity, which
suggests that expression of these substances evolved in taste buds of some gnathostomes lines after
the separation of gnathostomes and lampreys. J. Comp. Neurol. 511:438–453, 2008.
© 2008 Wiley-Liss, Inc.
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Lampreys are the most primitive vertebrates that pos-
sess taste buds (TBs) (Northcutt, 2004). The sea lamprey,
Petromyzon marinus L., has a complex life cycle that be-
gins with eggs laid in rivers. The embryonic period is
followed by a short prolarval stage and a microphagous
larval stage (ammocoete), which lasts for several years
before complex metamorphosis occurs, and transforma-
tion into young (postmetamorphic) adults takes place.
Young adults descend to the sea and feed as parasites on
teleost fishes before migrating to rivers to breed and die
(Hardisty and Potter, 1971). Downstream and upstream
migrating adult lampreys do not feed. The larvae feed
exclusively on suspended microorganisms that become

embedded in mucus in the pharynx (Baatrup, 1985a).
Water for respiration and feeding enters the mouth and
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flows out through the branchial openings by the coordi-
nated action of velum and sequential contraction and ex-
pansion of the branchial region. The larvae have seven gill
sacs supported by cartilaginous arches that open directly
from the pharyngeal cavity.

The first six pairs of gill arches bear volcano-like papil-
lae that face the water current (Mallat, 1979; Baatrup,
1983a). These papillae have been considered as TBs be-
cause of their similarities to the TBs of gnathostomes
(Retzius, 1893; Fahrenholz, 1936). Ultrastructural studies
have revealed the presence of bi-ciliated sensory cells and
microvillar supporting cells in the TBs of larval and adult
lamprey, defined by Baatrup (1983a,b, 1985b) as light and
dark cells, respectively, supporting the idea that there is
only a single type of taste receptor cell in lamprey. How-
ever, no neurochemical studies have been performed on
these TBs, and whether neurochemically different kinds
of sensory cells are present is not known. In lampreys, the
facial, glossopharyngeal, and vagal nerves innervate these
taste structures, as in jawed fishes (Alcock, 1899; Johnson,
1905). Nerve fiber recordings obtained from the gill arch
failed to demonstrate mechanical responsiveness, but the
buds were found to be most sensitive to chemical stimu-
lants (Baatrup, 1985a). The branchial region in adult lam-
preys differs considerably from that in larvae; the
branchial sacs are connected with the pharyngeal cavity
and the outer head surface via water tubes (Hardisty and
Potter, 1971). In adults, the buds are present in the water
tube, near the inner gill openings, presenting the same
cell types and organization as those observed in the larval
lamprey (Retzius, 1893; Fahrenholz, 1936; Baatrup,
1983b, 1985b).

In mammals, TBs consist of at least of three types of
elongated cells (type I, II, and III) as well as basal cells.
The use of immunocytochemical methods has revealed the
presence of serotonin (5-HT) and/or its synthesizing en-
zymes in type III cells of mammals (Fujimoto et al., 1987;
Kim and Roper, 1995; Yee et al., 2001; Huang et al.,
2005a; Dvoryanchikov et al., 2007) and serotonin in
Merkel-like basal cells of teleost fishes, frog, and mud-
puppy (Jain and Roper, 1991; Delay et al., 1993; Zaccone
et al., 1994; Kim and Roper, 1995). Type II and III cells are
receptor cells in mammalian TBs (Roper, 2007), and re-
cent studies have revealed that they probably use puri-
nergic transmission (Finger et al., 2005; Roper, 2007).
Serotonin release from type III cells was observed when

TBs were exposed to sweet and bitter taste stimuli (Huang
et al., 2005a–c), suggesting that 5-HT may be a neuro-
modulator or neurotransmitter (NT) in TBs (Kim and
Roper, 1995; Huang et al., 2005a–c).

The presence of epinephrine and norepinephrine has
also been reported in TBs of frog, rat, and mouse (Zanca-
naro et al., 1995; Herness et al., 2002; Dvoryanchikov et
al., 2007). Neuropeptide Y (NPY) immunoreactivity occurs
in some TB cells in rat (Zhao et al., 2005) and in afferent
fibers of amphibians and mammals (Montavon et al.,
1991; Yamamoto et al., 1997; Kawakami et al. 1998;
Kusakabe et al., 1998). GABA and glutamate immunore-
activity has been observed in afferent fibers of mudpuppy
TBs (Jain and Roper, 1991), and GABA immunoreactivity
has also been observed in TB cells in fishes (Eram and
Michel, 2005) and mammals (Obata et al., 1997). Calcito-
nin gene-related peptide (CGRP)-immunoreactive afferent
fibers were observed in amphibians and mammals
(Kawakami et al., 1998; Witt and Reutter, 1998). Calreti-
nin (CR; an E-F hand cytoplasmic calcium binding pro-
tein) was also reported in taste cells of teleosts (Dı́az-
Regueira et al., 2005; Northcutt, 2005; Germanà et al.,
2007) and in fibers innervating TBs of teleosts (Dı́az-
Regueira et al., 2005; Germanà et al., 2007) and rat
(Ichikawa et al., 1992).

The aim of the present study was to investigate the pres-
ence of neuroactive substances (5-HT, catecholamines,
GABA, glutamate, NPY, and CGRP) in TBs of the sea lam-
prey, to improve our knowledge of neurotransmitters poten-
tially involved in the transmission of the gustatory sensation
in lampreys and hence our knowledge of the evolution of
neurotransmission in vertebrate TBs. Other immunohisto-
chemical markers (tubulin and CR) were used to investigate
the taste cells and their innervation. We also investigated
the location of proliferating cells in the larval lamprey TBs
by means of two methods involving proliferation markers,
bromodeoxyuridine (BrdU) labeling and proliferating cell
nuclear antigen (PCNA) immunohistochemistry, markers
that were previously used in lamprey brain (Tobet et al.,
1996; Vidal-Pizarro et al., 2004; Villar-Cheda et al., 2005,
2006b). The present results reveal for the first time the
presence of 5-HT, CGRP, and CR in bi-ciliated cells in lam-
prey TBs and demonstrate the nonproliferative status of the
vast majority of cells in the TBs.

MATERIALS AND METHODS

Animals

Sea lamprey, Petromyzon marinus L., larvae (n � 40;
15–150 mm in body length) were caught in the River Ulla
(Galicia, Spain) and maintained at 16°C in an aerated
aquarium containing river sediment, until processing.
Adult migrating sea lampreys (n � 3) were bought from
local fishermen. All the experiments were performed ac-
cording to the regulations of the European Union (86/609/
EEC) and Spain (Royal Decree 223/1998) for the care and
handling of animals in research.

Immunofluorescence

The animals were killed by an overdose of benzocaine
(0.5 mg/L) and decapitated. The larval heads were fixed in
4% paraformaldehyde in 0.05 M Tris-buffered saline
(TBS), pH 7.4 by immersion for 6 hours. The branchial
region of the adult lampreys was extracted and fixed by

Abbreviations

5-HT serotonin
�T acetylated �-tubulin
b1–b5 branchial arches 1–5
BrdU bromodeoxyuridine
BSA bovine serum albumin
CGRP calcitonin gene-related peptide
CR calretinin
GABA �-aminobutyric acid
GLU glutamate
IX glossopharyngeal nerve
KLH keyhole limpet hemocyanin
NPY neuropeptide Y
PCNA proliferating cell nuclear antigen
TB taste bud
TH tyrosine hydroxylase
X vagal nerve
VII facial nerve
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immersion for 12 hours in the same fixative. After fixation
and posterior rinsing in TBS, the tissue was cryoprotected
in 30% sucrose in TBS overnight, embedded in Tissue Tek
(Sakura, Torrance, CA), frozen, and cut on a cryostat
(20–25 �m thick).

Sections were incubated with a combination of one of
the following polyclonal antibodies (Table 1): rabbit poly-
clonal anti-serotonin antibody (dilution 1:2,500; Incstar,
Stillwater, MN), rabbit polyclonal anti-TH antibody (dilu-
tion 1:100; Chemicon, Temecula, CA), rabbit polyclonal
anti-calretinin antibody (dilution 1:500; SWant, Bell-
inzona, Switzerland), or rabbit polyclonal anti-NPY anti-
body (dilution 1:600; Sigma, St. Louis, MO) with a mouse
monoclonal anti-acetylated �-tubulin antibody (dilution
1:500; Sigma) or a mouse monoclonal anti-CGRP antibody
(dilution 1:300; Sigma) for 72 hours at 4°C. For GABA and
glutamate immunofluorescence, larval heads were fixed in
5% glutaraldehyde and 1% sodium metabisulfite in 0.05 M
TBS for 17 hours and sectioned as above.

Sections were pretreated with 0.2% NaBH4 in distilled
water for 45 minutes at room temperature. Then the sec-
tions were incubated with a mouse monoclonal anti-GABA
antibody (dilution 1:1,200; Sigma) and a rabbit polyclonal
anti-glutamate antibody (dilution 1:4,500; Inmunosolu-
tion, Jesmond, Australia) for 72 hours at 4°C. Sections
were rinsed and then incubated with a cocktail of rhoda-
mine isothiocyanate (RICT) or fluorescein isothiocyanate
(FICT)-conjugated swine anti-rabbit antibody (diluted
1:30; Dako, Glostrup, Denmark) and fluorescein isothio-
cyanate (FICT)-coupled goat anti-mouse antibody (diluted
1:50; Chemicon) or with Alexa 546-coupled goat anti-
mouse antibody (diluted 1:100; Interchim, Montlucom,
France) for 1 hour. All antibody dilutions were carried out
in TBS containing 15% normal goat serum (NGS), 10%
normal swine serum (NSS), and 0.2% Triton X-100. Sec-
tions were rinsed in distilled water and then coverslipped

with mounting medium for fluorescence (Vectashield; Vec-
tor, Burlingame, CA).

Antibody characterization and specificity
controls

The specificity of all primary antibodies has been well
characterized by the suppliers (see Table 1 for information
about the different antibodies). Western blot experiments
performed in the present study were done following exper-
imental procedures detailed in a previous study carried
out in our laboratory (Villar-Cerviño et al., 2006). CR was
used as positive control in these Western blot experi-
ments.

The anti-tubulin antibody has been used as a cilia
marker (Piperno and Fuller, 1985) and has also been
shown to label neurons and their processes in the nervous
system (Wilson et al., 1990; Chitnis and Kuwada, 1990).
This antibody was used as a neuron and receptor cell
marker of both central and peripheral nervous systems in
the lamprey (Kuratani et al., 1997; Barreiro-Iglesias et al.,
2008).

The specificity of the anti-5-HT antibody was tested by
the supplier, who reported no detectable cross-reactivity
with tryptamine, 5-methoxytryptamine, L-tryptophan,
5-hydroxytryptophan,dopamine,norepinephrine,oradren-
aline. This antibody has been used in recent immunohis-
tochemical studies in the sea lamprey brain and retina
(Antri et al., 2006; Villar-Cerviño et al., 2006; Abalo et al.,
2007) and was previously tested by Western blot in lam-
prey brain protein extracts in our laboratory (Villar-
Cerviño et al., 2006). No protein band was detected in
these blots. Moreover, we previously tested the specificity
of this antibody in lamprey in preadsorption experiments
(Abalo et al., 2007); immunostaining was completely abol-
ished after preadsorption of the diluted anti-serotonin an-

TABLE 1. Antibodies Used in the Immunohistochemical Experiments in This Study1

Antisera Host
Source and

code Dilution Fixative1 Lot Immunogen

TH Rabbit Chemicon #AB152 1:100 P4% 0509011790 Denatured TH from cat
pheochromocytoma

5-HT Rabbit Incstar #200800 1:2,500 P4% 050017 Serotonin-
formaldehyde-BSA
conjugate

CR Rabbit SWant #7699/4 1:500 P4% 18299 Recombinant human
calretinin

NPY Rabbit Sigma #N 9528 1:600 P4% 057K4869 Synthetic NPY
(porcine) conjugated to
KLH

GABA Mouse Sigma clone GB-
69

1:1,200 G5% 075K4795 Purified GABA
conjugated to BSA

�-Tubulin Mouse Sigma #6-11B-1 1:500 P4% 054K4835 Aceylated tubulin from
the outer arm of
Strongylocentrotus
purpuratus

GLU Rabbit Immunosolution
#IG1007

1:4,500 G5% —2 Glutamate conjugated
to porcine thyroglobin
using glutaraldehyde

CGRP Mouse Sigma code CD8 1:300 P4% 086K1608 Synthetic fragment of
C-terminal rat �-CGRP
(VPTNVGSKAF)
glutaraldehyde
conjugated to BSA

PCNA Mouse Sigma #P-8825,
clone PC10

1: 400 Bouin’s
fluid

034K4789 PCNA-Protein A fusion
protein

BrdU Mouse Sigma #B2531,
clone BU 33

1:500 Clarke’s
fixative

074H4814 BrdU conjugated to
KLH

1P4%, the antibody requires paraformaldehyde fixation; G5%, the antibody requires glutaraldehyde fixation.
1For abbreviations, see list.
2No information about the lot was provided by the supplier.
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tibody with 5-HT-bovine serum albumin (BSA) conju-
gates.

The monoclonal anti-CGRP antibody was raised against
a synthetic C-terminal fragment of rat CGRP conjugated
with glutaraldehyde to BSA (Szabat et al., 1994; see Table
1). It was purified from the exhausted supernatant by
chromatography. The sequence of this CGRP fragment is
well conserved between rat and fish (9 of 10 identical
amino acids in rat and pufferfish; accession number of
pufferfish sequence taken from GenBank: AJ309015). We
tested this antibody by western blot in lamprey protein
extracts; no protein band was detected in these blots (Fig.
1). Moreover, we tested the specificity of this antibody in
lamprey in preadsorption experiments; immunostaining
was completely abolished after preadsorption of the di-
luted anti-CGRP antibody with CGRP from rat (Sigma).

The anti-CR antibody was tested in Western blots of
lamprey extracts in our laboratory (Villar-Cheda et al.,
2006a; present results). A protein band of 29 kDa was
observed in these blots (Fig. 1), which is exactly the same
size of protein observed in blots for rat CR (Villar-Cheda et
al., 2006a). In teleosts, this antibody specifically stained
many TB sensory cells (Northcutt, 2005; Dı́az-Regueira et
al., 2005).

The specificity of the anti-TH antibody was tested by the
supplier. This antibody has been used in immunohisto-
chemical studies of lamprey brain and retina (Pierre et al.,
1997; Villar-Cerviño et al., 2006), and it was tested by
Western blot in lamprey and rat brain protein extracts in
our laboratory, which revealed similar sized bands for the
lamprey and rat TH enzymes (not shown).

The anti-NPY antibody reacts with NPY conjugated to
BSA in dot blot. The supplier reported that cross-
reactivity is observed by dot blot with NPY (human) and
NPY fragments including NPY (18–36), NPY (13–36), and
peptide YY (PYY; human) conjugated to BSA. The anti-
serum shows no cross-reactivity in dot blot with substance
P, neurokinin A, neurokinin B, vasoactive intestinal pep-
tide (VIP), CGRP (rat), calcitonin, and somatostatin con-

jugated to BSA, or BSA. Moreover, we tested the specific-
ity of this antibody in lamprey in preadsorption
experiments; immunostaining was completely abolished
after preadsorption of the diluted anti-NPY antibody with
10 �M NPY (porcine).

The monoclonal anti-GABA antibody was evaluated for
activity and specificity by dot-blot immunoassay by the
supplier. No cross-reaction was observed with BSA, L-�-
aminobutyric acid, L-glutamic acid, L-aspartic acid, gly-
cine, �-aminovaleric acid, L-threonine, L-glutamine, tau-
rine, putrescine, L-alanine, and carnosine. The antibody
showed weak cross-reaction with �-alanine. Furthermore,
the sections of the brain and retina of sea lamprey incu-
bated with this antibody revealed the same pattern of
immunostaining shown in studies with other anti-GABA
antibodies (Meléndez-Ferro et al., 2001, 2002, 2003;
Villar-Cerviño et al., 2006). In addition, the antibody was
previously tested by Western blotting with lamprey brain
protein extracts in our laboratory (Villar-Cerviño et al.,
2008). No protein band was stained in these blots. Immu-
nostaining was completely abolished after preadsorption
of the diluted anti-GABA antibody with GABA-BSA con-
jugates (Sigma).

The polyclonal anti-glutamate antibody was evaluated
by the supplier. Dot blots against a variety of other amino
acid conjugates, including aspartate, do not yield signifi-
cant immunoreaction. In addition, we tested the anti-
glutamate antibody by Western blotting with lamprey
brain protein extracts. No protein band was stained in
these blots (Fig. 1). Furthermore, the sections of the retina
of sea lamprey incubated with this antibody revealed the
same pattern of immunostaining shown in studies with
other anti-GLU antibody generated against GLU coupled
to keyhole limpet hemocyanin (KLH; Sigma; Villar-
Cerviño et al., 2006). Glutamate was detected at the elec-
tron microscopic level in the appropriate terminals in our
laboratory (Villar-Cerviño et al., 2006). Immunostaining
with the Sigma antibody was completely abolished after
preadsorption of the diluted anti-GLU antibody with
glutamate-KLH conjugates (Sigma).

As a control for secondary antibodies, the primary an-
tibodies were omitted from the immunohistochemical pro-
cedure. No staining was observed in these sections.

PCNA immunocytochemistry

The lamprey larvae were deeply anesthetized with ben-
zocaine (Sigma, n � 3), then fixed in Bouin’s fluid, and
embedded in paraffin wax. Sections (8–10 �m thick) were
cut on a rotary microtome. Dewaxed sections were pro-
cessed by sequential incubation with 1) 10% NGS for 1
hour; 2) mouse monoclonal anti-PCNA antibody (diluted
1:400; PC10 clone, Sigma) overnight; 3) a goat anti-mouse
immunoglobulin (diluted 1:50; Dako) for 1 hour; and 4)
mouse peroxidase-anti-peroxidase complex (PAP; Sigma;
diluted 1:500). All antibodies were diluted with TBS con-
taining 0.2% Triton X-100 as detergent and 3% NGS. The
immunostaining was developed with 0.6 mg/ml 3-3�-
diaminobenzidine (DAB; Sigma) and 0.003% H2O2. PCNA
antibody specificity was tested by the supplier, and it was
shown that in the lamprey brain it only stains cells in the
proliferating ventricular zone (Villar-Cheda et al., 2005,
2006b). Furthermore, no immunostaining was observed in
sections processed without the primary antibody.

Fig. 1. Western blotting of lamprey protein extracts immuno-
stained with antisera to calretinin (used as positive control), gluta-
mate, and CGRP used here. Note the protein band stained in the
calretinin lane and the absence of labeling in the glutamate and
CGRP lanes. For abbreviations, see list.
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BrdU labeling

Lamprey larvae (n � 3) were placed in 1% BrdU (Sigma)
in freshwater for 6 days following previous studies in the
larval brain (Villar-Cheda et al., 2006b), in order to label
a substantial proportion of cells in these slow-proliferating
vertebrates. They were then anesthetized with benzocaine
and fixed by immersion in Clarke’s fixative (75% ethanol,
25% acetic acid), embedded in paraffin, and cut (10 �m
thickness) on a rotary microtome. Sections were dewaxed
and pretreated sequentially with 0.1 M glycine (30 min-
utes), 0.5% sodium borohydride in TBS (15 minutes), 1%
Triton, and 1% dimethylsulfoxide (DMSO) in TBS (20
minutes), and 2 N HCl (60 minutes), and rinsed with TBS
between steps. Sections were then incubated sequentially
with 1) 10% NGS; 2) monoclonal anti-BrdU antibody (di-
luted 1:500; clone BU 33, Sigma; overnight); 3) biotinyl-
ated goat anti-mouse antibody (diluted 1:500; Vector);and
4) avidin-biotin complex (Vectastain Elite ABC reagent,
Vector). The sections were developed with 0.6 mg/ml DAB
(Sigma) and 0.003% H2O2, as above. BrdU antibody spec-
ificity was tested by the supplier. No immunostaining was
observed in sections processed without prior HCl hydroly-
sis or without primary antibody.

Additional material

Series of larval lamprey heads stained with hematoxylin-
eosin (H-E) were at our disposal.

Photography and measurements

Photomicrographs were taken with a spectral confocal
laser microscope (Leica TCS-SP2), or with an Olympus
photomicroscope (AX-70; Provis) equipped with a color
digital camera (Olympus DP70). The TB cells were mea-
sured on confocal micrographs with LCS Leica confocal
software, or on light photomicrographs, with ImageJ
software (NIH); the cells of three buds of three larvae
were counted. Photomicrographs were adjusted for
brightness and contrast with Adobe Photoshop 7.0 soft-
ware. Some photomicrographs were converted to gray
scale.

RESULTS

The present results were mainly obtained in larval
lampreys because they are easily accessible, and the
experimental procedure is simpler than in adult sam-
ples. Taste bud cellular organization in adult lampreys
does not differ from that observed in larvae (Baatrup,
1983b, 1985b; present results). To test whether neuro-
chemical composition of larval and adult TBs is also the
same, 5-HT and �T immunohistochemistries were used
in three adults. Because no appreciable differences were
observed with respect to the larval lampreys, the
present description is centered on larval TBs. A sche-
matic drawing showing the location of TBs in relation to
the gill support elements in the larval lamprey is pro-
vided (Fig. 2).

TBs in larval lamprey mostly consist of
nonproliferating cells

The first six pairs of gills of larval sea lampreys pos-
sessed between 7 and 10 TBs, which were situated in the
posterior medial gill seam with their taste pores directed
to the gill surface environment (the water flow), in accor-

dance with the results of Mallat (1979). As observed with
H-E staining or with Nomarski’s differential interference
contrast (DIC), these TBs were comprised of tall columnar
cells, with nuclei in the lower half that converged toward
the apical taste pore (Fig. 3). The TBs were surrounded by
a stratified branchial epithelium, the border of which con-
tained small cells that partially covered the bud. As indi-
cated by both PCNA immunohistochemistry and BrdU
labeling, the tall cells (bi-ciliated and supporting cells) of
the TB were not proliferating, i.e., they were both PCNA
and BrdU negative (Fig. 3). This was also observed in TBs
of the smallest larvae studied (15–25 mm in length). In
contrast, flattened and spherical epithelial cells surround-
ing the bud showed both incorporation of BrdU (Fig. 3D,E)
and PCNA immunostaining (Fig. 3A–C). These labeled
cells do not pertain to the TB and were located in the basal
cell layer of the epithelium. Moreover, only occasional cells
with BrdU- (Fig. 3D,E) or PCNA-ir (Fig. 3A–C) nuclei
were observed in a few sections of TBs, which were located
above the basal lamina (Fig. 3C,D) or just below the basal
lamina (Fig. 3B,E). In addition, few PCNA-ir cells were
observed among the tall cells in the basal region of the bud
(Fig. 3A).

Fig. 2. Schematic drawing showing the location of taste buds in
relation to the gill support elements and the afferent innervation (at
the left). A: Transversal section at the level of the caudal rhomben-
cephalon. B: Oblique, more caudal section of the branchial region in
which rostral is at the top (modified from Baatrup, 1985a).
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Bi-ciliated TB cells of lamprey are revealed
by �-tubulin immunocytochemistry

In the TBs of sea lamprey larva, �-tubulin immunore-
activity allowed recognition of both the bi-ciliated TB cells
and their afferent innervation by afferent (gustatory) fi-
bers (Figs. 4A, 5A�–C�). In the TBs, numerous tall, flask-
shaped �-tubulin-ir cells were arranged in ovoid clusters
(Figs. 4A, 5A�–C�), and exhibited a polarized structure
with a narrow apical region. The immunofluorescence
against �-tubulin indicated the presence of abundant mi-
crotubules in these cells; this immunoreactivity was much
more intense in the apical region than in the basal region
of the cell (Figs. 4A, 5A�–C�). In addition, the apical cell
surface showed two strongly �-tubulin-immunostained
cilia that protruded in the taste pore (Figs. 4A, 5B,B�). In
ultrastructural studies of lamprey TBs, the microtubule-

and cilia-bearing cells (light cells) have been identified as
receptor cells (Baatrup, 1983a,b, 1985b). The long axis of
the bi-ciliated cells varied between 30 and 34 �m (mean �
32.0 �m). On the other hand, study of the TBs of adult
lampreys (Fig. 6A�) showed that the cellular organization
of the bi-ciliated cells was similar to that observed in
larval lampreys.

Fairly abundant immunolabeled �-tubulin-ir afferent
gustatory fibers coursed in the basal lamina toward the
TBs and appeared to contact the basal portion of the TB
�-tubulin-ir bi-ciliated cells through dilatations of the
nerve fibers (Figss. 4A, 5A�–C�, 6A�). The majority of these
coarse fibers did not appear to enter into the TB (Figs. 4A,
5B�), although occasionally thin branches of a �-tubulin-ir
fiber were observed among TB cells in marginal regions
(Fig. 4A).

Fig. 3. Photomicrographs of transverse sections of sea lamprey
larvae showing proliferating cells of different TBs. A: Photomicro-
graph of a larva showing the presence of two PCNA-immunoreactive
spherical cells in the ventral part of a TB (arrowheads) intermingled
with tall TB cells. Note the extensive presence of proliferating cells in
the epithelia surrounding the bud. B,C: Photomicrographs of two

larvae showing the presence of PCNA-immunoreactive cells (black
arrows) just below the basal lamina in B and above the basal lamina
in C. D,E: Photomicrographs of two larvae labeled with BrdU. Note
the presence of solitary proliferating cells (black arrows) just above
the basal lamina in D and below the basal lamina in E. For abbrevi-
ations, see list. Scale bar � 25 �m in A–E.
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Serotonin is co-localized with �-tubulin in
bi-ciliated cells of lamprey TBs

Numerous flask-shaped cells of larval sea lamprey TBs
were strongly 5-HT-ir (Figs. 4B, 5A–C�). The presence of
5-HT-ir cells in the TBs was observed in all the larvae
studied. Confocal microscopy of double-labeled TBs re-
vealed that 5-HT was co-located in all the cells of each
taste bud that showed �-tubulin immunoreactivity (Fig.
5A–C). As in the larval sea lampreys, the bi-ciliated cells
of adult TBs showed both �T and 5-HT immunoreactivity
(Fig. 6A,A�,A�), but the intensity of the 5-HT immunore-
activity was clearly less than that observed in the larval
TBs, principally in the apical portion of the cells.

In contrast to the observation made with �-tubulin im-
munocytochemistry, no 5-HT-ir fibers were observed con-

tacting the basal lamina coursing to or from the TBs (Fig.
5A–C), although occasional thin 5-HT-ir fibers coursed
near the base of TBs (Fig. 5B�,C�). On the other hand,
numerous 5-HT-ir fibers coursed in branches of cranial
nerves along the branchial arches (Fig. 5C�). This strongly
suggests that all �-tubulin-ir afferent gustatory fibers
were 5-HT immunonegative.

CR is co-localized with �-tubulin-ir in cells
and fibers of TBs in larval lampreys

CR immunofluorescence revealed the presence of CR-ir
cells in TBs of sea lamprey larvae (Fig. 4C). Double im-
munofluorescence showed CR in almost all the
�-tubulin-ir bi-ciliated cells (Fig. 6B,B�,B�). CR immuno-
reactivity was more intense in the basal region of the cells

Fig. 4. Taste bud bi-ciliated cells of larval sea lampreys labeled
with antibodies against acetylated �-tubulin (A), 5-HT (B), and CR
(C) in transversal sections. Note in A the presence of afferent gusta-
tory fibers that contact the base of the �-tubulin-ir bi-ciliated cells.

The arrow indicates the two cilia of a bi-ciliated cell. Branches of an
�-tubulin-ir fiber were observed among TB cells (arrowhead). For
abbreviations, see list. Scale bar � 25 �m in A–C.
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Fig. 5. Taste buds of larval sea lampreys labeled with antibodies
against acetylated �-tubulin (green channel) and 5-HT (magenta
channel). A–A�: Photomicrographs showing the presence of a TB at
the level of the first gill. Note that the bi-ciliated cells (�-tubulin-ir) of
the bud are also 5-HT-ir. B–B�: Photomicrographs showing fibers of a
branch of the IX nerve reaching the base of a TB. The white arrows

point to the two cilia of each bi-ciliated cell. C–C�: Photomicrographs
showing the presence of five TBs at the level of the fourth branchial
arch. In B and C some fibers in the vicinity of the buds are 5-HT-ir, but
these fibers do not contact the base of the TBs (arrowheads). A–C are
from sagittal head sections. For abbreviations, see list. Scale bar � 25
�m in A,B; 50 �m in C.
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than �-tubulin immunoreactivity (Fig. 6B,B�,B�). This
made the observation of co-localization in TB cells diffi-
cult, but co-localization was clear in the apical region of
taste cells. Because CR and tubulin were co-localized in
TB cells, CR probably also co-localizes with 5-HT in these
cells, although the combination of 5-HT and CR antibodies
used here did not allow us to assess this by double immu-
nofluorescence experiments. In addition, some of the
�-tubulin-ir fibers that surrounded the TBs appeared to be
also CR-ir, and some of these CR-ir fibers contacted the
basal surface of TB cells (Fig. 6B,B�,B�).

CGRP immunoreactivity is co-localized with
5-HT-ir cells in lamprey TBs

Moderate CGRP immunoreactivity was observed in
elongated cells of the sea lamprey TBs. Double immuno-
fluorescence showed clearly that all 5-HT-ir cells of TBs
were also CGRP-ir (Fig. 7A,A�,A�), and thus bi-ciliated
lamprey taste cells appear to contain CGRP. Some sero-
tonergic fibers coursing in the cranial nerve branches in-
nervating the branchial arches also showed CGRP immu-
noreactivity (not showed), but no double-labeled CGRP-ir/

Fig. 6. A–A�: Photomicrographs of a transversal section showing
the presence of 5-HT-ir (magenta channel) and �-tubulin-ir (green
channel) bi-ciliated cells in TBs of upstream migrating adult sea
lamprey at the level of the first branchial arch. Note the contacts
between the afferent gustatory fibers and the bi-ciliated cells. B–B�:

Photomicrographs of a sagittal section showing the co-localization of
CR (green channel) and �-tubulin (magenta channel) immunoreactiv-
ities in the larval sea lamprey bi-ciliated cells. For abbreviationsm see
list. Scale bars � 25 �m in A,B.
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5-HT-ir fibers reached the basal surface of TB cells. As a
positive control (not showed), the presence of 5-HT-ir
structures that were also immunoreactive to CGRP was
observed in spinal cord sections of the same lamprey lar-
vae, in agreement with a previous report (Brodin et al.,
1988) showing that 5-HT-ir fibers of the dorsal column
system were also CGRP-ir. Afferent fibers immunoreac-
tive to CGRP were not observed in relation to lamprey TBs
in all the larval samples studied.

Lamprey TBs do not show TH-
immunoreactive (catecholaminergic)

structures

No TH-ir cells were observed in TBs of larval lampreys
(Fig. 8A,A�). In addition, the afferent �-tubulin-ir gusta-
tory fibers that reached the TBs were also not TH-ir (Fig.
8A,A�). The possibility that this was a false-negative re-
sult was ruled out because the brain of the same head
sections of larval lamprey showed the same distribution of
TH-ir structures reported by other studies (Pierre et al.,
1997). For instance, conspicuous TH-ir cells could be ob-
served in a photomicrograph of the diencephalic paratu-
bercular nucleus (Fig. 8B).

Lamprey TBs and afferent gustatory fibers
do not show GABA or GLU

immunoreactivity

No GABA- or GLU-ir cells or fibers were observed in
lamprey TBs (not showed). Afferent gustatory fibers that
surround the TBs were neither GABA-ir nor GLU-ir. The
possibility that this was a false-negative result was ruled
out because the brain and/or retina of the same larval
head sections showed the characteristic distribution of
GABA-ir and GLU-ir structures observed in previous
studies (Meléndez-Ferro et al., 2002; Villar-Cerviño et al.,
2006). For instance, GABA-ir cells were found in the pre-
tectal nucleus (Fig. 8C) and GLU-ir bipolar cells in the
retina (Fig. 8D) of the same larvae.

Lamprey TB cells and afferent gustatory
fibers do not exhibit NPY immunoreactivity

No NPY-ir cells were observed in TBs of sea lampreys
(data not shown). The afferent gustatory plexus surround-
ing each TB was also not NPY-ir. Positive controls showed
that this is not a false-negative result, because the brain of
the same larvae showed the distribution of NPY-ir cells
and fibers reported previously in the lamprey brain
(Chiba, 1999). For instance, NPY-ir cells and fibers were
observed in the characteristic population described by this
author in the isthmic region of the rhombencephalon (Fig.
8E).

DISCUSSION

The present results report for the first time the nonpro-
liferating status and the presence of �-tubulin, 5-HT, CR,
and CGRP immunoreactivity in taste bi-ciliated cells and
the innervation pattern in TBs of a representative of the
earliest vertebrates, the sea lamprey, as determined by
use of immunocytochemical markers. Baatrup (1983a) re-
ported the presence of light (bi-ciliated receptor) and dark
(sustentacular) cells in lamprey TBs, and observed occa-
sional Merkel cells, although the latter cells were not
described in a more recent study by Baatrup (1985b). Our

Fig. 7. A–A�: Photomicrographs showing colocalization of 5-HT
(magenta channel) and CGRP (green channel) immunoreactivities in
the larval lamprey bi-ciliated cells. For abbreviations, see list. Scale
bars � 25 �m in A–A�.
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Fig. 8. Photomicrographs showing positive controls for TH, GABA,
NPY, and GLU in the sections of the brain and retina of the same
larval samples used in this study of TB neurochemistry. A,A�: Pho-
tomicrograph of a transversal section of a sea lamprey TB labeled
with antibodies against �-tubulin (A) showing the absence of TH-ir
(A�). B: Photomicrograph of a sagittal section of the brain showing the
presence of TH immunoreactivity in paratubercular cells. C: Photomi-

crograph of a transversal section of the brain showing the presence of
GABAergic cells in the pretectal nucleus. D: Photomicrograph of a
transversal section of the larval retina showing GLU-ir bipolar cells.
E: Photomicrograph of a transversal section of the rostral rhomben-
cephalon showing NPY-ir cells of the isthmic region. For abbrevia-
tions, see list. Scale bar � 25 �m in A–D; 50 �m in E.
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results suggest the presence of three cell types in the
lamprey TBs: bi-ciliated cells (which are mostly immuno-
reactive to �-tubulin, 5-HT, CR, and CGRP), undifferen-
tiated basal cells (labeled by PCNA and BrdU immunocy-
tochemistry), and sustentacular cells (not labeled by any
of the antisera used in the present study). The present
study with different cell markers does not allow charac-
terization of the Merkel cells of sea lamprey TBs.

Proliferating cells were observed, in both PCNA and
BrdU experiments, above and below the basal lamina of
the lamprey TBs. The cells above the basal lamina may be
tentatively considered as progenitors of the tall TB cells,
as described in other vertebrates (Finger, 2006). Few
PCNA-ir cells were observed among the tall TB cells, but
cells in this location were not observed with BrdU, which
labeled mitotic cells passing through the S-phase. How-
ever, PCNA is considered a marker of cycling cells or of
cells that have recently left the cell cycle (Kurki et al.,
1986; Bravo and McDonald-Bravo, 1987; Yu et al., 1992).
Such differences between PCNA and BrdU may account
for the differences in the labeling pattern.

It has long been debated whether dark, intermediate,
and light cells of mammalian TBs are different types of
cells or whether they represent different states of a single
cell type (Delay et al., 1986; Pumplin et al., 1997). Trans-
mission electron microscopic studies in lamprey have re-
vealed two clearly different cell morphologies in TBs: bi-
ciliated light cells, which have been considered as the
taste receptors, and microvillar dark cells, considered as
sustentacular (Baatrup, 1983a, 1985b). Our results with
two different proliferation markers revealed that all these
cells were not proliferating cells.

The present results with neurochemical markers reveal
the presence of a large number of 5-HT-ir bi-ciliated cells
in TBs of the sea lamprey, as indicated by co-localization
with tubulin immunoreactivity. Interestingly, although
the presence of serotonergic cells in the TBs has been
observed from teleost to mammals (Finger, 2006), only a
few cells were 5-HT-ir in each TB in these vertebrates
(Roper, 1989; Yoshie et al., 1990; Reutter and Witt, 1993;
Yee et al., 2001). This is a striking difference between
lampreys and other vertebrates. In lamprey, 5-HT-ir
flask-shaped cells also exhibited CR and CGRP immuno-
reactivity. Judging from the dense and regular arrange-
ment of these cells in TBs, which is strikingly reminiscent
of the light (sensory) cells observed by transmission elec-
tron microscopy (Baatrup, 1983a, 1985b), the 5-HT-ir cells
probably represent most of the cells of the TBs. These
findings clearly depart from the distribution of 5-HT in
TBs reported in other anamniotes, in which 5-HT was only
observed in scarce Merkel-like basal cells (Toyoshima and
Shimamura, 1987; Delay and Roper, 1988; Delay et al.,
1993; Reutter and Witt, 1993). Whether lamprey TBs also
posses 5-HT-ir Merkel cells could not be assessed. A com-
parative scheme of the distribution of the 5-HT-ir cells in
vertebrate TBs is shown in Figure 9.

Serotonin released by Merkel-like basal cells is thought
to affect perception of taste via modulation of firing of
taste receptor cells and gustatory nerve cells (Imendra et
al., 2002). Such an indirect role for 5-HT in taste signal
transduction appears rather improbable in lamprey owing
to the abundance of 5-HT-ir cells observed in TBs. Like the
5-HT-ir type III taste cells in rat (Yee et al., 2001), the
lamprey serotonergic taste cells span the entire height of
the bud, although they are much more numerous than in

rat TBs. Because tall serotonergic cells similar to those of
lampreys were not observed in TBs of jawed fishes or
amphibians (Toyoshima and Shimamura, 1987; Delay and
Roper, 1988; Delay et al., 1993; Reutter and Witt, 1993),
the morphological resemblance between lamprey 5-HT-ir
cells and mammal 5-HT-ir type III taste cells may result
from convergent evolution. Moreover, TBs of mammals
show differentiated taste receptor cells (type II or light
cells) that exhibit different neurochemical markers (�-
gustducin, neuronal specific enolase) and that predomi-
nate in the buds (Yee et al., 2001). In light of the massive
presence of 5-HT-ir cells in lamprey TBs, investigation
should be made of whether cells similar to mammalian
type II cells occur in lamprey TBs and/or whether these
markers are expressed in the lamprey 5-HT-ir cells.

Lamprey bi-ciliated cells are also CGRP-ir (present re-
sults), and these cells also co-localize 5-HT immunoreac-
tivity. In lamprey, the colocalization of 5-HT and CGRP
was previously reported in other cells and fibers in the
nervous system (Brodin et al., 1988). The existence of a
similar taste cell type immunoreactive to CGRP was not
reported in TBs of other vertebrates. On the contrary, the
presence of CGRP-ir fibers afferent to TBs was reported in
both amphibians (Kawakami et al., 1998) and mammals
(Hisa et al., 1992; Shin et al., 1995; Astbäck et al., 1995,
1997; Wakisaka et al., 1996; Huang and Lu, 1996;
Yamamoto et al., 1997; Witt and Reutter, 1998; Kusakabe
et al., 1998; Huang et al., 2003; Crescimanno et al., 2004;
Ogura et al., 2007), but was not observed in lamprey.
Apparently, lampreys and jawed vertebrates followed dif-
ferent evolutionary pathways as regards the distribution
of CGRP in the taste system. A role of CGRP in modula-
tion of serotonergic neurotransmission was reported in the
human trigemino-vascular system, where CGRP receptors
are co-localized with 5-HT receptors (Oliber et al., 2002).
Release of CGRP depends on activation of cells by calcium
influx (Evans et al., 2000). This fact may be related to the
presence of CR in lamprey taste bi-ciliated cells (see be-
low).

Double immunofluorescence against acetylated �-tubulin
and 5-HT also revealed that 5-HT was always co-located
with �-tubulin immunoreactivity in the bi-ciliated cells of
the sea lamprey TBs, and that these cells are contacted at
their base by afferent nerve fibers that are also �-tubulin-ir
but 5-HT-negative. A very unusual TEM observation in lar-
val lamprey (Baatrup, 1983a, 1985b) was that the afferent
nerve fibers do not enter the TB, but have varicosities that
directly contact the base of receptor cells through small holes
in the basal lamina. Our observations in larvae also indicate
that almost all the �-tubulin-ir afferent fibers contact the
base of 5-HT-ir flask-shaped cells without entering among
cells of the TB, unlike in mammals and other jawed verte-
brates (Finger, 2006). The presence of afferent fibers cours-
ing among TB cells appears to be occasional. Although nu-
merous 5-HT-ir fibers were observed in the branchial region,
these fibers do not appear to come in direct contact with TBs,
which suggests that they are not afferent fibers.

The present observations with immunofluorescence to
CR and �-tubulin reveal the presence of CR immunoreac-
tivity in almost all �-tubulin-ir bi-ciliated cells. Accord-
ingly, CR is very probably co-localized with 5-HT in cells of
the bud (this has not been directly tested because both the
5-HT and CR antibodies were raised in rabbit). This raises
the possibility that 5-HT-ir taste cells use CR as a calcium
buffering system. As regards the presence of CR, lamprey
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Fig. 9. Schematic drawing showing the organization of the TBs from representative species of
lampreys (based on Figure 1 in Baatrup, 1985b and the present results), fishes, amphibians, and
mammals (modified from Finger, 2006). White cells in the larval sea lamprey bud represent sustentac-
ular microvillar cells. See color and symbol code.
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TB bi-ciliated cells appear similar to CR-ir putative taste
receptor cells of newt and teleosts (Barlow et al., 1996;
Dı́az-Regueira et al., 2005; Northcutt, 2005; Germanà et
al., 2007). In addition, CR-ir fibers were observed contact-
ing the basal region of the bi-ciliated TB cells in lamprey
(present results). The presence of CR-ir fibers of the nerve
plexus innervating TBs is shared by teleosts (Dı́az-
Regueira et al., 2005; Germanà et al., 2007) and mammals
(Ichikawa et al., 1992).

The presence of catecholamines such as epinephrine
and norepinephrine has been reported in afferent fibers of
TBs of some vertebrates (amphibians: Zancanaro, 1995;
mammals: Herness et al., 2002; Dvoryanchikov et al.,
2007). However, no detectable immunoreactivity to TH—
the rate-limiting common enzyme of the catecholamine
biosynthesis—was observed in cells or fibers of lamprey
TBs. This was not due to methodological limitations, be-
cause well-stained positive cells and/or fibers were ob-
served in the sectioned brain contained in the same larval
sections.

The present results revealed the absence of NPY immu-
noreactivity in the lamprey TBs or afferent gustatory
plexus. The presence of NPY immunoreactivity was ob-
served in a subset of rat cells within the TB (Zhao et al.,
2005). NPY-ir afferent fibers were observed in some ver-
tebrate species investigated, from amphibians to mam-
mals: salamander (Kawakami et al., 1998), dog
(Yamamoto et al., 1997), pig (Montavon et al., 1991), or
human (Kusakabe et al., 1998). The presence of NPY-ir
structures in taste bud cells or afferent fibers appears to
be a derived condition in vertebrates.

GABA and GLU immunoreactivities were observed in
Necturus maculosus fibers that innervate TBs (Jain and
Roper, 1991), and GABA-ir cells were also observed in TBs
of rat (Obata et al., 1997) and channel catfish (Eram and
Michel, 2005). Our results do not reveal any of these
immunoreactivities in lamprey TBs. The absence of GABA
and GLU immunoreactivity in sea lamprey TBs suggests
that GABA and GLU do not play a role in the transmission
of the gustatory stimulus in lampreys (present results).

Final considerations: a hypothesis on the
early evolution of TBs

Because different vertebrates present different types of
5-HT-containing cells in their TBs, it is not surprising that
the roles attributed to 5-HT in TBs are diverse. 5-HT-ir
cells were proposed to act as interneurons between the
taste receptor cells and the afferent fibers (Delay et al.,
1993) or as neuromodulatory cells (Ewald and Roper,
1994; Kim and Roper, 1995; Nagai et al., 1996; Delay et
al., 1997). In studies showing an increase in 5-HT expres-
sion in the Merkel-like basal cells after denervation of the
afferent gustatory fibers, a trophic or developmental role
was also attributed to 5-HT (Hamasaki et al., 1998; Toyo-
shima et al. 1999). Recent behavioral tests of wild-type
versus null mice lacking the 5-HT3A subunit showed no
significant differences in their responses to stimuli repre-
sentative of each of the different types of taste qualities
(Finger et al., 2005). In mammal TBs, recent studies in-
dicate that ATP is a major neurotransmitter, as puriner-
gic receptors are expressed in afferent taste fibers (Finger
et al., 2005; Huang et al., 2007), but whether this also
applies to other vertebrates is not known. These data
strongly argue against the possibility that primary taste
information is encoded in the form of 5-HT quanta and

suggest another role for serotoninergic signaling in TB
physiology in mammals (Romanov et al., 2007).

The present results suggest that 5-HT may be a major
neurotransmitter in lamprey TBs, and also suggest the
possibility of early evolution of TBs in vertebrates. The
first true TBs in vertebrates, the lamprey TBs, would
contain a single type of receptor cell in accordance with
their neurochemistry. This putative “taste receptor” was
serotonergic and contacted primary afferent fibers, as
seen in TBs of extant lampreys. However, lamprey TBs
appear to be responsive to a variety of classical taste
substances (sodium chloride, quinine, some amino acids)
and show thresholds similar to those of catfish TBs
(Baatrup, 1985a). The presence in lampreys of elongate
receptor cells expressing different taste receptors, as re-
ported in teleosts (Ishimaru et al., 2005), should be tested
in future studies. Although amphioxus has secondary sen-
sory cells bearing a cilium surrounded by a collar of mi-
crovilli and contacting nerve fibers, located either singly
or in groups in buccal cirri (Lacalli, 1999), whether they
are mechanosensory or chemosensory is at present un-
known. Moreover, no immunoreactivity to 5-HT was ob-
served in amphioxus oral structures (Holland and Hol-
land, 1993). Sensory organs resembling TBs, the
Schreiner organs, are found in the epidermis of hagfishes,
but they are not homologous to TBs (Braun, 1998). This
sensory modality of hagfishes has no direct homologue in
vertebrates and appears to be a specialization of hagfishes
(Braun, 1998). The presence of taste organs in cartilagi-
nous fishes also varies: true TBs have been described in
Scyliorhinus (Reutter, 1994; Whitear and Moate, 1994a)
but are lacking in Raja (Whitear and Moate, 1994b). Pre-
vious and present results suggest that the basic TB char-
acteristics evolved in lampreys (the earliest jawless verte-
brates).
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Villar-Cheda B, Pérez-Costas E, Meléndez-Ferro M, Abalo XM, Rodrı́guez-
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