Chem. Senses 34: 667-678, 2009

doi:10.1093/chemse/bjp046
Advance Access publication July 30, 2009

Seasonal Increase in Olfactory Receptor Neurons of the Japanese Toad,
Bufo japonicus, is Paralleled by an Increase in Olfactory Sensitivity to

Isoamyl Acetate

Hideo Nakazawa', Masumi Ichikawa® and Takatoshi Nagai'

'Department of Biology, School of Medicine, Keio University, 4-1-1 Hiyoshi, Yokohama 223-
8521, Japan and 2Laboratory of Anatomy and Cell Biology, Department of Neuroscience Basic
Technology, Tokyo Metropolitan Institute for Neuroscience, Tokyo 183-8526, Japan

Correspondence to be sent to: Hideo Nakazawa, Department of Biology, School of Medicine, Keio University, 4-1-1 Hiyoshi, Yokohama

223-8521, Japan. e-mail: hideonak@hc.cc.keio.ac. jp

Abstract

Japanese toads (Bufo japonicus) migrate to and from breeding sites in the early spring, possibly guided by olfactory cues. We
previously showed that the electrical activity of olfactory receptor neurons (ORNSs) in the toads was enhanced in the breeding period.
We undertook morphological and physiological studies of the olfactory epithelium to determine whether any cellular substrate of
the epithelium underlies the enhanced electrical activity of ORNs. The ORNs of the toads were labeled by antiserum to olfactory
marker protein (OMP), and the morphology of the labeled cells and their distribution in the epithelium were examined throughout
the year. The OMP-positive cells, distributed mainly in the basal and intermediate layers of the epithelium, were most numerous in
the early breeding period. Cell proliferation in the epithelium detected by 5-bromo-2’-deoxyuridine labeling was most elevated in
this period. The electrical activity of ORNs was examined by recording the electroolfactogram (EOG) in the toads throughout the
year. Statistical analysis showed a positive correlation between the density of OMP-positive cells in the epithelium and the amplitude
of the EOG responses. A greater number of ORNs in the breeding period possibly aids the toads in migrating to their breeding sites.
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Introduction

Most amphibians forage for food in their home ranges dur-
ing most of the year. In the breeding season, however, they
move to breeding sites even a kilometer or more overland
and return to their home ranges (Stille 1952; Pilliod et al.
2002). The breeding sites are normally their birthplace, spe-
cific to the species of amphibians or a group of animals
(Dingle 1996). Such fidelity to the breeding site has been re-
ported for a number of amphibian species (Twitty 1959;
Whitford and Vinegar 1966; Dole 1968; Gill 1978; Berven
and Grudzien 1990). As to how amphibians can achieve
lengthy migrations to and from the breeding site, various sen-
sory cues are proposed to play a role. These include olfactory
(Grubb 1973; Sinsch 1987), visual (Sinsch 1992), auditory
(Schmidt 1984), and magnetosensory (Phillips 1987; Sinsch
1987) cues.

The anuran amphibian, Japanese toads (Bufo japonicus),
also exhibits fidelity to their breeding sites (Kusano et al.
1995, 1999). They migrate in early spring to certain ponds
for mating and spawning. Ishii et al. (1995) observed that

the toads returned to their home range along the same
migration route and that anosmic operation on the nasal mu-
cosa made the toads disoriented on the route while leaving
their locomotion activity intact. They speculated that the
toads memorize the route or area of their migration by using
the olfactory sense.

In response to odor stimulation, a slow potential change is
recorded from the surface of the olfactory epithelium. Otto-
son (1958) termed the slow potential the electroolfactogram
(EOG) in his recording of the olfactory response in common
frogs (Rana temporaria). The EOGs are thought to originate
from the electrical activities induced in a large number of ol-
factory receptor neurons (ORNs; Ottoson 1956; Takagi and
Yajima 1964). We previously studied the EOGs in Japanese
toads collected throughout the year and found that the
EOGs were enhanced in a period that includes the breeding
season (Nakazawa et al. 2000). We also observed that oscil-
latory potentials superimposed on the EOG became evident
particularly in the breeding season of the toads. The
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oscillatory potentials in the olfactory epithelium were first
reported in mammals by Adrian (1955, 1956) and then in
other vertebrates (fish [Sutterlin AM and Sutterlin N
1971; Suzuki et al. 2004], amphibians [Ottoson 1956; Takagi
and Shibuya 1960], reptiles [Tucker 1975; Lam et al. 2000],
and birds [Shibuya and Tucker 1967]). A study on the sala-
mander olfactory system suggested that spiking activity of
the ORNSs is a source of oscillations in the olfactory epithe-
lium (Dorries and Kauer 2000). In the channel catfish olfac-
tory epithelium, the oscillations were hypothesized to
function to modulate neural activities in the higher center
of olfactory pathways, the olfactory bulb (Nikonov et al.
2002). In other neural systems such as higher visual neurons,
a functional role of oscillations has been suggested by var-
ious experimental approaches (Gray and Singer 1989; Ghose
and Freeman 1992), but not explicitly demonstrated except
by a neurophysiological study combined with behavioral dis-
crimination of odorants in honeybees (Stopfer et al. 1997). In
the present study, we examined oscillations in the olfactory
epithelium of Japanese toads more quantitatively than our
previous study. In parallel with electrophysiological experi-
ments on the toads collected in the field throughout the year,
we also examined the morphology of the olfactory epithe-
lium in those toads. Studies in the red-backed salamander
showed that morphological changes in the olfactory and
the vomeronasal organs are associated with the breeding sea-
son of the animal (Dawley and Crowder 1995; Dawley et al.
2000). Similar changes may occur in the toads that show ol-
factory-mediated behavior in the breeding season. The pres-
ent study obtained morphological and physiological
evidence to support the olfactory hypothesis of migratory
behavior in the Japanese toads.

Materials and methods

Animals

Adult males of the Japanese toad (Bufo japonicus formosus
Boulenger, 1883) were collected at a park in Tokyo with the
permission of the administration office of Tokyo Metropol-
itan Park Association and immediately used for experiments.
The toad’s life cycle consists of following 3 periods. The
toads actively prey on small animals through a period from
April to November, termed the foraging period, in the study
area. From December to January, termed the torpid period,
they burrow into the ground and become torpid. From
February to March, termed the breeding period, they awake
on humid and relatively warm nights from the winter torpor
and start to migrate to their breeding pond. Soon after
mating and spawning in the pond, they leave the pond
and migrate back to their home range.

For the morphological experiment, we examined toads col-
lected in the torpid period (December and January, n = 3,
respectively), the breeding period (February, n = 6), and
the foraging period (April, June, August, and October,

n = 3, respectively). In the breeding period, in particular,
we collected toads on the ground near the breeding pond
in 2 phases: those when the toads were migrating to the
breeding pond and migrating back to their home range
(phase I and phase II, n = 3, respectively). We observed
the animal’s undisturbed movements on the ground to judge
their direction of migration. For the electrophysiological ex-
periment, we examined toads collected in December (n = 5),
February (phase I, n =9; phase I, n = 6), and October (r = 5).
We chose animals of similar body size to minimize the var-
iation in the olfactory epithelial volume. The average body
size was 102.1 £ 0.9 mm (n = 24; mean * standard error of the
mean [SEM)) in the toads for the morphological experiment
and 100.8 £ 0.9 mm (rn = 25) for the electrophysiological
experiment. In addition to these animals, we collected
a group of toads in the torpid period for the experiment
to probe the position of electrodes. All experiments were
conducted according to the guideline of the Laboratory
Animal Care and Use Committee of Keio University School
of Medicine.

Tissue preparation

Animals were anesthetized by immersion into 0.5% tricaine
methanesulfonate (TCI, Tokyo Kasei Kogyo Co., Ltd.) and
perfused intracardially with ice-cold physiological saline fol-
lowed by 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer solution (pH 7.4) for fixation. Snouts were removed,
postfixed in phosphate-buffered PFA (4%) for 1 h, and
rinsed in phosphate-buffered 30% sucrose solution overnight
at 4 °C. In Japanese toads, the olfactory epithelium covers
a wide area of the olfactory cavity, the ventral wall of which
protrudes to form thick eminentia olfactoria (Figure 1). The
present study was focused on the olfactory epithelium that
covers the center of the eminentia olfactoria because this flat
area is easily accessible to an electrode for EOG recording.
The eminentia olfactoria was excised from the snout, embed-
ded in Tissue-Tek OCT compound (Sakura Finetek Japan
Co., Ltd.) for cryostat sectioning, and kept in a deep freezer
(=80 °C). In the center of the eminentia olfactoria
(Figure 1A), coronal sections were cut at 10-pum thick with
a cryostat (Microm HMS500, Zeiss) and subjected to immu-
nolabelings.

Labeling by antiserum to olfactory marker protein

ORNSss were labeled by antiserum to olfactory marker pro-
tein (OMP): a marker for mature ORNs (Margolis 1972,
1988; Farbman and Margolis 1980). The antiserum to
OMP was obtained by immunizing rabbits with histidine-
tagged rat OMP that was produced in Escherichia coli
expression system and purified by affinity chromatography
(Takigami et al. 2004). The sections were incubated in
a blocking solution consisting of 10% Block Ace (Dainip-
pon pharmaceutical Co., Ltd.) and 0.1% Triton X-100 in
0.1 M phosphate-buffered saline (PBS) for 1 h, and then
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Figure 1 The olfactory cavity of Bufo japonicus. (A) Dorsal view. The dorsal
wall of the olfactory cavity has been removed to show the eminentia
olfactoria (arrowed hatched area). The middle of the eminentia olfactoria
(shaded area) was examined in histological study. Horizontal line shows
a sagital plane where the olfactory cavity was cut for lateral view. (B) Lateral
view. Dotted line shows a horizontal plane where the dorsal wall was
removed to create the dorsal view. (C) Coronal section of the left olfactory
cavity of the toad collected in August. A paraffin-embedded tissue was
sectioned through a vertical line shown in (B) at 4-um thickness and stained
with hematoxylin and eosin. Both dorsal wall and eminentia olfactoria are
lined with the olfactory epithelium shown by arrowhead and arrow,
respectively. (D) High-power view of the epithelium within the frame placed
on the dorsal wall in (C). (E) High-power view of the epithelium within the
frame placed on the eminentia olfactoria in (C). (D and E) Supporting cells
with elongated nucleus (open arrowhead) and ORNs (arrow) are seen in the
olfactory epithelium. The olfactory epithelium is thinner in the dorsal wall
than in the eminentia olfactoria, as shown by upper location of the
basement membrane in the dorsal wall (arrowhead). BG, Bowman'’s gland;
ext. n., external naris; OB, olfactory bulb; VNO, vomeronasal organ. Scale
bar = 1 mm in (A and B), 500 um in (C), and 20 um in (D and E).

incubated with rabbit anti-OMP antiserum (1:150) for 20 h
at 4 °C. Following 3 washings in PBS for 5 min each, the
sections were incubated with Alexa Fluor 488 conjugated
goat anti-rabbit secondary antibody (1:200, Molecular
Probes, Inc.) for 1 h at 25 °C. After 3 washings in PBS
for 5 min each, the sections were mounted in Vectashield
mounting medium (Vector Laboratories, Inc.). Only back-
ground labeling was seen in control experiments, in which
the primary antiserum or the secondary antibody was omit-
ted (not shown).

BrdU labeling and detection

Cell proliferation was measured by 5-bromo-2’-deoxyuridine
(BrdU) incorporation method. Animals were given a single
injection of BrdU (Sigma) intraperitoneally at a dose of 5
mg/100 g body weight (5 mg/mL dissolved in saline) and sac-
rificed 1 h after the injection of BrdU. The coronal sections
were rinsed with PBS, treated with 2 N HCI at 37 °C for 30
min, and rinsed with 0.1 M borate buffer (pH 8.5) 3 times for
5 min each. These sections were rinsed with PBS, incubated
in a blocking solution for 1 h, and then incubated overnight
at 4 °C with mouse anti-BrdU monoclonal antibody (1:25,
Molecular Probes). After 3 washings in PBS for 5 min each,
the sections were incubated for 2 h at 25 °C with Alexa Fluor
488 conjugated goat anti-mouse IgG; (1:200, Molecular
Probes), as a secondary antibody. Only background labeling
was seen in control experiments, in which the primary or the
secondary antibody was omitted (not shown).

Counting of OMP-positive cells and BrdU-positive cells with
fluorescence microscopy

Immunolabeled sections were examined with a confocal laser
scanning microscope (Fluoview FV300, Olympus) equipped
with differential interference contrast (DIC). To quantify the
results, we selected the coronal sections each separated at 200
pm in the center of the eminentia olfactoria (r = 3, for OMP
labeling; n = 4, for BrdU detection). In the OMP-positive
cells, a short diameter of the cell body and the nuclear
position were measured by ImagelJ software (JAVA version
of NTH Image). In BrdU-positive cells, the nuclear position
was similarly measured. These measurements were per-
formed in evenly divided 3 layers of the olfactory epithelium:
the basal, intermediate, and apical layers because there was
no significant difference in the thickness of the olfactory
epithelium throughout the year (133.7 + 4.1 um, n = 24, P
= (.118 by 1-way analysis of variance [ANOVA]). The cell
count was divided by the length of the olfactory epithelium
to yield a density of the cells per unit length. There was no
significant difference in the size of OMP-positive cells among
either the layers of the olfactory epithelium (basal layer, 6.12
+ 0.04 um, n = 123; intermediate layer, 6.12 + 0.03 um, n =
161; apical layer, 6.10 = 0.03 um, » = 30; mean = SEM) or
3 periods of toad’s life cycle. Therefore, the cell count was
not corrected by Abercrombie’s equation (Abercrombie
1946).

Application of odorants

The olfactory epithelium was continuously exposed to the
humidified air applied through a guide nozzle (internal diam-
eter 5.5 mm) placed at a distance of 1 cm from the eminentia
olfactoria. The air was applied to the epithelium at a constant
flow rate of 6.5 mL/s driven by the pressure from a diaphragm
pump. Odor stimulus was given by switching the air to odor-
ized air for 4 s using a custom-made olfactory stimulator
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controlled by solenoid valves. The odorized air was prepared
by passing filtrated air to a glass bottle containing isoamyl
acetate solution at concentrations of 0.005, 0.05, 0.5, 5,
and 50 mM. The 50 mM was a nominal solution, which
yielded saturated vapor of isoamyl acetate. [soamyl acetate
was chosen as a species of odorant because it gives a large,
robust response and is often used as a standard stimulus in
EOG recordings. Isoamyl acetate is an odor that can be emit-
ted from vegetation, fungi, and bacteria in the environment
(Kiviranta et al. 1998; Schomburg et al. 2006), thus possibly
a biologically relevant odor for the toad. The odorized air of
each concentration was given in a random sequence at an
interval of 2 min. The series of odor stimuli consisting of
5 concentrations were repeated 3 times. At the start of odor
stimulation, a blank stimulus was given to estimate a possible
mechanical response to the switching of airflow. Induced me-
chanical response was subtracted from the responses to the
odorized air.

Recording of EOG responses

Animals were anesthetized by immersion in 0.5% tricaine
methanesulfonate and pithed for immobilization. The dorsal
wall of olfactory cavity was removed to place the Ag-AgCl
recording electrode (0.2-mm diameter) at the center of the
eminentia olfactoria for EOG recording (Figure 1). The ref-
erence electrode (Ag-AgCl plate, 5 x 5 mm?) was placed on
the surface of the cranium at a distance of 15 mm from the
site where the recording electrode was placed. The EOGs
were differentially amplified (AVB-21, Nihon Kohden)
and stored on a PC with PowerLab 4/20 (ADInstruments
Pty Ltd.) for further analysis.

Statistical analysis

Data are expressed as mean = SEM (in the studies of the den-
sity of immunolabeled cells and the amplitude of EOG
responses). Statistical comparisons of means were made by
1-way ANOVA followed by Tukey’s honestly significant dif-
ference (HSD) test. Before conducting ANOVA, Bartlett’s
test was used to assess heterogeneity of variances among
groups being compared. If the heterogeneity of variance
was significant, Kruskal-Wallis test was used instead of AN-
OVA. Kruskal-Wallis test was followed by Bonferroni-cor-
rected Mann—-Whitney U test. The correlation between the
amplitude of EOG responses and the density of OMP-positive
cells was analyzed with the Pearson’s correlation coefficient.

Results

OMP-positive cells in the olfactory epithelium

Anti-OMP antiserum labeled numerous cells with a spindle-
shaped cell body and a narrow dendrite extending to the
surface of the epithelium (Figure 2A,B). On the top of the
epithelium, brightly fluorescent dendritic knobs were as-

sociated with ciliary bundles shown by DIC image
(Figure 2C,D). These morphological features are reminiscent
of the mature olfactory receptor cell. The spindle-shaped
cells labeled by anti-OMP antiserum were usually seen in
the intermediate layer (Figures 2A and 3D).

Structural organization of the olfactory epithelium in the
toads collected throughout the year

In the torpid period, the OMP-positive cells with a round-
shaped cell body were densely distributed in the basal
and intermediate layers of the olfactory epithelium
(Figure 3A). In the early breeding period (phase I), the cells
with a spindle-shaped cell body appeared in the intermediate
layer, whereas the cells with a round-shaped cell body
remained dense in the basal layer (Figure 3B). In the late
breeding period (phase II), the cells were dense in the inter-
mediate layer, whereas they were sparsely distributed in the
basal layer (Figure 3C). In the foraging period, the distribu-
tion of the cells with a spindle-shaped cell body centered in
the intermediate layer (Figure 3D). Overall patterns of
distribution of OMP-positive cells throughout the year show
a transition from the basal to the intermediate layer.

Distribution of OMP-positive cells in the olfactory
epithelium

The density of OMP-positive cells in the epithelium gradually
increased in the torpid period, reached a peak in the early
breeding period (phase I), and rapidly decreased in the late
breeding period (phase II; Figure 4). After gradually decreas-
ing at the end of the breeding period through the early
foraging period, the density of the cells reached a minimum
at the end of the foraging period (October). Seasonal fluctu-
ation in the cell density was further examined in 3 layers of the
olfactory epithelium (the basal, intermediate, and apical
layers, see Figure 3). In the apical layer, OMP-positive cells
were few in the torpid period and remained so in the breeding
and foraging periods (Figure 4, black triangles; see also Figure
3). Therefore, the majority of the cells are of the basal and
intermediate layers. The cell density in the basal layer peaked
in phase I, decreased by about 25% of the total cells in phase
I1, and then gradually decreased in the foraging period (Figure
4, white squares). On the other hand, the cell density in the
intermediate layer slightly increased in phase II (Figure 4,
black squares; phase I vs. phase I, P < 0.05 by 1-tailed #-test)
and the density in that phase was maintained, although with
a slight reduction, throughout the foraging period. Therefore,
the decrease in OMP-positive cells in the olfactory epithelium
in phase II as well as in the periods that follow seemed to be
caused by a reduction of the cells in the basal layer.

To study if the increase in the cells in the intermediate layer
in phase II was caused by generation of the cells in that layer
or migration of the cells from other layers, we measured cell
proliferation by BrdU incorporation method (Figures 5 and
6). Generally, the cell proliferation was high in the basal layer
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Figure 2 OMP-positive cells in the olfactory epithelium of the toad collected in August. (A) Fluorescent image of cross-sectioned tissue. The lamina propria
contains OMP-positive nerve fibers (open arrowheads). (B) The corresponding DIC image. (C) Rectangular area indicated on the photomicrograph (A) was
examined with a high-power objective (60x). Brightly fluorescent cells with a single process (arrowheads) extend to the apical surface of epithelium, where
a knob-like protrusion (arrow) gives ciliary bundles (small arrowheads, see also Figure 2D). Axonal fibers (open arrowheads) extend into the basal layer.
(D) The corresponding DIC image. BG, Bowman'’s gland. Scale bar = 50 um in (A and B), 10 um in (C and D). The vertical scale in (A and B) indicates equally

divided 3 layers in the olfactory epithelium for analysis.

and very low in the intermediate and apical layers through-
out the year (Figure 6). No significant increase in the prolif-
eration in the intermediate layer occurred in phase II. On the
other hand, the highest proliferation in the basal layer
occurred in phase I, which is the phase just before the
OMP-positive cells in the intermediate layer increased (see
phase II in Figure 4). Therefore, the increase in the cells
in the intermediate layer in phase II must be induced by
migration of the cells from the basal layer. The proliferation
in the basal layer was rapidly reduced in phase II and grad-
ually resumed toward the late foraging period. Resumed cell
proliferation probably alleviated the reduction of the cells in
the basal layer (see Figure 4).

EOG responses in B. japonicus

First, we probed the position of recording electrode in the
mucous layer that covers the olfactory epithelium because
the magnitude of the EOG responses may vary depending
on the distance between the tip of the electrode and the
surface of the olfactory epithelium. The recording electrode
was advanced to the center of the eminentia olfactoria using
a micromanipulator (SM-15, Narishige Co., Ltd.). When the
tip of the electrode made contact with the surface of the mu-
cous layer under visual guide, the position of electrode was

defined as 0 um. The electrode was further advanced at
10-um steps. At each step, the EOG was recorded to the odor
stimulus of 0.5 mM isoamyl acetate (Figure 7A). The mag-
nitude of the EOG responses did not vary very much between
position 0 and 160 pm but started to decrease at positions
deeper than 160 um (Figure 7A,B). At deeper positions,
the surface of the olfactory epithelium was slightly distorted
around the tip of the electrode, showing that the electrode
came in firm contact with the surface. We found that the
magnitude of EOG responses was not statistically different
at positions from 0 to 160 um (n = 5, toads collected in the
torpid period, P > 0.05 by Tukey’s HSD test; Figure 7C).
Therefore, in the following series of odor stimulations, we
placed the recording electrode in the mucous layer so as
not to make firm contact with the olfactory epithelium.
Odor stimulation to the olfactory epithelium induced a neg-
ative slow potential in a concentration-dependent manner
(Figure 8). In most cases, stimuli at higher concentrations
(5, 50 mM isoamyl acetate) induced oscillatory potentials
superimposed on the late phase of the slow potentials.
In phase I, also at a lower concentration (0.5 mM), very
small oscillations were induced (Figure 8, the response at
0.5 mM). Therefore, we evaluated the EOG responses by
2 measures: the amplitude of a negative slow potential at
peak and the amplitude of an oscillation at peak during
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Figure 3 Distribution of OMP-positive cells in the olfactory epithelium. (A) Fluorescent image of cross-sectioned tissue obtained from the toad collected in
the torpid period (December). (B) Fluorescent image from the toad collected in the early breeding period (phase 1). (C) Fluorescent image from the toad
collected in the late breeding period (phase Il). (D) Fluorescent image from the toad collected in the foraging period (October). Note the layer of the
epithelium where cell bodies of OMP-positive cells are distributed. (E-H) Photomicrographs of hematoxylin and eosin-stained sections of the olfactory
epithelium (paraffin-embedded tissue) in the periods corresponding to (A) to (D), respectively. Supporting cells with elongated nucleus (open arrowhead) and
ORNSs (arrow) are seen in the olfactory epithelium. The nuclei of the supporting cells were distributed in the apical layer of the epithelium. Relative location of
those cells in the epithelium of the eminentia olfactoria did not change throughout the year. BG, Bowman's gland. Scale bar = 20 um. These specimens were

examined with a 40x objective.

olfactory stimulation (Figure 8). Using these measures, we
studied the intensity-response curve for isoamyl acetate in
the toads collected in the torpid period, the breeding period
(phase I and phase II), and the foraging period (Figure
9A,B). The slow potentials were induced at concentrations
of 0.05 mM and above in those toads. Stimuli at 50 mM in-
duced the responses at plateau in most toads except those in
phase II of the breeding period. Generally, the slow poten-
tials recorded in the torpid and breeding periods were larger
than those in the foraging period (Figure 9A). The oscilla-
tions in the EOGs were induced at 0.5 mM and above,
and this threshold concentration was 10-fold higher than
that for the slow potentials (Figure 9B). The oscillations were
always observed in the torpid and breeding periods. In the
foraging period, however, almost no oscillations were in-
duced at all concentrations (Figure 9B).

To study a possible seasonal change in the EOG responses,
we focused on the responses induced at 50 mM because those

were near-maximum responses (Figure 9). When evaluated
by either slow potentials or oscillations, the EOG responses
in the breeding period (phase I) were significantly larger than
those in the foraging period (for slow potentials, P < 0.05 by
Tukey’s HSD test; for oscillations, P < 0.05 by Bonferroni-
corrected Mann—-Whitney U test; Figure 10A). The results
showed that the EOG responses in the breeding period
(phase 1) were the largest of the 3 periods. The total density
of OMP-positive cells in this period was the highest of the
year (Figure 4). Therefore, to study a possible correlation
between the amplitude of EOG responses and the density
of OMP-positive cells, a part of the data shown in Figure
4 was selected and plotted against the 3 periods of toad’s life
cycle (Figure 10B). Being evaluated by either slow potentials
or oscillations, the amplitude of EOG responses was posi-
tively correlated with the total density of OMP-positive
cells (r = 0.765 for slow potentials; r = 0.887 for oscillations;
Figure 11 and Table 1). A correlation analysis was further
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Figure 4 Regional distribution of OMP-positive cells in the olfactory
epithelium throughout the year. OMP-positive cells were counted in 3 layers
of the epithelium: apical (black triangles), intermediate (black squares), and
basal (white squares). The counts in 3 layers were summed (black
diamonds). Ordinate: The density of OMP-positive cells. Abscissa: Months
of collection. Data are indicated as mean + SEM for each point (n = 3). The
life history of Bufo japonicus is indicated under the abscissa: T, torpid period;
B, breeding period; F, foraging period.

Figure 5 BrdU immunodetection of mitotically active cells in the olfactory
epithelium. (A) Fluorescent image of BrdU-positive cells in the olfactory
epithelium in the early breeding period (phase I). A dashed line indicates the
position of the basement membrane. (B) Fluorescent image in (A) is overlaid
on DIC image. Scale bar = 50 um.

performed in the different layers of the olfactory epithelium
(Table 1). The amplitude of oscillations was significantly cor-
related with the density of OMP-positive cells in the basal
layer (r = 0.948, P = 0.026 < 0.05, n = 4).

Discussion

Neurons labeled by anti-OMP antiserum in the olfactory
epithelium of the toads

The antiserum used in the present study was obtained by
immunizing rabbits with the rat OMP. This antiserum suc-
cessfully labeled the ORNSs and the vomeronasal neurons in
mammalian species (Takigami et al. 2004; Moriya-Ito et al.
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Figure 6 Regional distribution of BrdU-positive cells in the olfactory
epithelium throughout the year. The cells were counted in each of 3 layers of
the epithelium: apical (black triangles), intermediate (black squares), and
basal (white squares) layer. A large population of the cells was distributed in
the basal layer, where a drastic change in cell proliferation occurred in the
breeding period. In the intermediate and the apical layers, cell proliferation
was low throughout the year. Ordinate: The density of BrdU-positive cells.
Abscissa: Months of collection. Data are indicated as mean + SEM for each
point (n = 3). Asterisk indicates a statistically significant difference (P < 0.05
by Tukey's HSD test). The life history of Bufo japonicus is indicated under the
abscissa: T, torpid period; B, breeding period; F, foraging period.

2005). Similar antiserum raised against the rat OMP had
proven to be useful to identify mature ORNs in amphibian
species (Keller and Margolis 1975; Krishna et al. 1992). Phy-
logenetic conservation in the sequence of OMP has been sug-
gested by immunohistochemical studies of the olfactory
system in other nonmammalians: teleost (Riddle and Oakley
1992) and cartilaginous fish (Ferrando et al. 2007). There-
fore, the present study used anti-rat OMP antiserum to dis-
criminate mature ORNs from precursor cells and supporting
cells in the olfactory epithelium of the toads. The anti-rat
OMP antiserum clearly labeled the cilia, dendrites, cell
bodies, and axons of the ORNSs in the olfactory epithelium
of the toads.

The OMP-positive cells in the basal layer of olfactory
epithelium were almost as many as those in the intermediate
layer in the torpid and the early breeding periods of the toads
(Figure 4). This is in contrast with the development of OMP-
positive cells in the mammalian olfactory epithelium. The
ORN s in the basal layer are immature and thus OMP neg-
ative (Verhaagen et al. 1989), and they migrate to become
OMP positive in the intermediate layer (Monti-Graziadei
et al. 1977; Verhaagen et al. 1989). In the toads, the matu-
ration of ORN’s seems to precede the migration of those cells
to the intermediate layer. It is noteworthy that when OMP-
positive cells are abundant in the basal layer, the toads
showed large EOG responses.

Cell proliferation in the olfactory epithelium

In adult vertebrate brains, cell proliferation of the neuron,
namely neurogenesis, occurs in the brain regions such as
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Figure 7 EOG responses recorded at different depths in the mucous layer
on the olfactory epithelium of Bufo japonicus. (A) Sample records of EOG
responses induced by 0.5 mM isoamyl acetate for 4 s. Position of the
electrode in the mucous layer is shown in micrometer on the left of traces.
The peak of a negative slow potential is marked with a black circle. The
bottom trace shows the onset of stimulation. Bar = 1 s (horizontal) and
0.5 mV (vertical). (B) The magnitude of the EOG responses is measured at
the peak of a negative slow potential in the sample records and plotted
against positions of the electrode. (C) The magnitude of the EOG responses
in 5 animals is summarized.

the olfactory bulb and the hippocampus (Lledo et al. 2006).
In the olfactory system not only the brain neurons but also
the peripheral neurons undergo neurogenesis. The ORNSs in
the olfactory epithelium are continuously replaced through-
out the life of the animal (Moulton 1974; Graziadei and
Monti-Graziadei 1978; Farbman 1990) possibly to compen-
sate for the cells lost by mechanical or chemical stress im-
posed by the environment. The present study showed that
the mitotic activities in the olfactory epithelium of the toads
were not maintained constant but were seasonal. Cell prolif-
eration gradually increased in the foraging period and the
torpid period and peaked in the early breeding period. A sim-
ilar surge of the cell proliferation was reported in the olfac-
tory epithelia of red-backed salamanders, which use the
olfactory and vomeronasal organs to detect chemical cues
for initiating behaviors in the home range (Graves 1994;
Dawley 1998). Using the BrdU incorporation technique,
Dawley et al. (2000) showed the rate of cell proliferation
in the olfactory epithelium became greatest in the last month
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Figure 8 EOG responses in the olfactory epithelium of Bufo japonicus
collected in the breeding period (phase I). Isoamyl acetate at a series of
concentrations was applied to the olfactory epithelium for 4 s. Each
concentration is shown in millimolar on the left of traces. Note
that oscillations were induced at higher concentrations. The frequency of
oscillations was about 14-16 Hz in the animals collected in phase I. The
peaks of a negative slow potential and an oscillation are marked with
a black circle and a black triangle, respectively. The bottom trace shows the
onset of stimulation. Bar = 1 s (horizontal) and 1 mV (vertical).

of the courtship season for the animal. They hypothesized
that the seasonal upregulation of cell proliferation in the ol-
factory epithelium is induced in anticipation of seasonal
events such as territorial behavior and mating.

The Japanese toads are able to orient to their breeding
pond with high fidelity. Behavioral observation on these
toads suggested that they rely on olfactory signals in the
environment to orient to their breeding site (Ishii et al.
1995). To detect guiding signals from a wide array of odor
molecules in the environment, the olfactory organ must ac-
quire a higher sensitivity to the signals. Larger number of
ORNss in the olfactory epithelium would be favorable to such
detection. Increasing ORNS in the torpid period may ensure
the olfactory sensitivity for the toads during the orientation.
Season-dependent olfactory cellular proliferation also
occurs in salmon, which use olfactory memory of their natal
stream as a guide for homing migrations (Lema and Nevitt
2004). The cell proliferation during a particular time of the
year is possibly related to imprinting natal stream odors.
Therefore, the function of neurogenesis in the olfactory
epithelium would be not simply to compensate for the lost
cells but to facilitate sensory transduction in the receptor
cells. Such a notion was further supported by the present
physiological experiments as discussed below.
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Figure 9 Intensity-response curves for isoamyl acetate in Bufo japonicus
collected in the torpid period (white diamonds), the breeding period phase |
(black squares) and phase Il (white squares), and the foraging period (black
triangles). (A) The response curves when the EOGs were evaluated by
negative slow potentials. (B) The response curves when the EOGs were
evaluated by oscillations. Ordinate: The amplitude of EOGs. Abscissa:
Concentration of the olfactory stimuli. Data are expressed as mean + SEM
for each point (n = 5-9).

EOG responses in relation to the electrodes

In the present study, the EOG responses in the toads
collected at different times of the year were compared with-
out subjecting those to analytical procedures such as normal-
ization by a standard response. Criticisms on our method
may be argued as follows. One criticism may be that the
magnitude of the EOG responses varies with the distance be-
tween the tip of the recording electrode and the surface of the
olfactory epithelium. However, as shown in Figure 7, the
magnitude of the EOG responses did not vary significantly,
possibly owing to relatively high conductivity of the mucus.
Other criticism may be that the distance between the record-
ing site and the reference electrode affects the magnitude of
the EOG responses. This distance was kept constant in the
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Figure 10 Seasonal change in the EOG responses possibly correlated with
distribution of the OMP-positive cells in the olfactory epithelium. (A) The
EOG responses at 50 mM were evaluated by negative slow potentials (black
circles) and oscillations (white circles). Note that seasonal change of the EOG
responses is the most conspicuous when the EOGs are evaluated by
oscillations. Note also that the enhanced EOGs are accompanied by large
increase in OMP-positive cells in phase I. Ordinate: The amplitude of EOGs.
Abscissa: Months of collection. Data are indicated as mean + SEM for each
point (n = 5-9). (B) A part of the data shown in Figure 5 is selected to show
a possible correlation between the amplitude of EOGs and the density of
OMP-positive cells. Ordinate: The density of OMP-positive cells. Abscissa:
Months of collection. Data are indicated as mean + SEM for each point (n =
3). The life history of Bufo japonicus is indicated under the abscissa: T, torpid
period; B, breeding period; F, foraging period.

present study (see Materials and methods). However, we per-
formed a separate experiment to see if the EOG responses
vary depending on the distance. When the reference
electrode was shifted to either 5 mm rostral or caudal on
the cranium, the magnitude of the EOG responses varied
to some extent but only by less than 1.5% (n = 10). Therefore,
a seasonal change in the EOGs is not likely to be derived
from physical factors around either recording or reference
electrode but most likely from a biological change in the toad
ORN s such as their population and activity.

Enhancement of EOG responses in the breeding period

When the profile of EOG responses recorded throughout the
year was studied in parallel with that of OMP-positive cells
in the olfactory epithelium, overall profiles suggest that the
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Figure 11 Correlation between the total density of OMP-positive cells in
the olfactory epithelium and the amplitude of negative slow potentials (A)
or the amplitude of oscillations (B). Ordinate: The amplitude of EOGs.
Abscissa: The total density of OMP-positive cells. The mean values in each
period of toad’s life cycle shown in Figure 10A,B (total) were selected for
a correlation analysis. Linear regression is shown by a solid line.

enhancement of EOG responses is explained by the increase in
OMP-positive cells, especially those in the basal layer. For ex-
ample, as to the amplitude of the EOGs evaluated by a negative
slow potential (slow EOG), approximately 2-fold enhancement
(0.45 vs. 0.99 mV) from the foraging period (October) to the
breeding period (phase I) may be ascribed to 53% increase (580
vs. 890 cells/mm) in the OMP-positive cells in these periods.
However, the enhancement of slow EOG may occur without
the increase in the number of ORNs. Lidow et al. (1987) ob-
served that the EOGs in frogs were progressively enhanced
during regeneration of the ORNSs after ablating the olfactory
epithelium, but their physiological experiment did not show
the increase in active ORNSs. They suggested that the enhance-
ment is rather due to morphological maturation of the ORNSs:
Matured ORNs have much longer cilia, and thus larger trans-
duction area on the apical surface, resulting in the enhance-
ment of the EOG responses. In the present study, the
olfactory cilia were seen in the toads collected in both breeding
and foraging periods, but quantitative data such as the length
or number of the cilia to infer the maturation were not avail-
able. Instead, a progressive increase in the number of OMP-
positive cells revealed in the present experiment implies the
maturation of ORNs (Farbman and Margolis 1980; Margolis
1988). Therefore, the main contributors to the enhanced slow
EOG in the breeding period would be the numerous, matured
ORN:Ss in the olfactory epithelium of the toads.

Significance of oscillatory potentials in the EOG

The enhancement of EOG responses in the early breeding
period was more evident when the EOGs were evaluated
by oscillations than by slow EOG. Increase in the OMP-
positive cells is also more correlated with oscillations than
with slow EOG. The density of OMP-positive cells in the
basal layer, in particular, is highly correlated with oscilla-
tions. This may be ascribed to that oscillatory potentials
superimposed on the EOGs more directly reflect the spiking

Table 1 Pearson’s correlation coefficients between the density of OMP-
positive cells in different layers of the olfactory epithelium and the
amplitude of EOG responses

Layer of the olfactory epithelium

EOG responses Total Apical Intermediate  Basal

Slow potentials r 0.765 —-0.388 —0.151 0.893
(P value) (0.118) (0.694) (0.576) (0.054)

Oscillations r 0.887 —-0.315 —-0.031 0.948%
(Pvalue) (0.056) (0.657) (0.516) (0.026)

“Statistically significant with P < 0.05, n = 4.

activity of ORNs than slow EOG. In the salamander olfac-
tory epithelium, application of the Na* channel blocker abol-
ishes oscillatory potentials in the EOG without affecting
slow EOG, suggesting that oscillations are attributed to syn-
chronous spiking of the single neurons in the olfactory
epithelium (Dorries and Kauer 2000). However, a recent
study in channel catfish suggests that oscillatory potentials
in the EOG do not necessarily originate from synchronous
spiking but from a superposition of regular spike trains with
similar interspike intervals (Diaz et al. 2007). In the toads of
the early breeding period, the number of the OMP-positive
cells was most elevated. The activity of many ORNs would
generate an effective superposition, namely, a larger oscilla-
tion, if the activity of ORNs has properties that Diaz et al.
(2007) showed in their simulation study (see Figure 6 in ref-
erence Diaz et al. 2007). To clarify the source of oscillations
in the olfactory epithelium of the toads, the activity of single
ORNSs remains to be recorded.

An earlier study on the EOGs showed that oscillations in the
olfactory epithelium were elicited only at very high odorant
concentrations and only when the epithelium is mechanically
injured (Ottoson 1956), namely in physiologically abnormal
conditions, whereas recent studies show that they are elicited
also at moderate concentrations (Dorries and Kauer 2000;
Nikonov et al. 2002). In the olfactory epithelium of Japanese
toads, oscillations were elicited by isoamyl acetate at concen-
trations of 0.5 mM or above. Therefore, oscillations are neu-
ronal signals induced by the olfactory stimulation of normal
physiological range. However, these concentrations were
much higher than those to generate the slow EOG, suggesting
that a larger population of receptor neurons activated by
odorants is required to generate oscillations in the epithelium.
Increase in the neurons in the epithelium would provide
a higher chance of oscillations being generated. In a season
when the toads track olfactory signals on a route to the breed-
ing site, such an increase in the neurons was induced in the
present study. Resultant enhancement of oscillations would
provide a favorable condition for migrating toads to discrim-
inate various odors in the environment because oscillatory po-
tentials in the EOG are suggested to synchronize neural
activities in the olfactory bulb, where processing of incoming
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neural information takes place (Dorries and Kauer 2000;
Nikonov et al. 2002).
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