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Abstract

The neuronal multiunit model presented here is a formal model of the central pattern generator (CPG) of the amphibian
ventilatory neural network, inspired by experimental data from Pelophylax ridibundus. The kernel of the CPG consists of
three pacemakers and two follower neurons (buccal and lung respectively). This kernel is connected to a chain of excitatory
and inhibitory neurons organized in loops. Simulations are performed with Izhikevich-type neurons. When driven by the
buccal follower, the excitatory neurons transmit and reorganize the follower activity pattern along the chain, and when driven
by the lung follower, the excitatory and inhibitory neurons of the chain fire in synchrony. The additive effects of synaptic
inputs from the pacemakers on the buccal follower account for (1) the low frequency buccal rhythm, (2) the intra-burst high
frequency oscillations, and (3) the episodic lung activity. Chemosensitivity to acidosis is implemented by an increase in the
firing frequency of one of the pacemakers. This frequency increase leads to both a decrease in the buccal burst frequency
and an increase in the lung episode frequency. The rhythmogenic properties of the model are robust against synaptic noise
and pacemaker jitter. To validate the rhythm and pattern genesis of this formal CPG, neurograms were built from simulated
motoneuron activity, and compared with experimental neurograms. The basic principles of our model account for several
experimental observations, and we suggest that these principles may be generic for amphibian ventilation.
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1 Introduction

In amphibians, respiratory gas exchanges occur in several
locations (skin, gills and lungs), and the relative contri-
bution of each of these respiratory modes changes with
development (Burggren and West 1982). The first devel-
opmental stages take place in water, and gas exchange of
both O, and CO; occurs through the skin and the gills
(Sundin et al. 2007). With metamorphosis, the animal’s
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metabolic needs increase. The gills regress, and the lungs,
which are more efficient for respiratory function, and in
particular for oxygen uptake, expand. Elimination of CO,
becomes the critical factor in the maintenance of inter-
nal milieu, and the associated chemosensitivity to acidosis
increases (Gargaglioni and Milsom 2007; Sundin et al.
2007). In the aquatic environment, pre-metamorphic tad-
poles respire by propelling water over the gills. Rhythmic
contractions of the mouth muscles move the buccal floor
up and down, causing water to flow over the gills. This
buccal pump is activated by a buccal neuronal command.
In post-metamorphic tadpoles, the buccal pump also fills
and empties the oropharynx with air, but both lung infla-
tion (inspiration) and deflation (expiration) are enabled by
coordinated opening of the glottis and closing of the nares,
which are activated by a predominant neuronal command,
the lung command (Vasilakos et al. 2006). The lung venti-
lation neuronal command becomes more and more frequent
after metamorphosis, while only small oscillations of the
buccal floor persist (Burggren and Doyle 1986). Most stud-
ies of the amphibian ventilatory neuronal command have
examined neurograms recorded from cranial nerves (V, VII,
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IX and X)) in isolated brainstem preparations of the bullfrog
tadpole (Lithobates catesbeianus/Rana catesbeiana). These
preparations exhibit ventilatory motor rhythms similar in
frequency to those characterized in vivo (Sakakibara 1984a;
1984b; McLean et al. 1995; Torgerson et al. 1997; Gdovin
et al. 1998; Wilson et al. 1999; Gdovin et al. 1999). In the
neurograms, the buccal rhythm is characterized by periodic
bursts while the lung rhythm is expressed as less frequent
episodic shorter bursts of higher amplitude. There is some
evidence that two separate brainstem respiratory oscillators
are involved in rhythm generation, one for the buccal rhythm
and another for the lung rhythm (Vasilakos et al. 2006).
Spontaneous expression of a functional neuronal lung com-
mand is observed in pre-metamorphic tadpoles. Though
infrequent while the buccal command is active, its expres-
sion becomes more frequent when the buccal command is
absent (Galante et al. 1996; Duchcherer et al. 2013). Sev-
eral studies have explored the central chemosensitivity that
influences the buccal rhythms and the frequency of lung
episodes. Indeed, the effects of p H changes corresponding
to normocapnia (pH = 7.8) or hypercapnia (pH < 7.8
or acidosis) were assessed in the isolated tadpole brainstem,
at different developmental stages (Torgerson et al. 1997,
Taylor et al. 2003; Vinaya and Ignatius 2018; Straus et al.
2011). The lung oscillator has a rostral position while the
buccal oscillator is located more caudally (Vasilakos et al.
2006; Duchcherer et al. 2013). They likely involve premotor
neurons that project onto motoneuron populations innervat-
ing respiratory muscles. Optical signals also revealed that
ventilatory rhythmic activity was exhibited by a longitudi-
nal column in the ventrolateral medulla between the levels
of trigeminal and hypoglossal rootlets (Oku et al. 2008).
In mammals, the existence of two respiratory oscillators
has been well characterized in rats (for review see Feld-
man and Del Negro 2006).These are associated with two
brainstem nuclei, the pFRG and the preBotC (Smith et al.
1991; Onimaru et al. 2003). It has been hypothetized that
these oscillators may have originated from those control-
ling the gills and lungs of the earliest air breathers (Wilson
et al. 1999; Vasilakos et al. 2004) -the frog buccal cen-
ter is suggested to be analogous to the rat pFRG, and the
lung center to the preBotC- though their relative positions
along the rostro-caudal axis are reversed. There has been
much computational modeling of the fundamental mecha-
nisms of respiratory central pattern generation in mammals,
often integrating large amounts of experimental data (see
for instance Wittmelier et al. 2008; Rubin et al. 2011; Car-
roll and Ramirez 2013; Guerrier et al. 2015; Lal et al. 2016;
Anderson and Ramirez 2017; Diekman et al. 2017; Molkov
et al. 2017). Inspiratory and expiratory phases are clearly
separated in mammals, so their CPG models attribute spe-
cific neuronal units to these functions, active at precise
phases of the ventilatory periodic cycle. In contrast, there
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have been few computational studies of respiratory rhythm
generation in amphibians: the two-oscillator Morris-Lecar
neuron network (Bose et al. 2005), and the Izhikevich loop-
chain with synchronisation (Horcholle-Bossavit and Quenet
2009). In amphibians, both lung inflation and deflation are
governed by the same neuronal episodic lung command
superimposed on a basis of a periodic buccal command.
The amphibian ventilatory command organization seems to
differ essentially from the mammalian, and direct resem-
blances, however justified from a phylogenetic point of
view, are difficult to establish. Our model of the amphibian
ventilatory neuronal network is informed by several exper-
imental studies. Galante et al. (1996) recorded neurograms
of the in vitro brainstem of the bullfrog tadpole, and showed
that gill rhythmicity, expressed earlier in development than
lung activity, seems to be dependent on synaptic inhibition.
They also suggest that gill rhythmogenesis involves neurons
with pacemaker properties. This constitutes an interesting
synthetic framework for developing a model able to account
for some processes involved in the genesis of the amphib-
ian breathing patterns. Our model is also informed by our
earlier study of neurograms from the marsh frog Pelophy-
lax ridibundus (Quenet et al. 2014). Our analysis of these
neurograms, recorded in pre- and post-metamorphic tadpole
brainstem preparations, was based on continuous wavelet
transform (CWT), as well as spectral and cross-correlation
analyses, and centered on buccal activity. It revealed the
internal structure of the buccal bursts. In particular, fast
oscillations (20-25 Hz) characterize these bursts and are
prominent in pre-metamorphic tadpoles.

We have built the formal neuronal model presented here
in order to model the basic mechanisms underlying the com-
plex temporal patterns of global brainstem-spinal amphibian
ventilatory network activity. Our ventilatory central pattern
generator (CPG) had to incorporate three major experi-
mental facts: (1) buccal and lung activity depends on the
tadpole’s stage of development (pre- or post-metamorphic);
(2) such activity is also dependent on pH; and (3) buccal
bursts exhibit intra-burst structured high frequency oscilla-
tions. In this network model, the CPG sensitivity to pH
is supplied by a neuronal chemosensitivity. The chemore-
ceptor is modeled as an autonomous regular spiking neuron
(Perkel et al. 1964), i.e. a pacemaker neuron, whose fir-
ing frequency increases as the pH falls (Rigatto et al.
2000). It sends an excitatory input to two follower neurons
representing the two identified command centers, the buc-
cal command center and the lung command center, which
integrate information from this input, as well as informa-
tion from other pacemaker neurons. The network is built
with formal neurons of Izhikevich-type (Izhikevich 2003).
The CPG is composed of a core of 5 excitatory neurons
including 3 pacemakers, and a loop-chain of 70 excitatory
and inhibitory neurons, including premotor neurons. The
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model was validated by computing simulated neurograms
from summed motoneuron activities driven by the premotor
neurons. These simulated neurograms were analyzed with
the same signal processing tools used for the analysis of
experimental neurograms (Quenet et al. 2014).

2 Method

Our complete network consists of two functionally distinct
groups of connected Izhikevich-type formal neurons: a
CPG and a motoneuron layer. The main part of the
model, with its dynamic properties, resides in the CPG, a
recurrent network that projects inputs through a feedforward
pathway to the motoneuron layer. The CPG network is built
with pacemaker neurons, excitatory follower neurons, and
excitatory and inhibitory chain neurons. The only role of the
motoneuron layer is to constitute a neuronal access to the
CPG output in order to mimic the physiological conditions
in which neurograms are elaborated.

2.1 Izhikevich type neuron

The standard Izhikevich neuron captures many biological
properties of realistic Hodgkin-Huxley type conductance-
based models, with a simpler numerical implementation
(Izhikevich 2003; 2004). In this model, the potential of each
neuron is given by the two ordinary differential equations in

Eq. (1):

i = 0.04-07 +5- v + 140 —u; + I; 0

d,
G=a- v —uw)

The equations in Eq. (1) are implemented on the basis
of an explicit first-order Euler scheme, using the stabilising
leapfrog method: at each time step, v; (¢) is computed using
v; (t —dt) and u; (t — dt), but u; (¢) is computed using v; ()
rather than v; (t —dt). The integration time step dt represents
a biological time duration of 1 ms when it equals 1; in the
simulations of the present neural network model, dt = %
ms, v;(¢) is the membrane potential in mV of neuron i at
time ¢, and u;(¢), in mV, is an auxiliary negative feedback
variable at time ¢. The two dimensionless parameters a and
b define the neuron type, together with two other parameters
c and d, introduced for resetting v; (¢) and u; (¢), respectively
(see Eq. (2) below). In this situation, the state of neuron i at
time ¢ is S;(¢), which equals 1 when v; () > 30 mV (spike
emission) and otherwise equals 0. The after-spike resetting
is defined by the following conditions:

Vi <= C

ui < u; +d @

The parameter values a and b are standard values for
the tonic spiking Izhikevich Model. The d parameter of the
pacemaker neurons is not critical, since, whatever d, the
input currents can be adapted to get the target frequencies.
However, the d value for the two followers is lower than
the others, in order to get a greater sensitivity to the
synaptic input current. All these parameter values are given
in Table 1.

A modification of the standard Izhikevich neuron is
introduced as a constraint on the value of v;(t) before
computing u; (¢): it introduces an explicit refractory period
which limits the spiking frequency of neuron i. Once the
differential equations in Eq. (1) are implemented, v; () may
be computed:

vi(t — dt) +dt-(0.04 - v; (t — dt)>+5 - v;(t — dt)
= +140 — u; (t — dt) + ;1)) 3)

v; (1)

If v;(r) is higher than a reference membrane potential
value (-55 mV), and the time delay from the last spike
of neuron 7 is smaller than a given refractory period (1.5
ms), a correction of (-2 mV) is applied to v;(¢) before the
computation of u; (¢):

vi(t) = (vi(t) —2)
ui(t) = ui(t —dt)y+dt-(a-(b-vi(t) —u;(t —dr)) 4)

The input and synaptic contributions to Izhikevich
neuron i at time ¢ are delivered through the variable [;(¢) in
mV (cf. Eq. (3)), which represents an input current in mA
multiplied by an implicit resistance of 1 ohm. It is made
up of three contributions: an ‘extrinsic’ current If”(t),
related to the external contributions as detailed below, an
‘intrinsic’ current or membrane current Il.’”e’"b , accounting

Table 1 Values of a, b, ¢ and d for the different types of neurons

where type a b c d

Pre-metamorphic

CPG Pacemakers 0.02 0.2 —65 5
CPG Followers 0.02 0.2 —65 0.02
CPG Excit/Inhib 0.02 0.2 —65 1.5
Mot MNI1 0.02 02 —80 3
Mot MN2 0.02 02 —80 8

Post-metamorphic

CPG Pacemakers 0.02 0.2 —65 5
CPG Followers 0.02 0.2 —58 0.001
CPG Excit/Inhib 0.02 0.2 —65 0.1
Mot MNI1 0.02 0.2 —-80  0.05
Mot MN2 0.02 0.2 —-80 0.2
Mot MN3 0.02 0.2 —-80 0.1
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for membrane properties, and a stochastic noise current
stoch (..
().

Li(6) = IE¥ (0) 4 1"  [51h (1)
Iistoch(t) ~ N(0, 0_2) )

The value of dr has been chosen as a negative power of
2, in order to code it exactly according to IEEE floating
point format. We have verified that with d¢ lower than or
equal to 273, the network spiking pattern is stable. Our
simulations were done with dr = 273 for computational
efficiency. The noise current applied to neuron i at time
tis Il.”""h (1), a stochastic realisation of a pseudo-random
generator, independently of all other realisations. It is
supposed to correspond to small fluctuations of the synaptic
currents, without big jumps, which is described adequately
by a Gaussian white noise (Vinaya and Ignatius 2018).
N(0, 0?) is a centered normal distribution with standard
deviation o. In the CPG simulations, o is set at 0.2 and is
increased for the noise robustness analysis.

2.2 Synaptic contributions

We consider synapses as sources of current and not
conductances stricto sensu, i.e., the synaptic current does
not depend on the postsynaptic membrane potential (Roth
and Van Rossum 2009). The current contribution If’” () on
neuron i at time ¢ is computed:

N
@) =Y "+ 10 (6)
Jj=1

where Iisjy "(t) is the explicit synaptic current from
presynaptic neuron j to postsynaptic neuron i in a network
of N neurons, and Il.“dd () is an additional diffuse ‘synaptic’
current that concerns the motoneuron layer only. The
synaptic current Il.sjyn (¢) is either excitatory, Il.sjy TN, or
inhibitory, ;""" (¢). Both are of instantaneous rise/single-
exponential decay type (Roth and Van Rossum 2009). The
analytical expression of the exponential synapse decay for
t > tp, when the synaptic rise occurred at 7y, is given by the
corresponding recurrent equation:

syn
Iijy (fo) = wij - Gmax

I,A/yn ) = Wij - Gmax e—8~(t—t0)
= Il.sjyn(t) = Ifj:m(t —dt)y-(1—=45-dr)
t >t (7)
where w;; is the weight of the synapse from neuron j to
neuron i, which is positive for an excitation or negative for

an inhibition, Gpax is the maximal current of a synapse
of weight equal to 1, and & is the rate of the synapse
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exponential decay. The excitatory explicit synaptic current
. Syn—ex , ..
is computed for /; ; (t):

L7770 = wij - Gy - St — 1)

¥
+Ijjy”‘” (t —dt) - (1 — 8 dt)

wij > 0 (8)
where G{,. is the maximal current of an excitatory synapse

of weight equal to 1, §°* is the rate decay for an excitatory

synapse, and t is the transmission delay,% ms (equal to dt)

for all synapses. The inhibitory explicit synaptic current is

computed for Iisjy nin (0):

1" () = wij - Gty - Sj(t—1)
=+1§]?’”*"”(t—dt)-(1—5"" ~dt) - €;(t) - 8 -dt

with :

€ij (1) =o-wj- G St —1)
+eij(t —dt)- (1 —n-dt)
=Wwj; <0

€))

Where Ginmax is the maximal current, in absolute value,
of an inhibitory synapse of weight equal to (-1), and 8"
is the rate decay for an inhibitory synapse. The variable
€;j(t) guarantees that the postsynaptic neuron i membrane
potential remains inferior or equal to the resting potential
after any effective inhibition. It is computed with two
factors, o« = 0.05, and n = 0.01. This correction is applied
to avoid artifactual post-inhibitory spiking. The synaptic
parameters have been adapted in order to get the target
neuronal dynamics and their values are given in Table 2.

2.3 Core of the CPG: Pacemakers and additive
synaptic effect on followers

Pacemaker neurons are defined as autonomous regular
firing neurons (Wittmeier et al. 2008). Each pacemaker
neuron i is implemented as a neuron receiving a steady (or
periodic) depolarizing current Il.m”"b = Il.P whose intensity
(or frequency) determines the pacemaker frequency. When

Table 2 Values of Gnax and 8 for the different types of synapses

where type G max[mV] 8 [ms~ 1 1
Pre-metamorphic
CPG Synexcpg 48 0.19
CPG Synincpg 10 0.05
Mot Synexmot 2.5 0.05
Post-metamorphic
CPG Synexcpg 48 0.19
CPG Synincpg 10 0.05
Mot Synexmot 50 8.9
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a follower F'1 receives synaptic excitatory inputs from two
pacemakers P1 and P2 firing at frequencies vl and v2
respectively, its membrane potential performs an addition of
the corresponding synaptic potentials. The spikes of P1 and
P2 are periodically coincident at frequency |v1 — v2|, so
the follower membrane potential oscillates at this frequency
too, with a maximum corresponding to the periods when
the pacemaker spikes are the most coincident. With adapted
synaptic weights, when P1 and P2 are spiking almost in
phase, F'1 exhibits a spiking activity, and is otherwise silent.
The burst frequency of F1 corresponds to |[v1 — v2| and
the intra-burst frequency is around # Depending on
the synaptic weights, this additive synaptic effect at the
level of the post-synaptic follower membrane may lead, for
each higher value of the membrane potential modulation, to
one or more spikes. Thus, the follower firing pattern may

exhibit two frequencies: the burst low frequency and the
high spiking frequency inside the bursts. In Fig. la, F1
receives synaptic excitatory inputs with the same synaptic
weights from two pacemakers P1 and P2. In Fig. 1b, a
follower F2 receives synaptic excitatory inputs from three
pacemakers P1, P2, and P3, whose frequencies are vl,
v2, and v3, respectively. The synaptic weights from P2 and
P3 are equal, set at a value too weak to elicit any spiking
activity. However, the additive effect between P2 and P3
modulates F2 membrane potential at the frequency |v2—v3|
in such a way that a small increase due to the synaptic effect
from pacemaker P1, when coincident with the two other
pacemakers, may elicit a spike, or not, leading to episodic
spiking activity of F2.In Fig. Ic, two followers, F'1 and F2,
receive synaptic excitatory inputs from three pacemakers
P1, P2, and P3. P1 and P3 are the dominant pacemakers

a b c
p2=>F2 P2 = F2
v2=31.1 Hz v2=30.9 Hz
P2 v1=32.6 Hz v2=30.9 Hz 2 v3=31.1Hz
¥amBisl e b) v3=31.4 Hz
Pl v1=32.6 Hz v1=32.6 Hz
2

F1

Vv 0 il ww‘ kil jire ‘ ‘

| “‘
PO TR "'""'””‘[s] I
0 1 2 3 0 4

Fig. 1 Periodic modulations of the follower membrane potentials. a
The buccal follower F'1 receives excitatory inputs from Pacemakers
P1 and P2. F1 membrane potential and spikes are shown in red line
and red dots, respectively and the corresponding synaptic input current
from P1 and P2 is shown in black traces, revealing the periods when
P1 and P2 spike in phase and the periods when they spike in anti-
phase. When P1 and P2 are spiking in phase, F'1 exhibits a spiking
activity, and it is silent otherwise. The burst frequency of F'1 corre-
sponds to the difference between the frequencies of P1 and P2 (32.6
Hz-31.1 Hz = 1.5 Hz). b The lung follower F?2 receives excitatory
inputs from the three pacemakers P1, P2 and P3. P2 and P3 are con-
nected to F2 with strong synapses (thick arrows) and P1 is connected
to F2 with a weak synapse (thin arrow). F2 membrane potential and
spike are shown in green line and green dot, respectively, and the corre-
sponding synaptic input current from P 1, P2 and P3 is shown in black
traces. In this case, the membrane threshold for spiking is reached
only once during three periods of the membrane modulation, modula-
tion that reflects the periodic modulation of the synaptic input current,

/144

a
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b
WY A )
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whose dominant frequency corresponds to the difference between the
frequencies of P3 and P2 (31.1 Hz-30.9 Hz = 0.2 Hz). The unique
spike results from the spike coincidence of the three presynaptic pace-
makers. ¢ The three pacemakers P1, P2 and P3 are connected to
the two followers: the buccal periodic bursting follower F1 and the
lung episodic spiking follower F2. The connections P1 + F1 and
P3 +— F1 are dominant for F1 (thick arrows), while the dominant
connections to F2 are P2 — F2 and P3 — F2. The frequencies of
P1 and P2 are fixed, while the frequency of P3, the equivalent of a
chemosensitive pacemaker, is increased with ‘hypercapnia’ (i.e when
the p H changes from 7.8 to 7.4) from 31.1 Hz to 31.4 Hz (magenta).
This frequency increase of P3 induces two effects on the follower
activities (from a) to b)): a decrease of the periodic bursting frequency
of the buccal follower F'1 (from 1.5 Hz to 1.2 Hz) and an increase
of the periodic modulation of the synaptic input to F2 (from 0.2 Hz
to 0.5 Hz), thus, consequently, an increase in the number of spiking
occurrences of the episodic lung follower F2 (green dots)
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on F'1, with synaptic weights leading F'1 to exhibit a cyclic
bursting activity; the synaptic efficiency of the connection
from P2 to F1 is low, introducing some irregularities. P2
and P3 are dominant pacemakers on F2, and together
with the low synaptic efficiency connection from P1 to
F2, they elicit an episodic response from F2. When the
frequency of P3 -which is dominant on both followers- is
increased, the burst frequency of F1 decreases while the
frequency of the membrane potential modulation of F2
increases (compare Fig. 1cb, where the burst frequency of
F1is 1.2 Hz, and there are three F2 spikes, with Fig. Ica,
where the burst frequency of F'1 is 1.5 Hz, and there is only
one F?2 spike). This means that increasing the frequency
of P3, which represents a chemosensitive pacemaker, may
induce simultaneously two opposite effects on F1 and
F2: a decrease in the bursting frequency of F1 and an
increase in the episodic firing frequency of F2 (because its
firing possibility increases, which is due to the increased
membrane potential oscillation frequency, whose maxima
are more frequently close to the spiking threshold).

2.4 Central pattern generator network

The architecture of the CPG, illustrated in Fig. 2a, is based
on two components. The first component is a generator
core of 5 neurons (3 pacemakers and 2 followers), with
the same configuration described above in Section 2.3
and illustrated in Fig. 1c. The periodic follower F1 is
now B, the buccal follower. The episodic follower F2
is now L, the lung follower. Pacemaker P1 is now BP,
i.e. a dominant pacemaker for B, while pacemaker P2
is now L P, a dominant pacemaker for L. Pacemaker P3
is now CH, dominant for both B and L. It represents
the chemosensitive element of the network, whose regular
firing frequency increases as the p H falls from 7.8 to 7.4.
CO;-chemosensitive neurons have been observed to display
such increases in frequency in several empirical studies
(Ballantyne and Scheid 2000; Putnam et al. 2004; Santin
and Hartzler 2013; Rigatto et al. 2000).

The second component of the CPG network is a set of
connected loops organized in a chain whose basic loop is
shown in Fig. 2b. From an anatomical point of view, we
consider a rostro-caudal extension of the chain as suggested
by optical recordings (Oku et al. 2008). The core is
connected with the chain as follows: the B follower, which
is neuron n°1 of the network, is an excitatory presynaptic
neuron to the first neuron of the chain (neuron n°2), and
is inhibited by the first inhibitory neuron(s) of the chain
(neuron n°3 for pre-metamorphic tadpoles, and neurons n°3,
5, and 7 for post-metamorphic tadpoles). The L follower
(neuron n°75) is an excitatory presynaptic neuron to all
the neurons of the chain and it is inhibited by all the
inhibitory neurons of the chain. When B follower is active,
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each excitatory neuron of the chain transmits a delayed
copy of the periodic activity of B. This delay corresponds
to the sum of conduction and synaptic transmission times
(included in the synaptic delay 7) and the membrane
integration time until spiking. The activity pattern of the
followers depends on the balance between the excitatory
contributions from the pacemakers and the inhibitory
contributions from the chain inhibitory neurons, when
active. Fig. 2c illustrates part of the CPG chain, together
with six excitatory neurons (n°50, 52, 54, 56, 58, 60) which
form a ‘premotor module’ that projects excitatory synapses
onto motoneuron population(s). The matlab simulation
codes is made available through ModelDB

2.5 Motoneuron layer and simulated neurograms

There are two motoneuron subpopulations, M N1 and M N2
for the pre- and post-metamorphic stages, and, additionally,
a third, M N3 is specific to the post-metamorphic stage. In
subpopulations M N2 and MN3 -comprised of N2 and
N™"3 neurons respectively- the generic element m receives
an excitatory synaptic current from the NP8 premotor

neurons:
NCPg

> I;yn (t) that is independent of m (see Fig. 2c). All

=1
of {hese neurons also receive the same additional current
1944 (1) representing the global modulation effects of weak
and diffuse synaptic implicit contacts from excitatory and
inhibitory neurons of the CPG in the neighborhood of the
‘premotor module’ (all neurons from n°40 to n°70). The
other subpopulation, M N 1-comprised of N"*! neurons-
has no explicit synaptic connection from the CPG, but
is activated by the CPG through the modulation current
1994 (1) only. All the N™' NmlNmn2 (o ymn3
in the post-metamorphic stage) receive the noise current
I,ff”“h (t). The various contributions to the global current
I,,,(t) received by a motoneuron m of a subpopulation are
expressed as follows:

Im(t) — Iadd(l‘) + Inr;wmb + I"X{wh(l‘)

Vm e MN1
NEY syn add memb stoch (10)
Ln(t) = X I () + 199(0) + L™ + L)°" (1)
j=1
VYm e MN2

The current I7¢"®, which defines the membrane
threshold of motoneuron m, is distributed according to the
same function illustrated in (11) for the three populations;
N represents Nmnl gmn2 g Amn3 ang poff B and y are
different for the different populations.

1

Irt’111emb — Ioff _ E . (ln(((m —1)- eﬂ'V -1

N -1

+ 1) (11)
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single loop
¥

Fig. 2 Architecture of the ventilatory model. a Topological con-
figuration of the CPG network with a core of three pacemakers
(B P, corresponding to P1, LP, corresponding to P2, and CH, a
‘chemosensitive’ pacemaker, corresponding to P3 of Fig. 1) and two
followers (B, corresponding to F1, and L, corresponding to F2 of
Fig. 1), with a chain composed of loops of connected excitatory and
inhibitory neurons. B follower is excitatory to neuron n°2 and receives
inhibitory connections from neuron n°3. L follower is excitatory to
B and to all the neurons of the chain; it receives inhibition from all
inhibitory neurons. b Each loop of the chain connects two excitatory
neurons and one inhibitory neuron together. The complete CPG com-
prises 75 neurons. ¢ Motoneuron layer and connections from the CPG:
six excitatory neurons of the CPG chain (the even numbered neu-
rons from n°50 to 60) are the excitatory premotor neurons projecting

Once the I¢"b for each neuron of a motoneuron
subpopulation has been defined, it is possible to compute the
number N"¢¢ of recruited neurons as a function of a steady
current /5" applied to the motoneurons. Because I,’,:’e’"b is
a negative monotonic decreasing function of m, if a neuron
numbered m is recruited with input current I¥?, it implies
that the neurons numbered from 1 to m — 1 are also active

* MN1

- Q0000000 T0®
.. O

MN2

onto a single motoneuron subpopulation M N2 (gray octagons). Each
motoneuron of subpopulation M N2 receives excitatory synapses from
the six premotor neurons, as illustrated for 10 such motoneurons. There
is another motoneuron subpopulation M N1 (black octagons), which
does not receive any explicit synaptic connection from the CPG, but
integrates a modulation current as a smoothed summation of CPG neu-
ron activity around the 6 premotor neurons. The M N2 neurons also
receive this modulation current. d Representation of both the explicit
synaptic connection and the diffuse implicit connection between the
CPG and the motoneuron layer: the red rectangle and the thick red
arrow represent the explicit synaptic connections from the premo-
tor neurons toward M N2, and the thin dashed blue and red arrows
directed towards M N1 and M N2 represent the diffuse connection,
which drives motoneuron activity through the modulation current

when they receive I°'. In order to measure the minimal
current necessary to recruit each single motoneuron m,
simulations were performed where the motoneuron receives
both its hyperpolarizing membrane current I,’,:’emb ,and a
steady current /%7, which is incremented in order to find the
minimal value that allows the motoneuron m to fire with
a spike ‘train’ (at least two spikes). This minimal value
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defines the current threshold /"¢ for motoneuron m. So
for each given value of a steady current /°, the number
of active neurons N"¢¢, i.e. the number of neurons whose
I,ﬁf””h < I’!, is defined as follows:

N
Ni’e{,’(ISt) — Z H(IS),‘ _ I’;hresh) (12)
n=1

where H is the Heaviside function.

The steps involved in the construction of a simulated
neurogram are illustrated in Fig. 3, taking into account that
extracellular time course recordings are related to the time
course of the first derivative of the membrane potential
(Anastassiou et al. 2015; Plonsey 1977). A weighted sum of
the derivatives of all motoneurons’ membrane potentials is
performed, with weights randomly chosen in the interval [-
1,1] to account for the amplitude effect of the distribution
of distances between axons and the ‘recording electrode’
(Fig. 3b). A low-filtering post-treatment of this signal is
applied in order to allow a visual comparison with the
experimental neurograms. Neurograms were simulated for a
duration of five minutes, with parameters adapted to obtain
‘pre-metamorphic’ and ‘post-metamorphic’ signals, at both
pH =7.8 and pH = 7.4. From each simulated neurogram,
a new signal, Sig, is computed as the result of a zero-
phase filtering of the neurogram, using a moving average
rectangular window of 10 ms width. An additional signal
S100 is computed in a similar manner, with a window of 100
ms width. The detection of the local minima of Syqg signal
allows the segmentation of Sjg into cycles (buccal bursts).
S10 signals are analyzed with the same tools applied to the
experimental signals in order to obtain amplitude profiles,
through correlation analysis, and frequency profiles, using
CWT (Quenet et al. 2014).

3 Results

Simulations of the activities of the CPG neurons and
of the motoneurons were performed in two conditions
corresponding to both pH = 7.8 (normocapnia) and
pH = 7.4 (hypercapnia or acidosis). The pH =
7.4 condition is simulated by an increase in the CH
frequency response at the level of the CPG neurons for
both pre-metamorphic and post-metamorphic tadpoles. The
post-metamorphic stage is based on the same network
architecture as the pre-metamorphic network. The activity
of the premotor neurons of the CPG chain drives the
motoneurons whose global activity leads to the simulated
neurograms. The neuronal and synaptic characteristics of
the CPG and of the motoneurons are adapted in order
to reproduce by simulation the main features observed

@ Springer

in the experimental neurograms recorded in brainstem
preparations from Pelophylax ridibundus tadpoles.

3.1 Pre-metamorphic stage

At the pre-metamorphic stage CPG activity is driven by the
buccal follower activity while the lung follower is silent.
The buccal activity is characterized by bursts occurring
at low frequency (LF) and intra-burst oscillations at high
frequency (HF). These characteristics are stably maintained
in the presence of synaptic noise.

3.1.1 Activity of the CPG

In the example of CPG activity shown in Fig. 4, the values
of the buccal frequencies are those measured in tadpole T2
analyzed in Quenet et al. (2014). Mean BP frequency is
set to 32.7 Hz, and mean CH frequency to 31.2 Hz for
pH = 7.8 and to 31.5 Hz for pH = 7.4. Thus, the
buccal frequency, i.e., the difference between BP and CH
frequencies, appears at 1.5 Hz for pH = 7.8 and at 1.2 Hz
for pH = 7.4, respectively. The weights of the excitatory
synapses from B P and C H to the buccal B follower are the
main factors which determine the duration of the follower
activity, and thus the buccal burst duration. The inhibition
received by neuron B from the first inhibitory neuron of
the chain (neuron n°3) modulates the intraburst frequency,
at values slightly lower than the pacemaker frequencies.
This B activity pattern propagates along the chain with a
time delay at each transmission. The intra-burst oscillation
pattern is modified at each step of the chain by a membrane
filtering effect: as the distance from the follower increases,
this pattern becomes more regular. The values of the d
parameter of the B follower, and of the chain neurons
are set so as to obtain, at the level of the 6 excitatory
premotor neurons (50, 52, 54, 56, 58 and 60), a quasi-
regular activity at the experimentally-observed frequency
(around 21 Hz).

3.1.2 Robustness of the CPG activity against noise

The simulation illustrated in Fig. 4 was computed using
noise currents whose generic term, Ii”“h (t), is randomly
drawn at each time step, and for each neuron. The noise
current Il:””Ch (t) is a realisation of the zero-centered
Gaussian distribution, whose standard deviation o is put at
the value 0.2 in the standard simulations. This noise current
represents a physiological synaptic noise that disturbs the
original -deterministic- input currents. The effect of this
noise current on the neuronal dynamics is evaluated by the
computation of a noise ratio, defined as the ratio of the
mean noise current absolute amplitude (computed on all the
neurons and all the time steps of the simulation) to the mean
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Fig.3 Step by step building of a
simulated neurogram in order to
obtain a signal comparable to an
experimental neurogram: a
Membrane potential of three

M N1 motoneurons (brown, at
bottom) and three M N2
motoneurons (purple, at top),
equivalent to intra-cellular
recordings. b Random weighted
sum of the derivatives of all of
the motoneurons’ membrane
potentials, in order to obtain the
equivalent of multiunit
extracellular recordings. ¢
Addition of a white Gaussian
‘instrumental noise’ (blue trace)
that perturbs the signal by about
12%. d Subsampling from 8
kHz (simulation sample rate) to
2 kHz (experimental sample rate
for data of Pelophylax
ridibundus. E) Left: amplitude
spectrum computed by Fast
Fourier Transform of the
subsampled simulated signal
over a five-minute period.
Center: mean envelope extracted
from the amplitude spectrum
computed on experimental
neurograms. Right: modified
amplitude spectrum resulting
from the multiplication of the
original spectrum of the
subsampled simulated signal
with the ‘experimental envelop’.
F) Reconstruction of the
simulated neurogram by Inverse
Fourier Transform applied to the
modified spectrum. By this
stage, a simulated neurogram
can be compared to an
experimental one
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Fig. 4 Neuronal components, connectivity matrix, and activity of the
ventilatory pre-metamorphic CPG neurons. a The inset shows a neu-
ron membrane potential and its corresponding spiking frequency in
response to the up-down ramp current: each dot corresponds to an
action potential. Frequency up-down ramp current curves for the three
types of CPG neurons (the maximum of the double ramp current I in
green is set at a value which corresponds to an external depolariza-
tion of 20 mV for all neurons): P for the pacemakers (black dots), B
for the buccal follower (red dots), and the other excitatory (red dots)
and inhibitory (blue dots) neurons of the chain. b Connection matrix
of the CPG network as illustrated in Fig. 3: blue squares are inhibitory

deterministic current amplitude the neurons receive, in
percent. When 0=0.2, for dt = 273 the noise ratio is about
3% .The noise current is applied to all the 75 neurons of the
CPQG, including the pacemakers which consequently exhibit
jittered regular spiking around their mean frequencies. The
value of ¢ = 0.2, and its consequence of an about 3%
noise ratio, induces a pacemaker jitter that can be estimated
by the standard deviation of the pacemaker instantaneous
frequency distribution, around 0.15 Hz.

In order to evaluate the robustness of the neuronal CPG
model against noise, we performed simulations for a tadpole
in normocapnia, for different values of o within the range
[0 — 4.3]. The noise ratio quantifies the effect of o on the
neuronal dynamics and the quantification of the effect on
the frequency properties of this noisy dynamics is made by
using the peak amplitude and frequency at LF and at HF
as descriptors, as measured on the frequency profile. The
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1 2 3

connections and dark and light red squares are excitatory connections.
¢ Raster plot representing 3.5 seconds of CPG neuronal activity at
pH = 7.8. Six excitatory premotor neurons (the even-numbered neu-
rons from n°50 to 60, indicated by an asterisk) are directly connected
to the M N2 motoneurons. They are surrounded by 10 preceding neu-
rons (5 excitatory and 5 inhibitory neurons from neuron n°40) and 10
following neurons (5 excitatory and 5 inhibitory neurons, to neuron
n°®70): they together define a neuronal population (blue dashed rect-
angle in ¢) which contributes to the motoneuron activity of M N1 and
M N2 through the modulation current. A scatter plot of the activity of
the premotor neurons alone is shown below

frequency profile is computed with the time frequency map
(CWT) of the filtered sum of the membrane potential of the
6 premotor neurons. The red dotted curves of Fig. 5b and ¢
show a slow and regular decrease in the LF peak amplitude
(B) with a stable frequency value (C). The black dotted
curves of Fig. 5b and c show a slow and regular increase
in the HF peak amplitude (B) and a very slow decrease
of its frequency value (C). These curves, together with the
premotor signals and profiles as illustrated in Fig. 5d, e and
f, show that the main features of the CPG activity, the ones
that we consider physiologically significant, are present for
a wide range of o, between [0 — 1.7], corresponding to
noise ratios up to at least around 30%. In this last case, a
pacemaker jitter is about 1.5 Hz. Table 3 indicates, for a
tadpole in normocapnia configuration of the network and
for dt = 273 ms, the correspondence between five values
of sigma and the noise ratio.
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Fig.5 Effect of synaptic noise on the oscillation pattern and frequency
profile at the premotor level. The network corresponds to a tadpole
in normocapnia configuration. a The sum of the membrane potentials
of the premotor neurons (n°50 to 60) is low-pass filtered: this sig-
nal exhibits the oscillation pattern of the bursts. The last curve is the
corresponding frequency profile. The red and black dots indicate the

3.1.3 From motoneurons activities to neurograms

In order to compare the patterns generated at the level
of the CPG premotor neurons with experimental data that
represent the activity of a group of motor axons, we consider
a layer of motoneurons driven by these CPG premotor

Table 3 Correspondence between o and the noise ratio in the
simulations illustrated in Fig. 5

0.2
3

0.9
15

1.7
30

2.6
45

43
60

o

noise ratio %

\\\\\

0.6
¢ Noise

I

Vi

Pt

amplitude of the LF and HF peaks respectively. b Evolution of LF (red
dots) and HF (black dots) peak amplitudes as functions of the mea-
sured noise ratio. ¢ Evolution of LF (red dots) and HF (black dots)
frequencies as functions of the noise ratio. d Sum of the membrane
potentials for five values of the noise ratio (0, 15, 30, 45 and 60%) with
their corresponding filtered signals (E) and frequency profiles (F)

neurons. The activity of the two populations of motoneurons
depends on their parameters and the input currents they
receive (equations (10) and (11)). The global motoneuron
activity generates simulated neurograms, that are compared
to experimental neurograms.

Motoneuron recruitment The curves in Fig. 6a represent
the neuron number as a function of its threshold current
(it also represents the number of recruited neurons as a
function of the input current) for the two motoneuron
populations MN1 and M N2, at both values of pH. The
components of the extrinsic currents from the CPG network
and the noise current are represented in Fig. 6b. All MN 1
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Fig. 6 Recruitment and activity patterns of motoneurons. a Recruit-
ment curves of M N1 (square) and M N2 (asterisk) motoneurons at
pH = 7.8 (black) and pH = 7.4 (red). Two motoneurons are marked:
n°20 of the M N1 population in green, and n°30 of the M N2 popu-
lation in cyan. The minimal value of the steady current to fire M N1
n°20 at pH = 7.8 is indicated, in black, idem for pH = 7.4 in red.
b Time evolution during 3.5 seconds of the three components of the
external current received by the M N2 motoneurons at pH = 7.4: (1)
the synaptic current from the premotor neurons (red), (2) the modula-
tion current integrating the activity of excitatory and inhibitory neurons
of the CPG around the premotor neurons (blue), (3) the Gaussian noise
(gray dots). All M N2 receive these three currents. M N1 neurons only

motoneurons receive the same modulation current and a
noise current: their individual activity depends on their
individual threshold. The same process applies for M N2
motoneurons, which also receive the premotor synaptic
current. These motoneuron activities for populations M N 1
and M N2 are shown in Fig. 6¢c and d, at pH = 7.8 and
pH = 7.4 respectively. For the same simulation duration
of 3.5 seconds, we observe 5 bursts at pH = 7.8 and only
4 bursts at pH = 7.4, as a direct consequence of the burst
frequency decrease at the CPG premotor level, in response
to the frequency increase in the chemosensitive pacemaker
CH.

Simulated and experimental neurograms As described
in Section 2.5, the simulated neurograms result from
the weighted summation of the motoneuron membrane
potential derivatives. The quasi-synchronous spiking of the
M N?2 motoneurons, mainly recruited by the 6 premotor
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Steady current to fire
MN1 n°20 for pH=7.4.

Premotor neurons

1M

|

receive the modulation and noise currents. ¢ Raster plot of 3.5 sec-
onds of neuronal activity at pH = 7.8. Six premotor neurons (red)
and 80 motoneurons (black, 40 M N1 and 40 M N?2) are involved. The
motoneuron activity is presented as two raster plots stacked with M N 1
below and M N2 above. The neurons firing first (i.e. firing at lower
currents) are at the bottom of the stack for each subpopulation, and the
following neurons are ranked according to their increasing recruitment
current. The firing patterns of two motoneurons: M N1 n°20 and M N2
n°30 are underlined, in green and in cyan, respectively. d Raster plot
of 3.5 seconds of premotor neuron activity and motoneuron activity at
pH =74

neurons of the CPG (Fig. 6), is at the origin of the high
amplitude peaks in the neurograms, and thus at the origin
of the Sy signal intraburst oscillations. They reflect the
B follower activity pattern. The asynchronous spiking of
the M N1 motoneurons is due to the global modulation
from the CPG and leads to higher neuronal activity in the
middle of each burst (Fig. 6). This asynchronous activity
is at the origin of the ‘bump’ that carries the oscillations
in the simulated Sy¢ signal in Fig. 7. The noise at the
motoneuron level affects the burst activity and generates
a few interburst spikes, which are more numerous at
pH = 7.8 than at pH = 7.4. Because the pH =
7.4 recruitment curve is shifted towards higher values, a
same noise level at both pH leads to a smaller number
of recruited motoneurons at pH = 7.4. These features -
oscillations, ‘bump’ and interburst activity- are similar to
those observed in the experimental traces from the pre-
metamorphic tadpole brainstem preparations.
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Fig. 7 Experimental and simulated traces (neurograms and Sy sig-
nals) in pre-metamorphic tadpoles, at pH = 7.8 (a) and pH = 7.4
(b). In both experimental and simulated neurograms (black), five buc-
cal bursts occur at pH = 7.8, and only four bursts at pH = 7.4, in

Amplitude and frequency profiles Simulations were per-
formed in order to get simulated neurograms corresponding
to five minute recordings. Deeper insights in the compari-
son between simulated and experimental data are obtained
by applying to the simulated neurograms the analysis tools
previously applied to the experimental neurograms. Seg-
mentation and cycle alignment by cross-correlation allows
cycle maps to be built, and mean amplitude profiles to be
computed (see Fig. 8a, b, c, for pH = 7.8 and pH = 7.4).
All the cycle maps (experimental and simulated) reveal very
similar vertical dark bands corresponding to local ampli-
tude maxima of the Sjo cycles, on which the maxima of
the mean amplitude curves are superimposed. These maps
and profiles reveal the structured oscillations of the buccal
bursts.

CWT allows time-frequency maps to be built, and mean
frequency profiles (or CWT spectra) to be computed. All
the profiles, at both values of pH, exhibit two peaks: an
LF peak around 1 Hz, and an HF peak around 21 Hz.
However, the amplitude of the 1.5 Hz peak in the pH =
7.8 profile (blue line) is higher for the simulated data
than that of the experimental data, which suggests a lower
variability of the buccal cycle duration in the simulation
than in the experimental data. As a consequence, a small
peak at double the value of the LF (i.e, its second harmonic),
appears in simulation profiles but is absent in the illustrated
experimental profile (T2 in Quenet et al. 2014). Note
that another experimental neurogram, also exhibits such a
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a 3.5 second period. Simulated neurograms are visually similar to the
experimental neurograms. In all cases, Sy signals (red) show the same
types of intraburst oscillations

second harmonic at pH = 7.8, in relationship with a more
stable corresponding LF (see T3 frequency profile: Fig. 4 in
Quenet et al. 2014), i.e. the variability is less than in the T2
example. In the simulated neurograms, the variability of the
buccal cycle duration is mainly due to noise in the CPG.

Simulation of suppressing the buccal activity Figure 9
shows that two configurations of the connection matrix in
the CPG produce quasi-identical S signals computed from
the simulated neurograms (see A2 and B2 corresponding
to matrices Al and BI, respectively). The Al and Bl
matrices represent the same connectivity but in Bl the
excitatory synapses to and from L follower are significantly
higher than in Al. The buccal activity is the same when
simulated in either configuration. In both configurations the
L follower is silent: in configuration A1, the silence of L is
due to a subthreshold excitation, while in configuration B1,
the silence of L relies on a balance between the excitation
and inhibition it receives. This inhibition is activated,
because the chain neurons are activated by the B follower.
The interest of configuration B1 is that it permits possible
lung burst activity: in a simulation of 300 seconds a single
lung spike occurred (not shown). Experimental recordings
from Pelophylax ridibundus brainstem preparations have
shown that some pre-metamorphic preparations exhibit
infrequent lung bursts (Straus et al. 2011). Such lung
activity has also been observed in pre-metamorphic
brainstem preparations from the Rana Catesbaiana tadpole
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Fig. 8 Simulated and experimental amplitude profiles and frequency
profiles. a and b Amplitude cycle maps and profile computed from
the Sjo simulated and experimental signals. Each cycle map is built
by stacking the segmented cycles and by positioning them using cross
correlation with a reference cycle; each line of the map represents
one cycle whose amplitude value is coded in gray scale. An ampli-
tude profile (blue for pH = 7.8 in A and magenta for pH = 7.4 in

(Gdovin et al. 1999). This lung activity may occur more
frequently when the buccal activity is suppressed, by
synaptic blockade of the caudal part of the brainstem which
contains components of the ventilatory CPG (Duchcherer
et al. 2013). To test the effect of suppressing buccal
activity in the model, simulations were performed using the
connection matrix C1, where the B follower is completely
disconnected from the CPG network, as well as the more
‘caudal’ neurons of the chain, i.e., neurons n°61 to n°71
(Fig. 9d). The corresponding S1o signal exhibits no buccal
activity at all, but does exhibit episodic short bursts driven
by the L follower only, which synchronizes all of the
chain neurons, and in particular the premotor neurons. This
premotor synchronization leads to complete motoneuron
recruitment. In the model, the episodic ‘lung’ activity
results from a supra-threshold synaptic balance at the level
of the L follower, as is frequently the case with the
excitatory connections in matrix B1 when the B follower is
disconnected. Thus, the buccal rhythm is absent in the chain,
as well as from the periodic inhibition on the L follower,
so at the level of the neurogram, only L episodes are
present.
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b corresponds to the mean cycle amplitude value. Upper row: experi-
mental data; lower row: simulated data. ¢ Frequency profiles (or CWT
spectra) computed from the Sj¢ signals, presented with a logarithmic
frequency scale. A frequency profile (blue for p H = 7.8 and magenta
for pH = 7.4) corresponds to the normalized mean map amplitude
value for each frequency. Upper row: experimental data; lower row:
simulated data

3.2 Post-metamorphic stage

We hypothesize that metamorphic processes include some
modifications to the neuronal properties and synaptic
connections of the CPG network. At the post-metamorphic
stage, both buccal CPG activity and lung activity are
present, and we hypothesize that lung activity becomes
more frequent given its functional importance. The lung
episodic activity occurs and is visible in neurograms as
shorter bursts of higher amplitude than the buccal bursts,
due to the synchronization process.

3.2.1 Activity of the CPG

The CPG architecture is the same as in Fig. 2a. The post-
metamorphic changes concern some neuronal properties
(illustrated in Fig. 10a: the inhibitory and excitatory neurons
of the chain are more responsive). They also concern the
synaptic connection matrix that is based on matrix Bl
(Fig. 9b): there are two new inhibitory connections from
neuron n°5 and neuron n°7 to the buccal follower. In the
example of CPG activity shown in Fig. 10, the values of
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Fig.9 Simulation of synaptic blockade of the ‘caudal part’ of the CPG.
Al is the same synaptic connection matrix as in Fig. 4; Bl is based
on Al, but the excitatory synaptic weights from the pacemakers to L
follower and from L follower to the other neurons are stronger than in
Al (see the insets surrounded by green dashed lines and brown dashed
lines, which are enlarged views of small square parts on the diago-
nal of the matrix). Sj¢ signals computed from simulated neurograms
with these two CPG matrices lead to indistinguishable buccal activi-
ties as shown in A2 and B2, respectively. The connection matrix C1

the buccal and lung frequencies are close to those measured
in tadpole F2 studied by Quenet et al. (2014). As in
the pre-metamorphic CPG, the buccal rhythm in the post-
metamorphic CPG is generated by a quasiperiodic bursting
activity of the buccal follower, whose basic frequency is, as
previously, the difference between B P frequency and the
chemosensitive pacemaker C H frequency.

The inhibition received by the B follower from the
first three inhibitory neurons of the chain modulates the
intraburst frequency and suddenly interrupts its activity at
the end of each burst, when its spiking frequency is at
its maximum. B P frequency is set at 34.3 Hz, and CH
frequency is set at 31.1 Hz for pH = 7.8 and at 32.3 Hz
for pH = 7.4. Thus, the buccal frequency appears near 3.2
Hz for pH = 7.8 and at 2 Hz for pH = 7.4 respectively,
as observed in a post-metamorphic Pelophylax ridibundus
tadpole. Mean L P frequency is set at 30.95 Hz, lower than
the frequencies of C H at both values of pH, in such a way
that the second effect of increasing C H frequency from 31.1
Hz for pH = 7.8 to 32.3 Hz for pH = 7.4 is an increase
in the L follower spiking frequency. The mechanism of this

10 sec

is based on B1, but corresponds to a situation where the synapses of
what is considered as the most caudal part of the network (including
B follower and the caudal part of the chain loop) are ‘blocked’, i.e
set to zero. This synaptic suppression is illustrated in C1 by arrows
in the matrix. The simulation of the neurogram corresponding to this
CPG configuration exhibits the activity illustrated by Sj¢ in C2, char-
acterized by the absence of buccal activity, and the occurrence of
episodic bursts driven by the L follower, which are reminiscent of
those observed experimentally (see Fig. 5 in (Duchcherer et al. 2013))

L follower frequency increase is explained by an increase
in the periodic variations of its membrane potential, as
illustrated in Fig. 11.

The lung follower membrane potential (M P) exhibits
a quasi-periodic complex modulation. Its lowest frequency
component corresponds to the interaction between the L P
and C H pacemakers, at 0.15 Hz for pH = 7.8. Another
low frequency component of M P appears as the interaction
between the BP and C H pacemakers, due to the periodic
inhibitory modulation from the chain at 3.2 Hz, i.e. at the
buccal frequency. The weights of the excitatory connections
from the pacemakers to the L follower are set in order
to obtain only a few L spikes at pH = 7.8 (4 L
spikes during a 300 s simulation; no L spike at all in
the 20 s time window illustrated in Fig. 11a). When the
C H pacemaker’s frequency is increased, corresponding to
pH = 7.4, the lowest frequency component is increased.
This means the M P value exceeds the spiking threshold
more frequently (19 L spikes in a 300 s simulation; 1
L spike at the end of the 20 s time window illustrated
in Fig. 11b).
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representing 3.5 seconds of neuronal activity for pH = 7.8. The six
excitatory premotor neurons are indicated by an asterisk. They are
surrounded by 10 preceding neurons (5 excitatory and 5 inhibitory neu-
rons) and 10 following neurons (5 excitatory and 5 inhibitory neurons).
Together they define a neuronal population (dashed rectangle in ¢ that

Fig. 10 Neuronal components, network connectivity and activity of

the post-metamorphic ventilatory CPG. a Frequency up-down ramp
current curves of the three types of the CPG neurons (the maximum
of the double ramp current is set at a value which corresponds to an

external depolarization of 20 mV for all neurons): P, for the pace-

makers (black dots), B, for the buccal follower (red dots)

contributes to motoneuron activity through its modulation current. A
scatter plot of the activity of the premotor neurons alone is reproduced

for the

L,

>

below, where there is a lung follower spike synchronizing all chain

neurons

tions, and the blue squares the inhibitory connections. ¢ Raster plot.

lung follower (dark green dots) and the other excitatory (red dots) and
inhibitory (blue dots) neurons of the chain. b Connection matrix of
the CPG network. The red squares represent the excitatory connec-

>

extrinsic currents from the CPG network are represented
in Fig. 12b, and are constructed as previously described

occurs when L follower fires. The components of the
for the pre-metamorphic stage. M N 1 receives two extrinsic
input currents, 79%?(t) and I5/°°"(¢). MN2 and MN3

receive both these same two extrinsic input currents, and the

metamorphic stage comprises 100 M N1, 50 M N2 and 100

The neurograms are built using the same process as for the
pre-metamorphic stage. The motoneuron layer in the post-
additional motoneurons of a third population, M N 3.

3.2.2 From motoneurons activities to neurograms

N€P8

synaptic current from the premotor neurons, - 1;”"(7).

1

The motoneuron activities for the three populations are

Motoneuron recruitment The curves in Fig. 12a represent

J

the neuron number as a function of its threshold current
for the three motoneuron populations MN1, MN2 and
M N3, at both values of pH. The thresholds of M N3
population motoneurons are higher than those of M N1 and
M N2, in such a way that the M N3 population is recruited

only when the premotor neurons fire synchronously, which

7.8 and pH

7.4 respectively. For the same simulation duration of 3.5

shown in Fig. 12c and d, for pH

seconds, we observe 15 buccal bursts around a lung

7.4 we observe 9

buccal bursts around a lung burst. Fewer motoneurons

= 7.8; at pH

burst at pH

pringer

A's
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Fig. 11 Modulation of the L follower membrane potential (M P) at
both values of pH. a Upper part: 20 seconds of M P extracted from a
300 second simulation of the post-metamorphic CPG model at pH =
7.8. M P exhibits periodic modulations at 0.15 Hz due to the pace-
maker interaction effects: the M P is beneath the spiking threshold
(green dashed line) but periodically approaches this value. Lower part:
frequency spectrum obtained by Fast Fourier Transform exhibiting (1)
three dominant high frequency peaks (above 25 Hz) corresponding to
LP,CH (blue), and B P pacemaker frequencies and (2) two dominant
low frequency peaks (below 10 Hz) resulting from their interactions,
respectively between CH and L P at 0.15 Hz, and CH and BP at 3.2
Hz, i.e. the buccal frequency. The first peak at 0.15 Hz corresponds to

are recruited in each population at pH = 7.4 than at
pH =1738.

Simulated and experimental neurograms The buccal bursts
in the post-metamorphic experimental neurograms are
very different in shape from a typical buccal burst at
the pre-metamorphic stage (see Fig. 13a and Fig. 7a).
Furthermore, acidosis affects both the shape and amplitude
of the buccal bursts. As in the pre-metamorphic case,
this acidosis leads to a decreased buccal burst frequency.

[Hz]

the slow periodic modulation of M P, with a period of 6.67 s. b Upper
part: 20 seconds of M P computed at pH = 7.4, with one occurrence
of an L follower action potential (small green vertical bar). Lower
part: frequency spectrum of M P with the three high frequency peaks
of LP, CH (magenta), and B P, with a higher C H frequency than in
a. Two low frequency peaks also result from the interactions between
the pacemaker frequencies. Due to the C H frequency shift, the buccal
frequency is now lower, at 2 Hz, while the lowest frequency modulat-
ing M P is now higher, at 1.35 Hz, with a corresponding period of 0.74
s. In this situation, the periodic maxima M P are more frequently near
the spike threshold

The experimental lung episodes appear as very short high
amplitude bursts, sometimes organized as doublets (see
Fig. 13b). The simulated post-metamorphic neurograms
capture these features.

Time-frequency maps, frequency profiles and lung activity
Figure 14 illustrates time-frequency maps computed on
experimental and simulated Sjo signals at both values of
pH. At pH = 7.8, the black band at the bottom of the
experimental and simulated maps corresponds to the LF
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Fig. 12 Recruitment curves and a b
activity patterns of motoneurons.
a Recruitment curves Qf MN1 N MN3 [a.u]
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Fig. 13 Experimental and simulated traces (neurograms and Sy¢ sig-
nals) in post-metamorphic tadpoles, at pH = 7.8 (a) and pH = 7.4
(b). In both experimental and simulated neurograms (black), both
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Fig. 14 Time-frequency maps and frequency profiles. The maps are
computed from the Sj¢ signals, and are presented with a logarithmic
frequency scale. The map amplitude is coded in gray scale. The profile
(blue line (pH = 7.8) or magenta line (pH = 7.4)) corresponds to
the normalised mean map amplitude value for each frequency. Upper
row: experimental data; lower row: simulated data. a pH = 7.8, b

buccal activity. The second dark band, above the previous
one, is thinner, and appears at twice the peak frequency
value in the frequency profile, and corresponds to the second
harmonic of the periodic buccal activity. At pH = 7.4,
the harmonic band is quasi-absent, and the first band shifts
towards a lower frequency value (Fig. 14c¢). In experimental
and simulated maps, the dark vertical striae correspond to
lung episodes: in both cases they are about five time more
frequent at pH = 7.4 thanat pH = 7.8.

4 Discussion

The present ventilatory amphibian CPG model introduces
two new concepts: (1) a central chemosensitivity as a
pacemaker property and (2) the ‘co-genesis’ of two rhythms
resulting from the interference between pacemakers. The
CPG model we propose here generates rhythms and patterns
of the ventilatory amphibian neural network, through a
small core of 5 neurons and a chain of 70 neurons.
This model is based on four generic principles:(1) the
interactions between pacemaker neuron frequencies -these
pacemakers are common inputs to the buccal follower and to
the lung follower and the two follower responses are at the
origin of the buccal periodic activity and of the lung episodic
activity, respectively; (2) the propagation along a loop chain
of the buccal follower activity; (3) the synchronisation of the
chain neurons at the occurrence of each lung spike; and (4)
the inhibition of the lung follower by the inhibitory neurons
of the chain. The model accounts for the hypercapnia

10" [Hz] 102
3.2Hz

0

fluwﬂtul °

1 [Hzl 22
Time [min] 10" [Hzl1o

pH:7.4 0

pH = 7.4. Each map exhibits at least one dark horizontal band at
low frequency, resulting from quasi-periodic buccal activity. The maps
also exhibit dark vertical striae labeled with red stars, which corre-
spond to lung bursts. As in the experimental situation, the simulation at
pH = 7.4 induces both a decreased buccal frequency and an increased
number of episodic lung bursts. ¢ Superimposed frequency profiles

(or acidosis) effects: this chemosensitivity is mediated by
one of the core pacemakers, whose spiking frequency
increases with acidosis. Examples of such chemosensitive
pacemakers have also been observed in rat upper medulla
(Rigatto et al. 2000).

Among the available spiking neuron models for simulat-
ing networks of biologically plausible neurons (Ibarz et al.
2011; Abusnaina and Abdullah 2014), we chose Izhike-
vich formal neurons. This represented an efficient alterna-
tive approach to the small integration step and exhaustive
equations required by the Hodgkin-Huxley model. The
Izhikevich model realistically accounts for a wide range of
spiking dynamics while being highly computationally effi-
cient. A large panel of neuronal types is straightforward
to implement through the four parameters a, b, c, and d
of equations (1) and (2). Simulations are performed that
exhibit the neuronal activity induced by the CPG architec-
ture, and, secondarily, show the dynamic recruitment of the
motoneuron populations. The representative neurograms are
built from this motoneuron spiking, and compared to the
experimental ones. The patterning of the buccal neurograms
bursts includes the intra-burst HF structured at the level of
the B follower. Moreover, at each step of the activity trans-
mission along the chain, this intra-burst spiking pattern is
slightly modified along the chain, obtaining increasing reg-
ularity. The motoneuron recruitment contributes to the final
patterning.

Each simulation aims at reproducing the main char-
acteristics of specific experimental situations at pre- or
post-metamorphic stage, with given sets of parameters. For
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other experimental examples, this set may be modified.
However, different sets of parameters may lead to equiv-
alent simulations, because the key dynamic features result
from the generic principles. With these principles, the CPG
model dynamics was robust against the synaptic noise that
was added to all neuron currents. The primary source of
synaptic noise comes from background synaptic input activ-
ities. We suppose that the CPG network is embedded in a
global network and that the synaptic noise results from input
action potentials carried by a large number of afferent inputs
that can be modeled as a high-rate Poisson process, well-
approximated by a Gaussian white-noise source (Brunel
et al. 2001).

The CPG neuron dynamic pattern, when driven by the
buccal follower, exhibits two frequencies, whose value and
stability have been studied as functions of the synaptic
noise. The core ‘pacemaker interaction’ that drives the
buccal follower appears to be a basic mechanism for
robust rhythm generation. Beyond the 5 neuron network of
this core, there is the inhibitory feedback from the chain
inhibitory neurons which embed the follower neurons in
a recurrent network that contributes to dynamic stability.
The inhibitory feedback from the chain to the lung follower
contributes to the regulation of the lung spiking frequency
by the buccal activity, which is also driven by pacemaker
interaction. Thus inhibition plays a major role, as supported
by several studies (Galante et al. 1996; Straus et al.
2000; Straus et al. 2000). In our simulations, different
values of synaptic weights were considered. Though the
excitatory/inhibitory balance of these was set at several
levels, as shown, for instance in Fig. 9al and bl matrix
connections, these led to the same buccal rhythm, without
or with a possible lung spike occurrence. These different
configurations of the excitatory/inhibitory balance could
correspond to different maturation stages, beginning with
weak excitatory and inhibitory weights (Fig. 9al) and
progressing to higher values (Fig. 9b1) when lung activity
arises. Though buccal activity continues to be present,
there is a progression to the post-metamorphic situation,
where lung activity becomes functionally dominant. These
two respiratory modes, buccal and lung, coexist at the
late pre-metamorphic stage, and, after metamorphosis, the
lung mode becomes predominant. This situation presents
analogies with the salamander locomotor CPG, with its
two modes, swimming and walking. Several versions of
this locomotor CPG model, built with different types of
neural units (Ijspeert 2001; Ijspeert et al. 2007; Knusel et al.
2013) involve a network whose architecture includes bi-
lateral symmetric oscillator chains, ensuring a rostro-caudal
traveling wave at the axis level for the swimming mode, and
four coordinate units driving the limbs and synchronising
parts of the chains, ensuring a stationary wave which leads
to the walking mode. Each lateral chain of this salamander
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locomotor model is reminiscent of the loop chain of
our ventilatory model, with the rostro-caudal propagation
of the buccal rhythm, and each synchronising unit of
the salamander locomotor model is reminiscent of our
synchronising lung follower leading to the lung episodes.
The pacemaker mean frequency values were set in order
to produce LF and HF buccal frequencies observed in two
chosen pre- and post-metamorphic Pelophylax ridibundus
tadpoles, as well as the post-metamorphic lung frequencies,
at pH = 7.8 and at pH = 7.4. The CPG model reproduces
both the buccal frequency decrease and the lung frequency
increase observed experimentally as the p H falls from 7.8
to 7.4, i. e. when there is an increase in chemosensitive
pacemaker frequency (vcm). This results from the fact
that vcy is set between the lung pacemaker frequency
(vrp), and the buccal pacemaker frequency (vpp): when
vcy increases in the interval [vpp, vpp], the lung
membrane potential frequency increases and LF decreases.
Experimental data from neurograms recorded in brainstem
preparations of Lithobates catesbeianus tadpoles show a
systematic increase in lung frequency with hypercapnia
but that the gill/buccal frequency may either decrease or
increase (Taylor et al. 2003; Torgerson et al. 1997). A
decrease may be explained by the same scheme described
above for Pelophylax ridibundus, while an increase may
be explained by another relative value of the pacemaker
frequencies where vcy is higher than vypp and also
higher than vpp at both values of pH. Note that the
frequency range of the chemoreceptor pacemaker can be
enlarged, since the interactions considered here between the
fundamental frequency vz p (or vpp) and the fundamental
frequency vcy are also possible with harmonics of vey.
These generic features of our CPG model suggest that it
may be able to account for different experimental data from
other amphibians, in particular Lithobates catesbeianus.

Galante et al. (1996) suggested that pacemakers sustain
mechanisms for gill and lung ventilation in amphibians.
Similarly, in experiments with in vitro preparations of
neonatal rats, it has been shown that pacemakers are
an important component of respiratory rhythmogenesis in
mammals (Feldman and Smith 1989; Smith et al. 1991).
Inhibition is another common feature of the two systems.
For instance, in amphibian tadpoles brainstem preparations,
inhibition has a crucial role in silencing lung activity
(Duchcherer et al. 2013). In neonate mammals, fictive lung
ventilation not only persists in the absence of extracellular
Cl-ions, but the lung burst duration increases indicating
comparable roles of inhibition in both systems (Feldman
and Smith 1989).

From an anatomical point of view, analogies between
amphibians and mammals are supported by the rhom-
bomeric localization of the neural networks generating
rhythmic behaviors (Kinkead 2009; Klingler and Hedrick
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2013). In mammals, this segmental configuration appears to
be transient and reconfigured during development to pro-
duce coordinated and effective movements (Kinkead 2009).
It was also suggested that each major group of respira-
tory neurons was connected to its own rhythm generator,
that may be coupled to ensure coordinated motor activity
(Champagnat and Fortin 1997). Such configurations have a
similarity with the ventilatory network in amphibians where
the buccal oscillator critically interacts with the lung gen-
erator, in particular through indirect inhibition, even if this
type of oscillator interaction is more complex in mammals
(Baghdadwala et al. 2016).

Further comparison studies of possible rhythmogenic
areas in frogs and mammals are certainly warranted,
as presumably developmental mechanisms have been
preserved during the course of evolution. Future amphibian
and mammalian models should encompass the ability to
evolve from one model to other, on both phylogenetic and
ontogenetic grounds.
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