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Abstract Taste buds endure extreme changes in tempera-
ture, pH, osmolarity, so on. Even though taste bud cells are
replaced in a short span, they contribute to consistent taste
reception. Each taste bud consists of about 50 cells whose
networks are assumed to process taste information, at least
preliminarily. In this article, we describe a neural network
model inspired by the taste bud cells of mice. It consists of
two layers. In the first layer, the chemical stimulus is trans-
duced into an irregular spike train. The synchronization of
the output impulses is induced by the irregular spike train at
the second layer. These results show that the intensity of the
chemical stimulus is encoded as the degree of the synchroni-
zation of output impulses. The present algorithms for signal
processing result in a robust chemical-sensing system.

Keywords Chemical sensor array · Taste bud ·
Spiking neural network · Synchronization

1 Introduction

Taste bud cells sense taste. The oral cavity is not a good
environment for taste bud cells. A fall in pH or a sudden
change in temperature often occurs in the oral cavity. The
taste bud cells work properly under such unpleasant envi-
ronments. The turnover of taste bud cells occurs in a short
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period (Beidler 1970; Farbman 1980). A fatigued taste bud
cell is replaced with a new one that may not have identi-
cal sensitivity. Although the turnover may cause inconsistent
sensitivity for taste reception, taste is consistently recognized
in this chemical-sensing system with non-identical sensing
units. Such ability is beneficial for a chemical-sensing device
in engineering.

Each taste bud consists of several tens of cells, which are
classified into types I to IV (Lindemann 1996). Each cell type
is assigned to different roles. Type II and III cells have taste
receptors. Type I and IV cells are considered to be support-
ive cells and precursors of the other cell types, respectively.
Type II cells are constituted of about 10 cells in a taste bud on
mouse fungiform papillae (Ohtubo 2007; Ohtubo and Yoshii
2011). The number of type III cells is about two in a fun-
giform taste bud (Ohtubo 2007; Ohtubo and Yoshii 2011).
Type III cells make synaptic contacts with nerve terminals
(Seta and Toyoshima 1995) and are considered output cells
that relay the identity and intensity of chemical stimuli to
the brain. Type II cells do not have synaptic contacts with
taste nerves. Signal transmission from Type II cells to Type
III cells is necessary for taste signal processing. Type II cells
release ATP (Huang et al. 2007; Dando and Roper 2009).
ATP stimulates other taste cells to release serotonin, which
causes responses of afferent taste fibers. Further, mouse Type
III cells have ATP receptors (Kataoka et al. 2004). This indi-
cates cell-to-cell communication in taste buds.

An improvement in signal sensing by noise in mechan-
ical or electric receptor cells has been reported (Douglass
et al. 1993; Moss et al. 1994; Braun et al. 1994; Levin and
Miller 1996; Freund et al. 2002; Neiman and Russell 2002;
Galán et al. 2006). The hair mechanoreceptor in the cray-
fish tail fan is specialized for the detection of small-ampli-
tude water motions (Wilkens and Douglass 1994). In the
presence of noise, the sum of the subthreshold signal and
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the noise generates an action potential in sensory neurons
(Douglass et al. 1993). Noise-induced synchronization in
a pair of uncoupled non-identical electroreceptors exists in
paddlefish (Neiman and Russell 2002). In noise-induced syn-
chronization, Gaussian noise induces the synchronization of
bursts in a pair of uncoupled electroreceptors. A stochas-
tic process encodes sensory input to neural spikes, and sig-
nal-encoding algorithms via the stochastic process could be
introduced into a chemical-sensing system.

Wedescribehereasignal-processingalgorithmforachem-
ical-sensing system in which the intensity of the chemical
stimulus is transduced into a neural spike train. The design
of the present chemical-sensing system was inspired by mice
taste bud cells and consists of two layers: a Type II cell layer
and a Type III cell layer. Spike synchronization induced by
a random signal transmission was considered at the Type
III cell model layer. The intensity of the chemical stimulus
was encoded as a degree of the synchronization of the output
impulses.

2 Methods

A schematic diagram of the present chemical-sensing system
is shown in Fig. 1. It consists of 10 Type II and 2 Type III
cell models. There was no connection among the Type II cell
models. It is assumed that the Type II cell models received
chemical substances. A receptive membrane will be intro-
duced as a branch of the Type II cell models. A chemical stim-
ulus increased the input resistance of the Type II cell models
and led to depolarization of the membrane potentials. When
the Type II cell models fired, action potentials were converted
to telegraph pulses. The telegraph pulse trains derived by
the Type II cell models were superposed. The resulting sum
of the telegraph pulse trains converged equally on the Type
III cell models. The common telegraph pulses elevated the
membrane state variables of the Type III cell models. When
the membrane state variables reached the threshold, output
impulses were generated, and the degree of synchronization
between output impulse trains was evaluated.

2.1 Type II cell model

Ionic currents of mouse Type II taste cells are primarily
transient sodium and outward rectifier currents (Kimura
et al. 2007). The outward rectifier currents consist of ATP
efflux mediated by ATP-permeable channels whose reversal
potential is near 0 mV (Romanov et al. 2008). The ATP-
permeable channels are slowly activating and deactivating
channels. Those indicate that the ATP current contributes
less to shaping action potentials. For simplicity, the outward
current was replaced with a passive current. We used a tran-
sient sodium model (Izhikevich 2007) as the Type II cell
model consisting of transient sodium and leak currents:

Fig. 1 Schematic diagram of chemical-sensing system. The chemical-
sensing system consists of 10 Type II cell models and 2 uncoupled Type
III cell models

Cm
dvi

dt
= −ḡNam3∞,i hi (vi − eNa)− gl(vi − el) (1)

+ξi (t)
dhi

dt
= h∞,i − hi

τh(vi )
, (2)

where i = 1, 2, . . ., 10. gl is the leak conductance. Input
to the Type II cells was fed to gl. The modulation of gl

changed the input resistance of the Type II cells. The param-
eters were fixed at Cm = 1 µF/cm2, eNa = 60 mV, el =
−60 mV, and ḡNa = 15 mS/cm2. ξi (t) is the Gaussian noise.
<ξi (t)ξi (t

′
)>= σ 2

natδ(t − t
′
). σnat = 2 mV ms−1/2 unless

otherwise specified.
The rate function of the sodium current is:

m∞(vi ) = 1

1 + exp((−40 − vi )/9)
(3)

h∞(vi ) = 1

1 + exp((62 + vi )/7)
(4)

τh(vi ) = 1.2 + τamp · exp

(
− (−67 − vi )

2

400

)
. (5)

Inactivation variable hi of the sodium current has a volt-
age-dependent time constant. The mouse taste receptor cells
take ∼1 s for recovery from inactivation (Ohtubo et al. 2008;
Ohtubo 2009). That time constant is roughly 100 times larger
than the typical value reported by Izhikevich (2007). Here,
τamp = 740 ms.

The synaptic input to the Type III cell models was given by
the sum of the spike trains derived by the Type II cell models.
The sum of many independent spike trains has an exponen-
tial distribution of interspike intervals. A single Type II cell
model randomly elicited spike trains of action potential. The
interspike interval distribution was skewed to the right at gl of
0.8 mS/cm2. By adding 10 spike trains, an exponential-like
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distribution was obtained. A spike train derived by 10 inde-
pendent Type II cell models had sparse or dense interspike
intervals. The mean coefficient of the variation was 0.9 at gl

of 0.8 mS/cm2.

2.2 Type III cell model

Electrophysiological properties of Type III cells are still
unknown. Mouse Type III cells have transient sodium cur-
rents and outward rectifier potassium currents (Kimura et al.
2007). The outward rectifier currents are TEA-sensitive
potassium currents, which cause quick repolarization after
excitations. Type III taste cells are likely to be a spiking neu-
ron. The present Type III cell model is part of a canonical
phase model proposed by Neiman and Russell (2002). The
Gaussian noise drives the qualitative changes in the firing
pattern of their single neurons and changes from a quasiperi-
odic to a bursting mode. In a pair of non-identical uncoupled
neuron models, the synchronization of noise-induced bursts
is induced. The slow dynamics of the canonical phase model
works as a key for noise-induced synchronization.

The Type III cell model is the slow dynamics of the canon-
ical phase model of Neiman and Russell (2002):

ε
dψ j

dt
= 1 − ε sinψ j (t)+ s(t)+ ζ j (t) ( j = 1, 2) , (6)

where ε = 20 ms and ε1 = ε2 = 1.1. The cells are identical.
If membrane state variable ψ reaches or exceeds threshold
value 2 π , the cells fire, producing an output event. The form
of the action potential was not explicitly described. Imme-
diately after that, ψ resets to 0. ζ j is the Gaussian noise.
< ζ j (t)ζ j (t ′)>= σ 2

c δ(t − t ′). σc = 0.005 ms−1/2 unless
otherwise specified.

The telegraph pulse input was given by s(t). The telegraph
pulse fluctuates between 0 and 1. In Sect. 3.1, the random
telegraph pulse was applied as s(t). The duration of the pulse
was fixed at 5 ms. Jumps from 0 to 1 occurred randomly. In
Sect. 3.3, the telegraph pulse was derived by an array of Type
II cell models.

The Type III cell model has a single shallow potential well
in which membrane state valueψ stays constant. The bottom
of the potential well is at ψ∗ = sin−1(1/ε), which is a stable
fixed point. During s(t) = 1, the stable fixed point disappears
by saddle-node bifurcation. The potential slope becomes a
monotonous decremental function, and then ψ moves along
the potential slope. If the pulse duration is sufficiently long,
ψ reaches 2π , and the Type III cell model fires. If ψ fails
to reach the threshold value, ψ returns to the stable fixed
point. In this study, the intensity of s(t) was 1, and the dura-
tion of the random telegraph pulse was 5 ms, which is below
the strength–duration curve of the Type III cell model. The
strength–duration curve is the relation between the strength
of the applied current and the time it takes for ψ to get from

ψ∗ to the firing threshold. Membrane state variable ψ does
not overshoot the threshold by a single telegraph pulse. Two
or more successive pulses are necessary for excitation.

2.3 Computer simulation

Before simulations of the Type II–Type III network model,
we separately simulated the Type II and Type III networks.
First, a pair of uncoupled Type III cell models was stimulated
by the random telegraph pulse that was equally given to the
Type III cell models. The interpulse intervals of the random
telegraph pulse were drawn from an exponential distribution.
Jumps from 0 to 1 occurred randomly. The mean interpulse
interval T was varied. The pulse duration was fixed at 5 ms.

In addition, a pair of Type III cell models was stimulated
by the periodic telegraph pulse. The robustness of the syn-
chronization of the output impulses to the noise intensity was
assessed.

The degree of the synchronization of the output impulses
in the Type III cell pair was quantified by the following
equation:

γ 2 = < sin�φ>2+ < cos�φ >2 , (7)

where �φ is the phase difference between the cells. The
brackets denote the average over time. The phase φ j (t) of
impulse trains in each Type III cell ( j = 1, 2) increased by
2π every time an impulse occurred, and was interpolated lin-
early between sequential impulses. For an evaluation of γ , at
least 20 impulses were used. Assessment by a few impulses
caused overestimation of γ . The synchronization index is
also known as the vector strength.

Second, the sum of the independent spike trains derived by
an array of Type II cell models was obtained. No interaction
between the Type II cell models existed. The mean interspike
interval of the sum of the spike trains was obtained. Spikes
of 103 were collected at incremental step gls, which ranged
between 0.15 and 1.0 mS/cm2. The mean value and the stan-
dard deviation of the interspike intervals were calculated, as
well as the coefficient of variation.

In the Type II–Type III network model, we assumed that
leak conductance gl declined with the intensity of the chem-
ical stimulus. The Type II cell model generated a random
telegraph pulse. The spiking frequency of the Type II cell
model was dependent on gl. An action potential was con-
verted to a telegraph pulse. The membrane potential of the
Type II cells was first converted to a telegraph pulse si (t)
(i = 1, 2, . . .,10) via the Heaviside function θ(vi (t)− 40).
Those telegraph pulses were superposed:

s(t) =
{

1 if si (t) = 1 for any i = 1,. . .,10,
0 otherwise.

(8)

The resulting sum of the telegraph pulse trains was com-
monly inputted to the Type III cell models. The common
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Fig. 2 Synchronization of impulses induced by the random telegraph
pulses in a pair of uncoupled Type III cell models. γ was ∼0.8 around
the mean interpulse interval T = 50 ms

telegraph pulse train elicited impulses of the Type III cell
model. The degree of synchronization of the output impulses
in a pair of Type III cell models was assessed by Eq. 7.

3 Results

3.1 Stochastic synchronization of impulses in a pair
of uncoupled Type III cell models

The common random telegraph pulse train simultaneously
elicited impulses in the Type III cell models. High synchroni-
zation index was observed in the pulse interval range between
20 and 100 ms (Fig. 2). When the telegraph pulses succes-
sively occur, the Type III cells tend to elicit a spike simulta-
neously. By shortening the mean interpulse interval T , bursts
of the telegraph pulses increased. Consequently, the synchro-
nization index improved to T = ∼20 ms. In the range of
T below 20 ms, membrane state variable ψ was frequently
depolarized and hardly stayed near the stable fixed point.
Such fluctuations lowered the degree of the synchronization
of the impulses. Further, a continuous depolarization step
current led to a low synchronization index (data not shown).
The synchronization of the output impulses was facilitated
by a pause between bursts of telegraph pulses.

The random telegraph pulse led to more robust synchro-
nization in a pair of uncoupled Type III cell models than the
periodic telegraph pulse in the presence of noise (Fig. 3).
The Gaussian noise introduced unpaired impulses and low-
ered the degree of the synchronization of the impulses in both
cases. The weak noise did not disturb synchronization of the
Type III cell pair in either the periodic or random drives. For
the random telegraph pulses, the rate of decrement was less
steep. When the noise was relatively strong, the phase dif-
ference�φ appeared as a sequence of rapid jumps. Constant
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Fig. 3 Robust synchronization by the random telegraph pulse in a pair
of uncoupled Type III cell models. filled circle: random telegraph pulse.
Mean interval = 50 ms. Unfilled circle: periodic telegraph pulse. Pulse
interval = 50 ms

values of �φ were more likely to be observed. Therefore,
the synchronization index remained high. For the periodic
telegraph pulse trains, the noisy phase dynamics were found.
The phase differences were broadly distributed between 0
and 2π . Thereby, the synchronization index became low.

3.2 Telegraph pulses generated by array of Type II cell
models

The sum of the spike trains derived by an array of Type II
cell models had an exponential-like distribution of inters-
pike intervals. The coefficient of the variation of the interval
density was ≥ 0.9 in the range of gl between 0.15 and 1.0
mS/cm2. The mean interval of the sum of the spike trains
depended on leak conductance gl (Fig. 4). The mean interval
decreased with a decrease in gl. As the decrease in gl low-
ered the potential barrier for excitation, the mean interval was
shortened. In the range of gl below 0.7 mS/cm2, the mean
interval was shorter than 100 ms. The array of the Type II cell
models potentially induces a high degree of synchronization
of output impulses in a pair of Type III cell models in the
range of gl below 0.7 mS/cm2.

3.3 Spike synchronization in Type II—Type III network
model

An array of Type II cell models is commonly connected with
Type III cell models. The superposition of spike trains derived
by Type II cell models worked as common random telegraph
pulses. The common random telegraph pulse induced the
synchronization of output impulses. Synchronization index
γ is summarized in Fig. 5. The synchronization of output
impulses was facilitated with a decrease in gl. Further, the
frequency of the output impulses increased. Those results
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Fig. 4 Mean interval of superimposed spike train derived by an array
of 10 Type II cell models. The abscissa is in reverse order
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Fig. 5 Synchronization index in the Type II–Type III network model.
Synchronization index γ in a pair of uncoupled Type III cell models
was plotted as a function of gl of Type II cell models. γ monotonically
increased with a decrease in gl. The abscissa is in reverse order

imply that the intensity of the chemical stimulus can be rep-
resented by the degree of the synchronization of the out-
put impulses. When gl = 0.85 mS/cm2, the synchronization
index was occasionally overestimated due to a low frequency
(<0.005 Hz). This caused a large error bar.

4 Discussion

Our present chemical-sensing system proposed a signal
transduction from the intensity of the chemical stimulus into
the degree of synchronization of neural spikes. The intensity
of the chemical stimulus was converted into a random tele-
graph pulse train. Those random telegraph pulses induced
the synchronization of the output impulses in uncoupled

excitable cells. Consequently, the intensity of the chemical
stimulus was encoded by the degree of synchronization of
the output impulses.

Synchronization of output impulses between the Type
III cells is a working hypothesis. However, two experimen-
tal results support our hypothesis. First, in an experiment
on voltage-sensitive dye, taste stimulation induced synchro-
nized depolarization (or hyperpolarization) of taste bud cells
(Ohtubo et al. 2001). Second, there are paracrinic systems in
taste buds. The chemical transmitter is released into the extra-
cellular space among taste bud cells. Such chemical transmis-
sion may elicit simultaneous neural activity in the Type III
cells.

The synchronization of uncoupled oscillators induced by
common noise is known as noise-induced synchronization.
Common random telegraph pulses can also induce the syn-
chronization of uncoupled nonlinear oscillators (Nagai et al.
2005; Nagai and Nakao 2009). The common random tele-
graph pulse induced the synchronization of impulses in a pair
of uncoupled Type III cell models in this study. The Type III
cell model is not in the oscillatory mode, but in an excitable
state. While s(t) = 0, membrane state variable ψ stays near
the fixed point in the presence of weak noise. The common
telegraph pulse simultaneously stimulates both Type III cell
models. Therefore, output impulses simultaneously occur in
a pair of Type III cell models.

The intensity of the present telegraph pulse was below the
strength–duration curve of the Type III cell model. A single
telegraph pulse does not elicit an impulse in the Type III cell
model. Two or more successive pulses are needed for impulse
generation in the Type III cell model. On the other hand, the
synchronization index was high in the range of mean interval
T between 20 and 100 ms. Short interpulse intervals (T < 20
ms), however, decreased the degree of synchronization of
the output impulses. While high frequency inputs increased
the spiking frequency, such frequent depolarizations rather
disturbed simultaneous spiking. Membrane state variable ψ
returns at pauses between depolarization pulses. An adequate
pause of the telegraph pulses facilitates the synchronization
of the output impulses in the Type III cell pair.

As mentioned, a burst-like telegraph pulse train efficiently
induces the synchronization of impulses in uncoupled Type
III cell models. Such burst-like telegraph pulses were drawn
from the exponential distribution of interpulse intervals.
An exponential-like interpulse interval distribution emerges
from the sum of independent pulse trains. A single Type
II cell model has a right-skewed interval distribution. The
interval distribution derived by the sum of spike trains does
not depend on the exact spiking times of each spike train.
Such random spike trains are consistently derived by the Type
II cell model network. This suggests that a fatigued sensor
is simply replaced with a new one in a chemical-sensing
system.
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As shown in Fig. 3, the random drives caused robust
synchronization of impulses in a pair of the Type III cell
models. When the Gaussian noise was relatively strong, the
phase difference between the Type III cell models appeared
as a sequence of rapid jumps. This is the phase slip. The
phase differences were kept small. The phase slip is found in
noisy systems in which a particle moves in a tilted potential
with local minima (Pikovsky et al. 2001). Those local min-
ima appear every 2π . The Type III cell models also have a
tilted potential with local minima in the absence of telegraph
pulse drives. The telegraph pulses shallow out potential wells.
When impulses occur, the membrane state variable ψ jumps
to next potential wells. If ψs stay near local minima, jumps
coincidentally occur. As a single telegraph pulse is too weak
to elicit an impulse, several successive pulses are needed
to elicit an impulse. In the case of the random telegraph
pulse train, a volley of the telegraph pulses elicits impulses of
the Type III cells. In between the pulse volleys,ψs stay at the
local minima in the potential. Therefore, certain values of the
phase difference were observed. On the other hand, the peri-
odic telegraph pulses elicited impulses that were entrained
by the input telegraph pulses in the absence of the Gauss-
ian noise. It was 1:n phase-locking. Those phase-locks were
weak to the noise. Consequently, the phase differences exhib-
ited noisy dynamics.

Mouse taste bud cells are not fast-spiking (Noguchi et al.
2003). The step current elicits a single spike or a few spikes at
the beginning of the stimulus. The slow recovery from inacti-
vation of the sodium channel causes long pauses of interspike
intervals of taste bud cells. The present Type II cell model
possesses slow recovery from sodium inactivation. The inter-
val density of a single Type II cell model had a gamma-like
distribution with long intervals. This causes a long interval
in the sum of the spike trains derived by an array of Type II
cell models. As a result, the common telegraph pulse exhibits
stochastic alternations between 0 and 1 with adequate pauses.

The present chemical-sensing system will be involved in
the cascade of layers in a neural network that ultimately
classifies tastes. Sensory information is processed through a
chain of diverging/converging links. A synchronous volley in
the chemical-sensing system elicits a synchronous volley in
the next layer. If synchronous transmissions of neural activ-
ity from layer to layer, such as a synfire chain (Abeles 1991),
are assumed, the present chemical-sensing system can be the
first layer of a neural network model for taste reception.
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