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Abstract

Frogs produce two distinct yet highly coordinated ventilatory behaviors, buccal and lung.

Lung ventilation occurs in short episodes, interspersed with periods of buccal ventilation.

Recent data suggests that two brainstem oscillators are involved in generating these behaviors,

one primarily responsible for buccal ventilation, the other for lung. Here we use a modeling

approach to demonstrate that the episodic pattern of lung ventilation might be an emergent

property of the coupling between the oscillators, and may not require a perturbing input from

another, as yet unidentified but previously postulated, neuronal oscillator.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Breathing is a complicated multiphasic motor act, involving the precise
coordination of a large number of muscles. Recent studies in chicks [4], embryonic
mice [1] and neonatal rats [7] using isolated brainstem preparations suggest that
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developing respiratory rhythm generators consist of at least two brainstem sites that
have independent rhythmogenic capability. In the frog, coupled respiratory
oscillators have been identified in the brainstem of juvenile animals [9], suggesting
that the use of multiple oscillators in respiratory rhythm generation may extend
beyond development. Understanding how these ‘neuronal oscillators’ communicate
and coordinate their activity is poorly understood and represents a major challenge
for respiratory neuroscience.
In the frog, there are two distinct, but highly coordinated forms of ventilation,

tidal ventilation of the buccal cavity (buccal ventilation) and tidal ventilation of the
lungs (lung ventilation). The distinct motor patterns corresponding to these two
forms of ventilation, known as buccal and lung bursts, are produced by cranial and
spinal nerves and are observable in an isolated brainstem preparation [5,6]. When the
partial pressure of carbon dioxide (PCO2) of the saline used to perfuse the
preparation is low, activity is dominated by small amplitude buccal bursts (the
default mode), but as PCO2 is elevated, buccal bursts are replaced progressively by
clusters of large amplitude lung bursts [10].
Recently, Wilson et al. [9] identified two loci within the brainstem that are

important for the generation of these motor patterns: a rostral site necessary and
sufficient for lung bursts, and a caudal site necessary and sufficient for buccal bursts.
When the brainstem was transected between these sites, the caudal half produced
continuous buccal-like bursts, whereas the rostral half produced occasional large
amplitude bursts. Based on these data and the results of several pharmacological
studies, Wilson et al. [9] proposed a coupled oscillator model for the respiratory
rhythm generator in the frog (see Fig. 1). This schematic model helps to explain how
lung and buccal ventilation is coordinated, but does not explicitly address the
switching back and forth between buccal and lung episodes.
It has been postulated that an external, as yet unidentified, neuronal oscillator is

needed to control the switching between the buccal and lung episodes. Our model
suggests that a third oscillator may not be necessary. Here, we study an idealized
computational model of two coupled oscillators and we show that the switching
between motor patterns (buccal and lung episodes) may be an emergent property of
a two coupled oscillator network.
Fig. 1. A schematic diagram of the proposed neuronal circuit. The circuit is composed of a lung oscillator

(L) and buccal oscillator (B). When L is active, it excites B; when B is active, it inhibits L. The B to L

inhibitory connection is hypothesized to be a facilitating synapse.
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2. Model and methods

The minimal model consists of one lung (L) and one buccal (B) oscillator, where
each oscillator is likely to represent the activity of a population of neurons. There is
an excitatory synapse from the lung to the buccal oscillator, and a facilitating
inhibitory synapse from the buccal to the lung oscillator. We have constructed the
model to be consistent with the experimental observations in Wilson et al. [9]. We use
a canonical neuronal model (the Morris–Lecar equations [8]) to describe the burst
envelope of each of the oscillators. These equations, together with those describing
dynamics of the synapses between oscillators, are:

cv0L ¼ Iapp;L � I leakðvLÞ � IKðvL;wLÞ � ICaðvLÞ � ginhsB½vL � Einh�; (1)

w0
L ¼ clðvLÞ½w1ðvLÞ � wL�; (2)

cv0B ¼ Iapp;B � I leakðvBÞ � IKðvB;wBÞ;�ICaðvBÞ � gexcsL½vB � Eexc�; (3)

w0
B ¼ fðvBÞlðvBÞ½w1ðvBÞ � wB�; (4)

s0L ¼ n½1� sL�s1ðvLÞ � ZsL½1� s1ðvLÞ�; (5)

s0B ¼ g½dB � sB�s1ðvBÞ � ksB½1� s1ðvBÞ�; (6)

d 0
B ¼ ½1� dB�d1ðvBÞ=ta � dB½1� d1ðvBÞ�=tb; (7)

where vL and vB denote the voltage of the lung and buccal oscillators, and wL and wB

are the potassium based recovery variables, respectively. The ionic currents in Eqs.
(1) and (3) are given by I leakðvÞ ¼ gl ½v � El �; IKðv;wÞ ¼ gKw½v � EK � and ICaðvÞ ¼

gCam1ðvÞ½v � ECa�; m1 ¼ 0:5½1þ tanhðv � v1Þ=v2�: The functions w1ðvÞ ¼ 0:5½1þ
tanhðv � v3Þ=v4�; lðvÞ ¼ ½coshðv � v3Þ=2v4�; d1ðvÞ ¼ 0:5½1þ tanhðv � v5Þ=v6�; s1 ¼

0:5½1þ tanhðv � v7Þ=v8� and fðvBÞ ¼ ½fL þ ½fR � fL�� 0:5½1þ tanhðvB � v9Þ=v10�:
Parameter values are c ¼ 20; c ¼ 0:04; fR ¼ 0:009; fL ¼ 0:1; v1 ¼ �1:2; v2 ¼ 18;
v3 ¼ 11; v4 ¼ 30; v5 ¼ �15; v6 ¼ 0:01; v7 ¼ 0; v8 ¼ 18; v9 ¼ 0; v10 ¼ 0:01; gl ¼

2; gCa ¼ 4:4; gK ¼ 8; El ¼ �60; ECa ¼ 120; EK ¼ �84: The applied current
Iapp ¼ 96 for L and 110 for B. Note that v5 is the threshold for facilitation of the
inhibitory synapse and v7 is the threshold of synaptic transmission. Note further that
all variables and parameters are in dimensionless units.
The synapse from L to B is excitatory and is governed by Eq. (5). The parameters

gexc ¼ 5; Eexc ¼ 0; n ¼ 1; Z ¼ 1 indicate that this a strong and fast synapse. The
synapse from B to L is inhibitory and facilitating. The strength of a facilitating
synapse increases as a function of usage. The equations used to describe its dynamics
are given in Eqs. (6) and (7) and are based on a model of short-term synaptic
plasticity used in [2]. The variable dB measures the level of facilitation of the synapse,
while sB incorporates this information to L in Eq. (1). Specifically when vB4v5; the
synapse facilitates and dB increases towards one with time constant ta ¼ 1250:When
vBov5; the synapse de-facilitates and it decreases towards zero with time constant
tb ¼ 22: The variable sB is coupled to dB when vB4v7ð¼ 0Þ: Then sB increases
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towards dB with rate g ¼ 1: Note that this rate is relatively large implying that sB is
effectively equal to dB whenever VB40: When VBo0; sB is decoupled from dB and
decays towards 0 with rate k ¼ 0:5; which is equivalent to a fast decay of inhibition.
The parameters ginh ¼ 0:4 and E inh ¼ �75:
3. Results

The main purpose of our work is to show that a two oscillator model can
automatically produce the switching between lung- and buccal-driven episodes of
breathing. We first show simulation results that illustrate the two different forms of
ventilation and the switching between them. We then describe the basic mechanisms
behind this phenomena using concepts from bifurcation theory.
In Fig. 2, we show simulation results from our network. The equations were solved

using the software XPP [3]. The rhythmic pattern switches between lung- and buccal-
driven episodes as indicated in the figure. For the parameters chosen, there happens
to be two buccal oscillations for every four lung oscillations. During the lung-driven
episode, both L and B are actively bursting (‘on’). The facilitation variable dB

increases monotonically because vB is always greater than the threshold for
facilitation, v5: This causes the inhibition to L to increase with each burst of L
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Fig. 2. An example of oscillations in which there is switch between two different types of rhythms: lung

and buccal. [Top] vL (black) and vB (gray) versus time; lung and buccal episodes are indicated. [Bottom] sB
(gray) and dB (black) versus time.
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and B as the variable sB attains the value of dB whenever vB increases through zero.
Eventually, the inhibition becomes strong enough to completely suppress lung
oscillations, and the rhythm switches to the buccal-driven mode.
During the buccal-driven episode, the strongly inhibited L is not active (‘off’), and

B undergoes its intrinsic oscillatory dynamics. During part of the bursting cycle, vB
falls below v5: Because the time constant tb is not too large, this causes a fairly rapid
de-facilitation of the synapse (i.e. a decrease in the level of facilitation). However, vB
spends relatively little time below v5: Thus, it takes two buccal oscillations before
inhibition from B to L is weakened by the synaptic de-facilitation to the point that
allows L to fire. In other words, the inhibition from B becomes too weak to continue
to suppress L firing.
Next we will explain why the system switches between these two oscillatory modes

and does not remain fixed in a single mode of ventilation. Let us first consider the
lung oscillator under fixed levels of inhibition. With no inhibitory input, the lung
oscillator undergoes stable large amplitude oscillations. At sufficiently high levels of
inhibition, the inhibitory input kills off the oscillations and only a quiescent state
exists. However, in an intermediate range of inhibition, both of these behaviors
co-exist (i.e. bistability exists). That is, as the level of inhibition changes, the system
undergoes a subcritical Hopf bifurcation and the large amplitude oscillation
arise/disappear via a limit point bifurcation. The bifurcation diagram is plotted
in Fig. 3.
Now let us consider the full system and how the lung and buccal oscillators affect

one another. Assume that the system is initially at the beginning of a buccal episode.
At this time, because there is no input onto the buccal oscillator, the buccal
undergoes its intrinsic oscillations. Furthermore, inhibition on the lung oscillator
from the buccal oscillator is very high and the lung is quiescent. That is, the system is
effectively on the stable quiescent branch of the lung bifurcation diagram at point A.
The intrinsic buccal oscillations have a relatively short duty cycle and therefore a
relatively low level of buccal firing. This causes the buccal to lung inhibitory synapse
to slowly de-facilitate and the inhibition of the lung oscillator slowly weakens
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Fig. 3. The bifurcation diagram of the lung oscillator L in response to constant inhibition ginhsB: Dark

gray lines represent the value of vL at steady-state solutions (quiescent states); light gray represent

minimum and maximum values of vL on periodic orbits (oscillating states). Solid and dashed curves signify

stable and unstable solutions, respectively. The dynamics of synaptic facilitation lead to hystersis between

the quiescent and oscillating states as indicated by the arrows on the branches of bifurcation diagram.
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(the net inhibition sB decreases). Thus, the system moves from point A to point B
along the stable quiescent branch of the lung bifurcation diagram.
Eventually inhibition becomes so weak that the system reaches point B and the

quiescent state of the lung oscillator loses stability. The lung oscillator then begins
to fire in an oscillatory manner. That is, the system has moved through the
subcritical Hopf bifurcation and has moved to point C on the periodic solutions
branch of the lung bifurcation diagram. Thus, there is a switch from the buccal to
lung episode. The activity of the lung oscillator increases the excitatory drive to the
buccal and, in doing so, increases the duty cycle of the buccal. This in turn causes
the inhibitory synapse to begin to slowly facilitate and the system moves from point
C towards point D, along the branch of periodic solutions on the lung bifurcation
diagram.
Eventually the buccal-to-lung inhibitory synapse facilitates so much that the

system reaches point D on the bifurcation diagram. Here, inhibition shuts down the
oscillatory activity in the lung oscillator via the limit point bifurcation. The system
then returns to point A on the lung bifurcation diagram (i.e. the initial point of the
buccal episode), and the pattern begins again.
In Fig. 2, it is easy to note that dB oscillates between a maximum and minimum

value, dmax and dmin: The values dmax and dmin can be calculated by finding the values
at which the system of equations undergoes a limit point bifurcation of periodic
orbits (points A & D) and a subcritical Hopf bifurcation (points B & C), respectively.
Let TL denote the time the network spends in a lung-driven episode and TB the time
spent in a buccal-driven episode. The time TL is then the time it takes for dB to
increase from dmin to dmax and the time TB is the time needed to decrease from dmax

to dmin: Note that the increase of dB is monotonic during a lung episode, whereas dB

both increases and decreases during a buccal episode. The duration of a lung-driven
episode TL and the number of lung bursts within an episode can be increased by
making the facilitation time constant ta larger. Alternatively, by making the time
constant for de-facilitation tb larger, we can increase the duration TB of the buccal-
driven episode and the number of buccal bursts in an episode (simulations not
shown).
4. Conclusions

This work is proof of principle that the switching back and forth between lung and
buccal episodes may be an emergent property of the coupling between these
oscillators. Consequently, external input regulating the switching between episodes
may not be necessary.
In the context of our modeling framework, bistability and a slow time-dependent

process are essential for episodes. In the current model, the bistability is intrinsic to
the lung oscillator; the slow time-dependent process lies in the facilitation of the
inhibitory synapse from the buccal to the lung oscillator. However, in the biological
circuit, the bistability and the slow time-dependent process may reside elsewhere and
could be distributed across multiple sites within the circuit.
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