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Abstract

Brainstem respiratory neurons express the glycine a3 receptor (GlyasR), which is a target of modulation by several serotonin (5-HT)
receptor agonists. Application of the 5-HT 4 receptor (5-HT44R) agonist 8-OH-DPAT was shown (i) to depress cellular cAMP, leading
to dephosphorylation of GlyosR and augmentation of postsynaptic inhibition of neurons expressing GlyosR (Manzke et al., 2010) and
(i) to hyperpolarize respiratory neurons through 5-HT-activated potassium channels. These processes counteract opioid-induced
depression and restore breathing from apnoeas often accompanying pharmacotherapy of pain. The effect is postulated to rely on the
enhanced GlyazR-mediated inhibition of inhibitory neurons causing disinhibition of their target neurons. To evaluate this proposal and
investigate the neural mechanisms involved, an established computational model of the brainstem respiratory network (Smith et al.,
2007), was extended by (i) incorporating distinct subpopulations of inhibitory neurons (glycinergic and GABAergic) and their synaptic
interconnections within the Bétzinger and pre-Bétzinger complexes and (ii) assigning the 5-HT;AR-GlyasR complex to some of these
inhibitory neuron types in the network. The modified model was used to simulate the effects of 8-OH-DPAT on the respiratory pattern
and was able to realistically reproduce a number of experimentally observed responses, including the shift in the onset of post-
inspiratory activity to inspiration and conversion of the eupnoeic three-phase rhythmic pattern into a two-phase pattern lacking the
post-inspiratory phase. The model shows how 5-HT;4R activation can produce a disinhibition of inspiratory neurons, leading to the
recovery of respiratory rhythm from opioid-induced apnoeas.

Introduction

The respiratory rhythm and motor pattern emerge from a complex
combination of intrinsic properties of respiratory neurons and synaptic
interactions between them within the respiratory central pattern
generator (CPG; Cohen, 1979; Richter, 1982). Various respiratory
disturbances that probably arise from perturbations of neuronal
excitability and network interactions including complete suppression
of breathing (apnoea) are observed during many cardiorespiratory
disorders and/or as side-effects of anaesthesia and pharmacological
treatments (Boutroy, 1994). Specifically, many pain-relieving drugs
include opioids that suppress breathing (Lalley, 2003). Hence, it is
important to find pharmacological tools to protect against opioid-
induced depression and/or restore breathing during such treatment.
After extensive searching several proposals have been made involving
activation of different serotonin (5-HT) receptors (Lalley et al., 1997;
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Richter et al., 1997; Manzke et al., 2009, 2010), which are abundantly
expressed in the pre-Botzinger complex (pre-BotC) and Botzinger
complex (BotC), representing a core of the respiratory CPG (Smith
et al., 2007). Activation of the 5-HT IA receptor (5-HT;,R) was most
recently found to have therapeutic potential for breathing recovery
after opioid-evoked suppression (Sahibzada et al., 2000; Manzke
et al., 2010).

This recovery was postulated to originate from an enhanced
glycinergic synaptic inhibition associated with the glycinergic oj
receptor (Glya3R) in some inhibitory neurons leading to disinhibition
and reactivation of their targets (Manzke et al., 2009, 2010). The
underlying mechanisms may involve a complex reorganization of
respiratory CPG operation, necessitating analysis of circuit mecha-
nisms that require mathematical or computer modelling for their
understanding. The major objectives of this study were (i) to extend
our computational model of the respiratory CPG (Smith ez al., 2007)
to capture experimentally observed effects of opioids and 5-HT sAR
activation on respiratory rhythm and pattern and (ii) to use the
extended model to propose mechanistic explanations for respiratory
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network responses to opioids and 5-HT;oR agonists, including the
recovery of respiratory rhythm from opioid-induced apnoea.

Our previous computational models of the brainstem respiratory
network were able to reproduce many respiratory phenomena (see
Rybak et al., 2004a, 2007; Smith et al., 2007; Molkov et al., 2010).
The core structure of all these models consisted of interacting
populations of excitatory and inhibitory neurons within the pre-BotC
and BotC. However, these models did not distinguish between
transmitter-specific inhibitory synaptic interactions provided by dis-
tinct populations of glycinergic and/or GABAergic respiratory
neurons and their modulation by drugs. To consider such synaptic
transmission- and receptor-specific interactions, and their modulation,
we extended our previous model (Smith ez al, 2007) by
(i) incorporating distinct subpopulations of glycinergic and GABA-
ergic neurons and specified their synaptic connections in the core
network within the BOtC and pre-BotC, (ii) assigning the
5-HT;AR-Glya;R complex to some neuron types, and (iii) incorpo-
rating 5-HT; sR-activated K* channels into neurons of the model.

With these modifications, our model reproduced experimentally
observed 5-HT sR-mediated cellular and network responses, and
proposes a plausible explanation for rescue of the respiratory rhythm
by the 5-HT;aR agonist 8-hydroxy-N,N-dipropyl-2-aminotetralin
(8-OH-DPAT) after opioid-induced apnoea. The model provides new
insights into the organization of the respiratory CPG and the modulatory
effects of 5-HT and opioids on respiratory network operation.

Materials and methods

The model was developed using as a basis the earlier respiratory CPG
model of Smith ez al. (2007), which described respiratory rhythm
generation and pattern formation in mature mammals. In this earlier
model, populations of respiratory neurons were defined as either
excitatory or inhibitory without distinguishing the inhibitory trans-
mitter types used by different inhibitory populations (see Fig. 1A) and
without considering potential mechanisms modulating glycinergic and
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GABAergic synaptic efficacy in the respiratory network. In the present
model we have specified the types of synaptic interactions as
excitatory (glutamatergic) or either inhibitory glycinergic or inhibitory
GABAergic (as shown in Fig. 1B). Moreover, several key populations
of respiratory neurons of the Smith et al. (2007) model were split into
subpopulations with different connections in the network and/or a
different type of postsynaptic receptor-mediated synaptic transmission
at their target populations.

All neurons were modelled in the Hodgkin—Huxley style (single-
compartment models) and incorporated known biophysical properties
and channel kinetics previously characterized in respiratory neurons
in vitro. Specifically, the kinetics of the fast sodium and the persistent
(slowly inactivating) sodium channels were implemented using the
experimental data obtained in studies of neurons from the rat rostral
ventrolateral medulla (see Rybak et al., 2003a); the kinetics of high-
voltage-activated calcium current were described based on the study of
calcium currents in rat medullary neurons in vitro (Elsen & Ramirez,
1998); the intracellular calcium dynamics were assigned using data by
Frermann ez al. (1999). The descriptions of other ion channels, e.g.,
the potassium rectifier and calcium-dependent potassium, synaptic
conductances, and cellular parameters were as used in our previous
models (Rybak et al., 1997a,b, 2003b, 2004a,b). Two additional types
of potassium channels were incorporated in the present model. One
channel type represented specific K™ channels activated by the 5-
HT, AR agonists such as 8-OH-DPAT, which was added to simulate
the hyperpolarizing effect of high doses of 8-OH-DPAT on respiratory
neurons (e.g. see Lalley er al., 1994; Manzke et al., 2009). We
suggest that these channels are present in all respiratory neurons. The
other specific channel type that we suggest is widely present in the
respiratory network and was included in all neurons of the model was
an opioid-activated inwardly rectifying K™ (Kir) channel (Johnson
et al., 1996; Ballanyi et al., 1997, 1999; Takeda et al., 2001; Lalley,
2003). The incorporation of these channels allowed us to simulate the
experimentally observed opioid-induced depression of respiratory
neuron excitability.
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FI1G. 1. Schematics of (A) the basic model depicting core components of the brain stem respiratory network distributed within the B6tC, pre-BotC and rVRG
(modified from Smith et al., 2007 with permission) and (B) the new extended core model proposed in this study. See text and Appendix for full descriptions of

model components.
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We also postulate that the default postsynaptic glycine receptors
mediating glycinergic synaptic inhibition are the o glycine receptors
(Glya;R), and that their operation is independent of 5-HT sR. In
contrast, the Glya;R were considered to be present only in selected
neuron types receiving glycinergic synaptic inhibition and their
additional inhibitory effect required a co-expression of 5-HT aR.
Therefore, the synaptic weights of glycinergic inputs to these selected
neurons increased during simulated application of 8-OH-DPAT to
produce 5-HT;AR-Glyas;R-dependent potentiation of glycinergic
inhibition of these neurons.

Each type of neuron in the model was represented by a population
of 20-50 neurons. Heterogeneity of neurons within each population
was set by a random distribution of neuronal parameters and initial
conditions to produce physiological variations of baseline membrane
potential levels, calcium concentrations and channel conductances.
Each neural population received an additional tonic excitatory drive.

A full description of the model and its parameters can be found in
the Appendix. All simulations were performed using the simulation
package NSM 3.0 developed at Drexel University by S. N. Markin, L.
A. Rybak and N. A. Shevtsova. Differential equations were solved
using the exponential Euler integration method with a step of 0.1 ms.
Additional details of the modelling and simulation methods can be
found in Rybak et al. (2003b, 2007) and Smith et al. (2007).

Results
The basic computational model and its extension
Basic model

Our previous computational models of the brainstem respiratory
network reproduced many natural and experimentally evoked behav-
iours observed at the cellular, network and systems levels (see Rybak
et al., 2004a; Rybak et al., 2007; Smith et al., 2007; Molkov et al.,
2010). These models differed in details incorporated to simulate
particular aspects of neural control of breathing, such as the effects of
various brainstem transections and vagotomy, effects of various
stimulations applied to different nerves and/or neural structures, and
perturbations of network activity by metabolic challenges including
hypercapnia or hypoxia. All of these previous models, however, had
the same core neural circuitry consisting of four populations of
respiratory neurons located in the pre-BotC and BotC. This core
network includes (i) an excitatory pre-inspiratory/inspiratory (pre-1/I)
population of neurons with persistent sodium current-dependent
bursting properties and mutual excitatory interactions and (ii) three
mutually interacting inhibitory populations: post-inspiratory (post-I)
and augmenting-expiratory (aug-E) populations of B6tC, and an early-
inspiratory [early-I(1)] population of pre-BotC neurons (Fig. 1A; see
also Rybak et al., 2007; Smith et al., 2007; Rubin et al., 2009, 2011;
Molkov et al., 2010). These models also included an output
compartment representing the rostral ventral respiratory group (rVRG)
that contained a population of excitatory bulbospinal ramp-inspiratory
(ramp-I) neurons, projecting to phrenic motoneurons in the spinal
cord, and a population of inhibitory early-I(3) neurons that contributed
to shaping the firing pattern of the ramp-I population (Fig. 1A). In
addition to mutual synaptic interactions, all neural populations in the
model received external excitatory drives simulating inputs from
pontine, retrotrapezoid (RTN) and raphé nuclei (not shown in Fig. 1;
see Rybak et al., 2004a, 2007; Rubin et al., 2009, 2011; Smith ez al.,
2007; Molkov et al., 2010). This basic network model is able to
generate a three-phase pattern of respiratory activity, originally
described by Richter and collaborators (Richter, 1982, 1996; Richter
et al., 1986).

Extended model: schematic and operation

The basic model described above did not distinguish between
transmitter-specific types of inhibitory synaptic interactions provided
by distinct populations of glycinergic and/or GABAergic respiratory
neurons, which are known to exist in the respiratory network.
Furthermore, neuromodulators such as 5-HT and opioids may
differentially affect excitability of the various inhibitory and excitatory
neurons depending on neuronal receptors expressed, which can alter
network interactions and activity patterns generated. Simulation of
such phenomena required modification of the basic model to
incorporate different types of synaptic interactions and postsynaptic
receptors in the network. In order to consider various transmission-
and receptor-specific interactions and their modulation by drugs and
neuromodulators, the core network used in our previous models
(Fig. 1A) was reorganized and extended as shown in Fig. 1B.
Specifically: (i) the population of early-I(1) neurons in the pre-B&tC
was divided into two populations: a GABAergic early-I(1) and
glycinergic early-1(2); (ii) the post-1/decrementing-expiratory (dec-E)
population of B6tC was split into two separate glycinergic popula-
tions: post-I and dec-E with different connectivity within and outside
the core circuitry; and (iii) the population of aug-E neurons of B6tC
was split into separate GABAergic [aug-E(1)] and glycinergic [aug-
E(2)] subpopulations.

Thus, as seen in Fig. 1B, the B6tC compartment now includes four
populations of expiratory inhibitory neurons: the glycinergic post-I
and dec-E populations and two aug-E populations, the GABAergic
aug-E(1) and the glycinergic aug-E(2). These inhibitory populations
provide expiratory inhibition widely distributed within the medullary
respiratory network (see Ezure, 1990; Jiang & Lipski, 1990; Tian
et al., 1999). In the extended model, the dec-E and each of the aug-E
populations inhibit all neurons of the inspiratory populations in the
pre-BotC and rVRG [except for the absence of aug-E(2) inhibition of
the pre-1/1 population], and the post-I population inhibits the early-
1(2) population. In addition, we assumed that both aug-E populations
inhibit post-I neurons, the aug-E(2) population inhibits dec-E neurons,
and the dec-E population inhibits both aug-E populations (Fig. 1B).

Similar to our previous models (Rybak et al., 2007; Smith et al.,
2007; Rubin et al., 2009, 2011; Molkov et al., 2010), the pre-1/1
population of pre-B6tC is the major source of excitatory inspiratory
drive in the network and projects to the pre-motor inspiratory ramp-I
population of rVRG. The pre-1/I population is composed of mutually
interconnected excitatory neurons with persistent sodium current
(Ingp) Which, under certain conditions (depending on total tonic drive,
synaptic inhibition etc.), allows the population to intrinsically generate
rhythmic inspiratory activity (Butera et al., 1999a,b; Smith et al.,
2000; Rybak et al., 2003b, 2004b) similar to that recorded in vitro
(Koshiya & Smith, 1999; Johnson et al., 2001) and in the physically
reduced neuraxis in situ (Smith et al., 2007). However, because of the
relatively high excitatory drive (which is considered typical for normal
conditions) these neurons operate in a mode in which phasic inhibition
provided by the activity of expiratory neurons (aug-E and dec-E)
during expiration primarily controls inspiratory burst termination,
rather than an Iy,p-dependent intrinsic neuronal mechanism (Smith
et al., 2007).

All inhibitory neurons in the model [post-1, dec-E, aug-E, early-1(1),
early-1(2) and early-1(3)] have intrinsic adapting properties defined by
high-voltage activated calcium (Elsen & Ramirez, 1998; Frermann
et al., 1999) and calcium-activated potassium currents (Pierrefiche
et al., 1999). Because of this, post-1, dec-E, early-I(1), early-I(2) and
early-I(3) neurons exhibit decrementing discharge patterns. In
contrast, the aug-E neurons, which start firing later in expiration,
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exhibit augmenting patterns because of slow disinhibition from the
adapting inhibitory dec-E neurons (Richter, 1982). The augmenting
activity pattern of the rVRG ramp-I population is shaped by
decrementing inhibition from the adapting early-I(3) population
(Fig. 1B; Richter, 1982).

Effects of p-opioids

Despite a long history of studies, the specific cellular and/or network
mechanisms underlying respiratory depression (apnoea) produced by
u-opioids are poorly understood. There is experimental evidence that
u-opioid receptors (u-OR) are widely present in pre-BotC and BotC
regions (see Fig. 2G). It has been suggested that opioids activate
special potassium inwardly-rectifying (Kir)-type channels, hence

5-HT receptor-mediated respiratory network reorganization 1279

producing hyperpolarization of pre-B6tC and B6tC neurons express-
ing ;-OR (Johnson et al., 1996; Ballanyi et al., 1997, 1999; Takeda
et al., 2001; Lalley, 2003). Alternatively, it has been suggested that y-
opioid-induced respiratory depression is mediated by presynaptic
inhibition reducing excitatory synaptic inputs to pre-B6tC inspiratory
neurons (Ballanyi et al., 2009). In our model, we explicitly incorpo-
rated postsynaptic p-OR-activated Kir channels (see details in
Appendix), and hypothesized that the maximal conductances of these
channels in pre-Bo6tC inspiratory neurons are larger than the maximal
conductances in BotC expiratory neurons (see Table 2 in the
Appendix). Therefore in the model, p-opioid-induced respiratory
depression results from an imbalance of inhibitory interactions
between inspiratory and expiratory neurons, resulting in the larger
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F1G. 2. Immunohistochemical basis for model development. (A) Schematic coronal section of mouse medulla at the level of pre-B6tC (red area). (B) Expression of
eGFP (enhanced Green Fluorescent Protein) under control of the neuronal GlyT2 (glycine transporter 2) promoter demarcates inhibitory glycinergic neurons (green)
within the pre-BotC. (C) Inspiratory activity of glycinergic neurons was identified in medullary slice preparation in vitro by rhythmic depolarizations of membrane
potential (top trace, obtained by whole-cell recording from eGFP-expressing neuron also visualized by IR-DIC as seen in the B inset); this rhythmic activity
correlated with the changes of extracellular field potentials (Ve) recorded from the pre-B6tC shown in integrated (middle trace) and raw (bottom trace) signals. (D
and E) B6tC and pre-BotC glycinergic neurons express Glya;R. Glyo;R immunoreactivity (GlyoszR) in the BotC (D, left panel) and pre-BotC (E, left panel). Higher-
magnification views of the merged confocal images of Glyo;R and GlyT2-positive neurons are shown at right. Other abbreviations: RVLM, rostral ventrolateral
medulla; NA, nucleus ambiguus. (F) Pre-BotC GlyT2-positive neurons (green) exhibit abundant immunoreactive 5-HT;sR (red and co-expressed with
GlyT2 - yellow). (G) Expression of y-ORs (u-OR) in the pre-BotC (red and co-expressed with GlyT2 - yellow). (H) Dense Glyo;R immunoreactivity in the pre-
BotC. Figures in all panels, except H are modified from Manzke et al. (2010), Figs 1 and 3, with permission, which should be consulted for additional details; H is
from unpublished data of T. Manzke and D. W. Richter. Scale bars, 100 yum and 20 um in inset (A and B), 100 um (low magnification) and 50 um (higher
magnification) in D and E, 10 um (F-H).
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hyperpolarization (and hence a stronger reduction in excitability) of
inspiratory neurons relative to expiratory neurons, which leads to
apnoea during which inspiratory neurons become fully inhibited by
expiratory neurons.

Glycinergic inhibition and the effects of 5-HT ;4R agonists

Previous (Sahibzada et al., 2000) and recent (Manzke et al., 2010)
findings strongly suggest that activation of 5-HT;,R, which are
widely expressed in the pre-BotC and BotC regions (Manzke et al.,
2009, 2010) promotes recovery of breathing after suppression of
respiratory activity by opioids (see Fig. 3A). This recovery was
postulated to originate from enhanced glycinergic synaptic inhibition
in the pre-Bo6tC and Bo6tC regions (Manzke et al., 2010). The classical
GlyoyR mediating this inhibition is known to be present in these
regions (see example in Fig. 2H). In addition, Manzke er al. (2010)
provided evidence for the expression of GlyosR (see Fig. 2D-E) and
5-HT AR (see Fig. 2F) within the pre-BotC and BotC (see Fig. 2A—
E). Moreover, application of the 5-HT;,R agonist 8-OH-DPAT to
wild-type mice was shown to restore respiratory activity from apnoeas
caused by systemic application of the p-OR agonist fentanyl
(Fig. 3A). In contrast, breathing in Glra3™"~ mice containing Glye;R
but lacking GlyasR could not be restored by 5-HT AR stimulation
with 8-OH-DPAT (Fig. 3B).

To simulate the specific role of Glyx;R and its modulation by
5-HT AR activation, we have hypothesized that the dec-E and aug-
E(1) neuron populations of B6tC and the early-I(2) population of pre-
BotC co-express GlyasR and 5-HT AR so that activation of 5-HT AR
receptors amplifies GlyosR-mediated synaptic inhibition of these
neurons by other glycinergic neurons (see dashed connections in
Fig. 1B). We have also proposed that 8-OH-DPAT can activate, in a
concentration-dependent manner, special 5-HT;,R-dependent K*
channels that are assumed to be present in all neurons of the model.

A full description of these features of the model and model
parameters are included in the Appendix.
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F1G. 3. Effects of 8-OH-DPAT administration on breathing recovery from
opioid-induced apnoea in wild and Glras ™"~ mice. (A) Systemic administration
of p-opioid agonist fentanyl significantly reduced or blocked the phrenic nerve
activity (PNA; integrated signals) in arterially perfused mouse brainstem—spinal
cord preparations from wild-type (wt) mice, which then recovered after
stimulation of 5-HT;sR with administration of 8-OH-DPAT via perfusate. (B)
The same preparations from Glraz™”~ mice (lacking GlyasR) responded to
fentanyl-induced p-opioid stimulation with respiratory depression that could
not be reversed by 5-HT; oR stimulation with systemic administration of 8-OH-
DPAT. Bar graphs show minute PNA activity relative to control (rel. mPNA,
with mPNA calculated as frequency X area of integrated nerve discharges).
Data in graphs are mean = SEM (**P < 0.01). Modified from Manzke et al.
(2010), Fig. 5, with permission.

Model performance under normal conditions

The extended model’s performance under normal conditions is shown
in Fig. 4A1 and A2. The activity of each neural population (in panel
Al) is represented by the average spike frequency histogram of neuron
activity. Traces of membrane potential changes of one representative
neuron from each population are shown in panel A2. The model
generates a typical three-phase respiratory rhythm similar to that
generated in the previously described model (see Smith ez al., 2007).
Note that under normal conditions the two early-I populations of pre-
BotC exhibit similar activity profiles, as do both glycinergic and
GABAergic aug-E populations of BotC.

Simulation of the effects of 8-OH-DPAT application

Figure 4B1 and B2 shows our simulation of the effects of systemic
application of a low dose of a 5-HT 4R agonist (8-OH-DPAT). Note
that in this simulation we assume that low doses of 8-OH-DPAT do
not activate the 5-HT;sR-dependent K channels that hyperpolarize
respiratory neurons. However, neurons of the early-I(2) population,
which have Glyoy receptors and receive glycinergic inhibition from
the post-I population, are affected by the 5-HT;,R modulation of
GlyasR signalling. The activation of 5-HT;sR augments this Glya;s-
mediated inhibition causing complete inhibition of spiking in the
early-I(2) population by the glycinergic inputs from the post-I
population (Fig. 4B1 and B2, third trace from the top), hence
shortening the inspiratory phase. In addition, the post-I neurons are
released from inspiratory inhibition and the onset of their activity
shifts to the beginning of inspiration (see Fig. 4B1 and B2, fourth
trace). As aug-E(l) and dec-E neurons have Glyos receptors,
application of 8-OH-DPAT augments both the inhibition of aug-
E(1) neurons by the dec-E population and the inhibition of dec-E
neurons by the aug-E(2) population. This shortens expiration. As a
result, the network starts generating a two-phase rhythm lacking the
post-inspiratory phase and the frequency of oscillation increases
compared to control.

The results of a simulated application of a higher dose of 8-OH-
DPAT are shown in Fig. 4C1 and C2 when simulated neurons
undergo activation of 5-HT; sR-regulated K* channels resulting in a
general membrane hyperpolarization. As a result, the pattern of post-I
activity transforms into a short late-I discharge at the end of inspiration
(see Fig. 4C1 and C2, fourth trace), which causes a further increase in
oscillation frequency.

Figure 5B shows the membrane potential of a single post-I neuron
in the model under control conditions, after systemic application of a
low and higher dose of 8-OH-DPAT, and after recovery as compared
with the corresponding intracellular recording from a post-I neuron of
anesthetized cat in vivo shown in Fig. SA (from Manzke et al., 2009).
It can be seen that after application of 8-OH-DPAT the durations of
inspiration and expiration decrease both in the experiment and in our
simulation. With a lower dose of 8-OH-DPAT the activity of the post-I
neuron shifts to inspiration, whereas with a higher dose the pattern of
neuronal activity transforms into a late-I spiking profile associated
with significant hyperpolarization of membrane potential (Fig. 5B).

Figure 6B shows the traces of membrane potential of a single model
neuron from the aug-E(1) population under control conditions and
after simulated local application of a low dose of §-OH-DPAT to be
compared with the corresponding data on the effect of ionophoresis of
8-OH-DPAT to a single aug-E cell in anesthetized cat in vivo shown in
Fig. 6A (from Richter et al., 1997). In both cases (Fig. 6, panels A
and B) activation of neuronal 5-HT;,R produced cellular membrane
hyperpolarization during both inspiration and post-inspiration (see the
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FIG. 4. Model performance under (Al and A2) simulated control conditions
and after application of (B1 and B2) low and (C1 and C2) higher doses of 8-
OH-DPAT. In the left panels (A1, B1 and C1), the activity of each population is
represented by a histogram of average neuronal spike frequency within
population (y-axes represent spikes per second per neuron; bin size, 30 ms). In
the right panels (A2, B2 and C2), membrane potential traces of one
representative neuron from each population are shown at an expanded time
scale. Note the shift in onset of activity of post-I neurons to inspiration with a
low concentration of applied 8-OH-DPAT (B1 and B2) and the change in their
activity to late-I firing profile with a higher drug concentration (C1 and C2).

merged traces on the right). In the simulation, this hyperpolarization
results from a 5-HT;,R-GlyoszR-dependent increase in glycinergic
inhibition from the early-I(2) neurons during inspiration and from the
glycinergic dec-E neurons during expiration.

An increase in the dose of locally applied 8-OH-DPAT in the
model, which activated the special 5-HT | sR-dependent K* channels,
produced a larger membrane hyperpolarization and a complete
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suppression of firing in the aug-E cell shown (see Fig. 7B, right
trace). This simulation reproduced the changes in the membrane
potential and cellular activity shown in Fig. 7A (from Lalley et al.,
1994), which represents aug-E cell responses during stronger iono-
phoresis of 8-OH-DPAT to this cell in anesthetized cat in vivo. In our
simulation, this additional hyperpolarization was due to the 8-OH-
DPAT concentration-dependent activation of the 5-HT | sR -regulated
K* channels.

A systemic application of 8-OH-DPAT can produce more compli-
cated effects on respiratory neurons because the resultant alterations in
cellular behaviour depends on both direct cellular-level changes and
the perturbations of synaptic inputs from other neurons whose activity
is also affected by the systemically applied drug. This is demonstrated
in the simulation of effects of systemic 8-OH-DPAT application on the
membrane potential of a single aug-E(1) neuron (Figs 8B and 9B). In
contrast to the simulated single-neuron application of 8-OH-DPAT
(see Figs 6B and 7B), systematic application of the low drug dose
reduced the membrane hyperpolarization (Fig. 8B), which is also seen
in the intracellular recordings from aug-E neurons in anesthetized cat
(see Fig. 8A from Lalley ef al., 1994). From the simulation, the
mechanistic explanation for this diminished membrane hyperpolar-
ization is that the systematic application of a low dose of 8-OH-DPAT
shifts the post-I activity to inspiration, which suppresses the activity of
the glycinergic early-I(2) neurons (see Fig. 4B1 and B2). This also
eliminates inhibition of aug-E(1) neurons by early-I(2) neurons (see
Fig. 1B), thus significantly reducing the total inhibition of aug-E(1)
neurons during inspiration.

With systemic application of higher 8-OH-DPAT doses in the
simulation (Fig. 9B), the effects change significantly to an increase in
hyperpolarization of aug-E(1) cells during inspiration, which corre-
sponds to that seen in aug-E neurons recorded from anesthetized cat
with higher dose of systemically applied drug (see Fig. 9A from
Lalley et al., 1994). Our simulation suggests that this larger hyper-
polarization may be associated with the conversion of post-I activity to
a late-I firing profile. This re-establishes activity of early-I(2) neurons
(see Fig. 4C1 and C2) that inhibits aug-E(1) neurons. Furthermore, the
activation of K channels at higher drug doses also contributes to the
larger hyperpolarization.

Our simulations of the effects on network activity of systemic
application of 8-OH-DPAT also predict the perturbations of amplitude
and frequency of respiratory motor output. Specifically, Fig. 10 shows
how the output activity of the model (as represented by the integrated
activity of the ramp-I population) changes with systemic application of
low and higher doses of 8-OH-DPAT. It can be seen that the
amplitude of the output activity decreases and its frequency increases
progressively with drug dose.

Simulation of 8-OH-DPAT-evoked rhythm recovery after
opioid-produced depression

Figures 11 shows our simulation of the 8-OH-DPAT-mediated
recovery of rhythmic activity after it was completely suppressed by
opioids acting through pOR-activated Kir channels. In Fig. 11A1 and
A2, the excitability of all inspiratory pre-BotC neurons was reduced
because of the Kir channel activation and they were fully inhibited by
the dec-E and two aug-E populations of B6tC, which fire tonically in
the absence of phasic inhibitory inputs from the pre-B6tC inspiratory
(early-I) populations. Figure 11B1 and B2, shows the simulation of a
subsequent application of a low-dose of 8-OH-DPAT, which
augments inhibition of the dec-E and aug-E(1) populations expressing
GlyosR. This induces disinhibition of pre-1/1 and early-I(1) neurons in
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F1G. 5. Changes in the activity of post-I neurons with a systemic 8-OH-DPAT application. (A) The response of post-I neurons recorded within the rVRG in
anaesthetized cat in vivo to systemic application of the 5-HT, sR agonist 8-OH-DPAT. Post-I neurons normally receive the most powerful synaptic inhibition during
inspiration, when phrenic nerves (PN) exhibit an augmenting burst discharge (highlighted in gray). Applying 8-OH-DPAT systemically at low concentrations
(5 pug/kg) induces the release of post-I neurons from inspiratory synaptic inhibition, enabling them to discharge action potentials from the beginning of inspiration
(second interval highlighted in gray). At higher concentrations of 8-OH-DPAT (10-50 ug/kg), post-I neurons hyperpolarize and their action potential firing is
limited to the end of inspiratory phase (late-I profile highlighted by gray). From Manzke et al., 2009; Fig. 2 (a), used with permission. (B) Trace of membrane
potential of post-I neuron in the model in control conditions, after simulated application of a low and higher dose of 8-OH-DPAT, and after recovery. The bottom

trace shows integrated activity of the ramp-I population. See text for details.

the pre-BotC, which restores respiratory oscillations but with a two-
phase rhythmic pattern (note that the activity of post-I activity was
shifted to inspiration). An expanded view of the corresponding
neuronal activities for this case is shown in Fig. 12A.

Figure 11C1 and C2 shows the results in which a simulated higher
dose of 8-OH-DPAT restored respiratory oscillations via the combina-
tion of 5-HT AR-mediated potentiation of GlyosR and the higher dose-
dependent activation of 5-HT;sR-regulated K* channels. The corre-
sponding neuronal activities for this case are shown in Fig. 12B.

Figure 13A shows respiratory activity in an in situ perfused rat
brainstem—spinal cord preparation recorded from the phrenic nerve
under control conditions, during subsequent suppression of respiratory
activity by the opioid receptor agonist fentanyl, and after recovery of
activity by experimental application of 8-OH-DPAT. In Fig. 13B, the
integrated activity of the rVRG ramp-I population in the model is
shown under corresponding control conditions, during simulated
opioid-induced depression, and then after simulated recovery of
breathing by low and higher doses of 8-OH-DPAT. Similar to the
experimental results, the simulated application of higher doses of the
5-HT, 4R agonist produces an increase in the burst frequency and a
decrease in burst amplitude of the rVRG bulbospinal ramp-I
inspiratory population. Note also that after elimination of Glyos
receptors in the model, to simulate the situation in Glra3™’~ mice
lacking GlyosR, application of 8-OH-DPAT (any dose) cannot restore
the respiratory rhythm after opioid-induced apnoea (see Fig. 13C and

compare with Fig. 3B) as in the mutant mice, which indicates a
necessary role of Glyas receptors and the 5-HT; AR-mediated GlyozR
signalling in this recovery of breathing.

Discussion

Extended model architecture and proposed features
of respiratory CPG organization

Physiological bases for the extended model

Previous computational models of the respiratory network have not
specified different types of transmitter-specific synaptic interactions
such as inhibitory glycinergic and GABAergic interactions within the
respiratory network. Different types of postsynaptic receptors
expressed in different respiratory neuron groups and their possible
differential effects on neuronal excitability have also not been
considered. However, experimental studies in which specific pharma-
cological blockers were used (e.g. strychnine to block glycinergic
inhibition, or bicuculline, picrotoxin or gabazine to block GABAergic
synapses) have clearly demonstrated their different effects on the
respiratory thythm and pattern. Specifically, suppressing glycinergic
inhibition in decerebrate cats with strychnine affected mostly late-
inspiratory and early-expiratory activity, whereas the GABAergic
transmission blocker bicuculline was effective throughout the entire
cycle period with a stronger effect during late inspiration (Schmid
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F1G. 6. Effect of local application of 8-OH-DPAT on single aug-E neurons in vivo and in the model. (A) Effects of ionophoretic administration of 8-OH-DPAT
on membrane potential and discharge properties of an aug-E neuron recorded from anesthetized cat in vivo (figure from Richter ez al., 1997, used with permission).
(B) Simulation results are shown for a single neuron from the aug-E(1) population (GABAergic, with Glya; receptors) with simulated effects of cellular 8-OH-DPAT
application (low dose). An increase in membrane hyperpolarization in both cases is illustrated on the right by superposed traces with an expanded time scale. In the
simulation, the increase in hyperpolarization results from the Glyos-mediated activation-dependent increase in glycinergic inhibition from early-I(2) cells during
inspiration and dec-E cells during expiration.
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F1G. 7. Effect of an increasing dose of local 8-OH-DPAT application on single aug-E neurons in vivo and in the model. (A) Effects of increasing ejected current
(ionophoretic administration of 8-OH-DPAT) on the discharge properties of a single aug-E(2) neuron recorded intracellularly in anesthetized cat in vivo. Recordings
are shown during ionophoresis of 8-OH-DPAT with two different ejecting currents (50 and 100 nA) as indicated. Modified from Lalley ez al. (1994), Fig. 2, with
permission. (B) Simulation results are shown for a single neuron from the aug-E(1) population (GABAergic, with Glyw; receptors) affected by simulated cellular 8-
OH-DPAT application with low and higher doses. The increase in hyperpolarization and suppression of spiking activity with the higher dose of 8-OH-DPAT in the
simulation result from activation of 5-HT; sR-regulated K* channels in this neuron.

et al., 1996). Bilateral injections of bicuculline (50 or 100 um) to the (50 or 100 um) to the same region reduced the phrenic burst
pre-BotC of anaesthetized cats slowed respiratory frequency and amplitude and increased burst frequency (Pierrefiche et al., 1998).
induced apneustic patterns, whereas bilateral injections of strychnine Pharmacological blockade of glycinergic inhibition in the perfused
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FiG. 8. Effect of systemic application of 8-OH-DPAT on single aug-E neurons. (A) Effects of systemic administration (i.v. injection) of 8-OH-DPAT on the
membrane potential of an aug-E neuron and phrenic nerve (PN) activity in anesthetized cat in vivo. Dashed line indicates a decreased hyperpolarization during
inspiration produced by 8-OH-DPAT (unpublished, from experiments described in Lalley et al., 1994). (B) Simulation of systemic application of a low dose of 8-
OH-DPAT is shown for a single neuron from the aug-E(1) population. The reduced hyperpolarization during inspiration produced by 8-OH-DPAT is because a
relatively low dose of 8-OH-DPAT shifts the post-I activity to inspiration and suppresses the activity of glycinergic early-I(2) neurons (see Fig. 4B1 and B2). This
eliminates inhibition of aug-E(1) neurons by early-I(2) neurons and hence significantly reduces the total inhibition of aug-E(1) neurons during inspiration.
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F1G. 9. Effect of systemic application of 8-OH-DPAT on single aug-E neurons. (A) Effects of systemic administration (i.v. injection) of a high dose of 8-OH-DPAT
(40 ug/kg) on the membrane potential of an aug-E neuron and phrenic nerve (PN) activity in anesthetized cat in vivo. Dashed line indicates an increase in
hyperpolarization during inspiration produced by 8-OH-DPAT. The duration of activity and number of spikes per busts are also reduced by the drug. Modified from
Lalley et al. (1994), Fig. 1, with permission. (B) Simulation results for systemic application of a high dose of 8-OH-DPAT are shown for a single neuron from the
aug-E(1) population. An increase in hyperpolarization and a reduction in spiking activity with the higher dose of 8-OH-DPAT in the simulation result from activation
of 5-HTsR-regulated K* channels.

brainstem—spinal cord preparations of adult mice did not stop from a three-phase cycle to faster, two-phased cycle lacking the post-
respiratory oscillations (Biisselberg ef al., 2001b). At the same time, inspiratory phase (Biisselberg er al., 2001b). Similar two-phase
it was shown that strychnine application shifted the onset of post- respiratory patterns were observed in mutant oscillator mice lacking
inspiratory activity to inspiration and changed the respiratory pattern glycine receptors (Biisselberg ez al., 2001a).
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However, existing data on the transmitter and postsynaptic receptor
phenotypes of respiratory neurons are insufficient and in some cases
inconsistent. For example, the existence of glycinergic inspiratory
neurons in the pre-B6tC, such as the inhibitory early-I neurons in our
model (see Fig. 1A), has been established (Wang et al., 2001; Winter
et al., 2009; Morgado-Valle et al., 2010), but the assumption that all
inhibitory neurons in the pre-B6tC involved in inspiratory inhibition
are glycinergic contradicts the data that inspiratory inhibition in the
network persists in mutant oscillator mice lacking functional glycine
oy receptors, as well as in wild-type mice in which glycinergic
inhibition was blocked by administration of strychnine (Biisselberg
et al., 2001a,b). The existence of GABAergic inspiratory neurons
within the pre-B6tC has also been proposed (Onimaru et al., 1990;
Brockhaus & Ballanyi, 1998; Liu et al., 2001, 2002) and then directly
confirmed by Kuwana et al. (2006).

The majority of B6tC post-I and/or dec-E neurons with the onset of
their activity at the beginning of expiration were characterized as
glycinergic (Schmid et al., 1996; Ezure et al., 2003). However, it
remains unclear whether the post-I (Richter, 1982; Richter er al., 1986;
Schwarzacher et al., 1995) and dec-E (Cohen, 1979; Ezure, 1990;
Duffin, 2003) neurons belong to the same population of respiratory
neurons (Ezure, 1990; Rybak et al., 1997b); they may represent distinct
populations with different connections and functions in the network.

Aug-E neurons are assumed to provide GABAergic inhibition
(Champagnat et al., 1982; Haji et al., 1992; Schmid et al., 1996),
although glycinergic aug-E neurons in B6tC have also been charac-
terized (Schmid et al., 1996; Schreihofer et al., 1999). Expiratory
inhibition was found to persist after administration of strychnine and
the accompanying shift of post-inspiratory activity to inspiration
(Biisselberg et al., 2001b), which implicitly supports the existence of
GABAergic aug-E neurons.

Thus, the currently existing data on the possibly different and
specific roles of glycinergic and GABAergic inhibition in the core
brainstem respiratory network are obviously insufficient for an explicit
building of a corresponding computational model. However, these
data allow reasonable assumptions concerning differences in the
organization of glycinergic and GABAergic inhibition within the
respiratory network that, on one hand, do not contradict the existing
data described above and, on the other hand, allow reproduction and
mechanistic explanation of the specific experimental data on effects of
5-HT AR agonists on respiratory network performance under different
conditions, including the recovery of respiratory activity from opioid-
induced depression. To this end the core network used in our previous
models (Fig. 1A) was reorganized and extended (Fig. 1B). Impor-
tantly, we did not change the general architecture of the respiratory
CPG core circuits used in our previous models (Rybak ez al., 2007;
Smith et al., 2007; see also Fig. 1A), but only elaborated the circuits
by defining subpopulations of neurons with different types of
inhibitory synaptic transmission and/or postsynaptic transmitter
receptors Therefore, the extended model did not lose the ability to
reproduce all of the other respiratory responses described previously.
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Fi1G. 11. The model performance after rhythmic activity was suppressed by
(Al and A2) simulated application of opioids and after recovery of rhythmic
activity by (B1 and B2) a low and (C1 and C2) a higher dose of 8-OH-DPAT.
In the left panels (A1, B1 and C1), the activity of each population is represented
by a histogram of average neuronal spike frequency within the population
(spikes per second per neuron; bin size, 30 ms). In the right panels (A2, B2 and
C2), membrane potential traces of one representative neuron from each
population are shown with an expanded time scale.
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application of (A) a low and (B) a higher dose of 8-OH-DPAT after opioid-induced depression. Inhibitory neurons incorporating Glyo;R are indicated.

Proposed novel features of respiratory CPG organization

At the same time, the extended model proposes some important details
of the respiratory CPG organization that have not been considered
previously. Specifically, the present modelling study suggests the
following:

1. There are two distinct populations of inhibitory inspiratory neurons
in the pre-BotC (termed early-I in our model; see Fig. 1B), one
being GABAergic and the other being glycinergic. This proposal
eliminates a potential contradiction between the data demonstrating
that the pre-BotC inspiratory inhibitory neurons are glycinergic
(Wang et al., 2001; Winter et al., 2009; Morgado-Valle e al.,
2010) and the data suggesting that these neurons can be
GABAergic (Onimaru et al., 1990; Brockhaus & Ballanyi, 1998;
Liu et al., 2001, 2002; Kuwana et al., 2006). Furthermore, the
model suggests that both of these types of the inhibitory early-I
neurons present in the pre-BotC are involved in respiratory
rhythmogenesis by providing inhibition of post-I and dec-E as well
as aug-E neurons during inspiration. More specifically the
GABAergic early-I population [early-I(1) in Fig. 1B] plays an
important role in the expiratory—inspiratory transition, while the
glycinergic early-I population [early-I(2) in Fig. 1B] seems to be
involved in regulation of post-inspiratory activity.

2. There may also be two distinct populations of glycinergic neurons
with post-I/dec-E activity patterns (Fig. 1B). One of these
populations, the dec-E in Fig. 1B, contains Glyoy receptors co-
expressed with 5-HT zR. This population contributes significantly
to rhythmogenesis, specifically to the inspiratory—expiratory phase
transition. The other glycinergic population, the post-I in Fig. 1B,
exerts mutually inhibitory interactions with the glycinergic early-
I(2) population and is the major source and regulator of post-I
activities in the network.

3. There may be two distinct populations of inhibitory aug-E neurons
in the BotC (Fig. 1B), one being GABAergic and the other

glycinergic. This is consistent with a previous suggestion (Schmid
et al., 1996). The model suggests that both of these populations are
involved in respiratory rhythmogenesis by providing inhibition of
inspiratory neurons during inspiration and of post-I neurons during
the late part of expiration.

The evaluation of the current model and its further elaboration will
require additional experimental studies including more thorough
experimental characterization of the neuronal transmitter-related
phenotypes, the corresponding connectivity and the cellular-specific
actions of opioids and 5-HT receptor agonists.

Effects of opioids

As noted in the Results section, the mechanisms of respiratory
depression (apnoea) produced by u-opioids are poorly understood.
Our current simulations were based on a general depression of
neuronal excitability by opioids mediated through activation of
potassium channels of the Kir-type, which cause hyperpolarization
of respiratory (pre-BotC and BotC) neurons (Johnson et al., 1996;
Ballanyi et al., 1997, 1999; Takeda et al., 2001; Lalley, 2003). The
modelling could be extended to include other potential mechanisms
such as opioid-induced presynaptic inhibition that depresses excitatory
synaptic inputs to the pre-BotC neurons (Ballanyi et al., 2009)
although currently there is limited experimental information on cell-
specific changes in synaptic transmission in the network by opioids.

Effects of 5-HT 4R agonists and recovery from opioid-induced
apnoea

The present computational modelling was able to simulate the effects of
the 5-HT 4R agonist 8-OH-DPAT on the respiratory rhythm and
pattern, including reproducing changes in the activity of specific
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F1G. 13. Suppression of respiratory oscillations by the u-opioid agonist fentanyl followed by their recovery by 8-OH-DPAT application. (A) Recordings from an in
situ perfused rat brainstem—spinal cord preparation (bottom trace, raw recording; top trace, integrated phrenic nerve activity; unpublished data from the experiments
described in Guenther et al., 2009). (B) Simulation of rthythm suppression followed by its recovery with application of (top) low and (bottom) higher doses of 8-OH-
DPAT. The integrated activity of the ramp-I population only is shown. Note that the restored activity is characterized by higher frequency and lower amplitude than
control. (C) Simulation shows that after removal of Glyos receptors in the model, application of 8-OH-DPAT (any dose) cannot restore the respiratory rhythm after
opioid-induced apnoea. This is consistent with a necessary role of Glyos receptors and 5-HT;sR-GlyosR signalling in restoration of breathing as obtained in

Glra3™’™ mice lacking GlyosR (see Fig. 3B).

respiratory neurons as well as the respiratory recovery from opioid-
induced apnoeas. These simulations reproduced the experimentally
observed shift in the onset of post-I activity to inspiration and the
associated conversion of the three-phase respiratory pattern to a two-
phase pattern lacking the post-I phase resulting from a low dose of
8-OH-DPAT (Figs 4B1 and B2, and 5A and B). The model also
reproduced the conversion of post-I activity profiles to a late-I spiking
pattern accompanied by an increase in the phrenic nerve (PN) discharge
frequency and a decrease in the PN amplitude as seen experimentally
with higher doses of 8-OH-DPAT (Figs 4C1 and C2, and 5A and B).
We were also able to replicate a series of experimental data on the
effects of local and systemic applications of low and higher doses of 8-
OH-DPAT on the activity of aug-E neurons (Figs 6-9). Changes in the
firing patterns of other neuron types produced by the model can be
considered model predictions for further experimental studies.

Our model suggests two possible mechanisms contributing to the
recovery of respiratory activity from opioid-induced apnoea depend-
ing on the low vs. higher dose of 8-OH-DPAT. As described above,
opioids strongly reduce the excitability of pre-BotC inspiratory
neurons, hence causing an imbalance in mutual inhibition between
inspiratory and expiratory neurons. As a result, application of opioids
leads to an expiratory activity-related apnoea, in which some

expiratory populations (dec-E and both aug-E populations in
Fig. 11A1 and A2) become tonically active and inhibit all inspiratory
neurons. Application of the 8-OH-DPAT causes activation of
glycinergic oz receptors (GlyxsR) present in the glycinergic popula-
tions of dec-E and early-I(2) neurons and also in the GAB Aergic aug-
E population (see Fig. 1B). This is consistent with the description that
these receptors are widely distributed in the pre-BotC and BotC
(Manzke et al., 2009, 2010; see also Fig. 2D and E). Activation of the
5-HT; AR-modulated GlyosR signalling pathway significantly increases
the efficacy of glycinergic synaptic inhibition to these neurons (i.e.,
increases the glycinergic IPSPs; Manzke et al., 2009, 2010). Accord-
ing to our schematic (Fig. 1B), this specifically amplifies the
inhibitory input from aug-E(2) neurons to the dec-E neurons and
from dec-E neurons to aug-E(1) neurons, to finally disinhibit the
inspiratory neurons. Augmented inhibition of the early-1(2) population
by the glycinergic post-I population leads to disinhibition of the latter
population during inspiration. As a result, a respiratory rthythm with a
two-phase activity pattern recovers from the apnoea with the post-I
neurons being active during inspiration (see Fig. 11B1 and B2).

The second mechanism contributing to the respiratory recovery
proposed by the model becomes effective when the dose of applied
8-OH-DPAT is high enough to activate the specific 5-HT;sR-
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regulated K* channels, which induces neuronal membrane hyperpo-
larization depending on the maximal conductance (density) of these
channels in each neuron type. According to the model, this neuron
type-specific hyperpolarization may serve as an additional mechanism
for compensation of the opioid-induced imbalance between mutually
inhibiting expiratory and inspiratory neurons, leading to the recovery
of respiratory oscillations (see Fig. 11C1 and C2).

The neural mechanisms described above require a respiratory
neuron type-dependent distribution of Glyxs;R in the respiratory
network; this has no experimental evidence so far and is currently our
hypothesis. Our model also suggests that specific 5-HT; 5R-activated
K* channels, causing a 5-HT; sR-dependent hyperpolarization, exist in
all respiratory neurons. Such hyperpolarization has been so far tested
and observed only in the post-I (Manzke et al., 2009; see Fig. 5A) and
aug-E (or E2, Lalley er al., 1994; see Fig. 7A) neuron types. However,
it has been suggested that the activation effect of 5-HT; 4R on such K*
channels is mediated by cyclic AMP (cAMP, e.g. see Richter et al.,
1997; Heine et al., 2002) and hence may take place in many or even
all types of respiratory neurons. Also, the respiratory neuron-specific
actions of 5-HTsR and p-OR agonists within the respiratory network
have not been adequately established.

Nevertheless, the two mechanisms described above, suggested and
tested with our model, propose a reasonable explanation for the
experimentally observed 5-HT; sR-dependent recovery of the respira-
tory rhythm from opioid-induced apnoeas. Further coordinated
experimental studies are necessary to evaluate our modelling predic-
tions and understand the exact mechanisms of opioid and 5-HT
receptor-mediated control of respiratory CPG operation under differ-
ent physiological and pathophysiological conditions.
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Single neuron descriptions
All neurons were modelled in the Hodgkin—Huxley style as single-
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a —Ing — Inap — Ix — Icar — Ix.ca — 11 — Ixir — Ixs

(1)

- ISynE - ISyn,GABA - ISy}LGLYv

where V is the membrane potential, C is the membrane capacitance and
¢t is time. The terms in the right part of this equation represent
ionic currents: Iy, fast sodium (with maximal conductance
gna); Inap . persistent (slowly inactivating) sodium (with maximal
conductance gy,p); I, delayed-rectifier potassium (with maximal con-
ductance gg); Ic.r, high-voltage activated calcium (calcium-L) (with
maximal conductance gc,z); Ik cq, calcium-dependent potassium (with
maximal conductance gk cq), 11, leakage (with constant conductance
g1); Iki» opiod-activated, inwardly rectifying, voltage-dependent
potassium (with maximal conductance gg;,); Ixs, S-HT;sR-dependent
potassium (with maximal conductance ggs); sy, €Xcitatory synaptic
(with conductance ggy,z); and Isy, gapa and Iy, cry, GABAergic and
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glycinergic inhibitory synaptic currents (with conductances gcapa and
gaiy)- Tespectively.
Currents are described as follows:

Ing = GNa -m;’\,a “hng - (V — Eng);

Ingp = GNap - MNap - hvap - (V — Eng);

Ix = gx -my - (V — Ex);

Icar, = Gcar - Mcar - hear - (V = Eca);

Ix.ca = gk .ca- m%{,a, -(V — Ex);

Iy =g - (V—Eyp); (2)
Ikir = gkir - Miir - (V — Ex);

Ixks = gis - mgs - (V — Ex);

Isme = ge - (V — Esyr);

Tsyn_Gapa = 9casa - (V — Esyn_caBa);

Isym_cty = gLy - (V — Esyu_cLy),

where Ey,, Ex, Eca, Eir, Egyups Esyn_casa, and Eg,,, gy are the reversal
potentials for the corresponding membrane and synaptic channels.
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Variables m; and h; with indexes indicating ionic currents represent,
respectively, the activation and inactivation variables of the corre-
sponding ionic channels. Kinetics of activation and inactivation
variables for all voltage-dependent currents except for Ig;, is described
as follows:

Twi(V) -%mi = moei (V) — m;;
d (3)
‘L'hl'(V) Ehl = hml(V) — h,‘.

The expressions for steady-state activation and inactivation
variables and time constants are shown in Table 1. Activation of
calcium-dependent potassium channels (K,Ca) depends on the
intracellular calcium concentration and is independent of voltage
(see Table 1). Opioid-activated, inwardly rectifying voltage-depen-
dent potassium (Kir) channels are activated if opioids are applied
and remain inactivated otherwise. Because of the lack of specific
data on the voltage dependency of channel kinetics, and
for simplicity, the 5-HT;sR-activated K* channels have been
modelled as voltage-independent (leakage-type), drug concentration-
dependent potassium (K,) channels (see Appendix Table 1). The
activation variable mgg for these 5-HT;sR-activated K* channels in
the model depends only on the concentration (dose) of a 5-HT;4
receptor agonist (e.g. 8-OH-DPAT) applied (S). In all of our
simulations, we consider S <5 ug/kg to be a low dose (at which
mgs is close to zero, i.e. the channels are almost closed) and
S =10 ug/kg to be a higher dose, when these channels are
activated (e.g. at 10 pg/kg, used in all of our simulations,
mgs = 0.5; see Appendix Table 1).

Table 1. Steady state activation and inactivation variables and time
constants for voltage-dependent and other ionic channels

Tonic channels
m(V), Vin mV; t,,(V), ms; h.(V), Vin mV; 7,(V), ms

Fast sodium Na
Moonag = 1/(1 + exp(—(V +43.8)/6));

)i
TmNa = TmNamax/COSh((V + 43-8)/14)7
hoona = 1/(1 +exp((V + 67.5)/10.8));
ThNa = ThNamax/ €Osh ((V 4 67.5)/12.8), Tangmax = 8.456

TmNamax = 0.252;

Persistent sodium NaP
Moonap = 1/(1 +exp(—(V +47.1)/3.1));

TmNaP = TmNaI’max/COSh((V +471)/62)7 TmNaP max — 1;
hooNaP = 1/(1 + eXp((V + 60)/9))7
ThNaP = ThNaPmax/ cosh (V + 60)/9>, TNap max = 4000

Delayed rectifier potassium K
ook = 0.01 - (V' +44)/(1 —exp(—(V +44)/5));
Pock = 0.17 - exp(—(V + 49)/40));
Mook = dook [ (%o + Bock )i

TmK = TmkK max/(aOCK + ﬁo@K)? TmK max — 1

High-voltage activated calcium Ca,,
Moocar = 1/(1 +exp(—(V +27.4)/5.7));

Tmcal = 0.5;
hoccar = (1 + exp((V +52.4)/5.2));
Thecar, = 18

Table 1. (Continued)

Calcium-dependent potassium K,Ca or K(Ca**)

took.ca = 1.25-10% - Ca®, Boog ca = 2.5;
Mook Ca = Oook Ca/ (Oock,Ca + Pock Ca)s
Tk Ca = Tk Camax * 1000/ (%ook ca + Bock ca)s Tk Camax = 1 — 12
Opiod-activated inwardly rectifying voltage-dependent potassium K,
Mg = ko/(1 + exp ( —=(V + 80)/5))
ko = 1 if opioids are applied, otherwise ko = 0.
5-HT; sR-activated potassium K

mgs = 1/(1 + exp ( =([S] — thr)/2)), thr = 10 ug/kg

The value of maximal conductances for all neuron types are shown
in Appendix Table 2.

Table 2. Maximal conductances of ionic channels in different neuron
types

Neuron gnva  GnaP 9K Jcar  9Kk.Ca 8L Jkir  9ks

type (mS) (@S) ®S) mS) (®S) (@S) (@S) (nS) ks
pre-1/1 170 4.0 180 2.5 140 1.2 0
early-I(1) 400 250 0.05 6.0 6.0 120 25 0
early-1(2) 400 250 0.05 6.0 6.0 120 12 1.7
post-I 400 250 0.05 6.0 6.0 5.0 2.3 0
dec-E 400 250 0.05 6.0 6.0 5.0 1.2 1.5
aug-E(1) 400 250  0.05 6.0 6.0 5.0 1.2 0.2
aug-E(2) 400 250 0.03 6.0 6.0 5.0 1.2 0
early-1(3) 400 250 0.07 6.0 6.0 5.0 1.2 0
ramp-I 400 250 6.0 5.0 1.2 0

The kinetics of intracellular calcium concentration Ca is described
as follows (Rybak et al., 1997a):
d

—Ca = _kCa ICaL (1 —PB) +

7 (Cag — Ca)/tcq, (4)

where the first term constitutes influx (with the coefficient k., and
buffering (with the probability Pp), and the second term describes
pump kinetics with resting level of calcium concentration Ca, and
time constant Tc,.

Py = B/(Ca+ B +K), (5)

where B is the total buffer concentration and K is the rate parameter.
The calcium reversal potential is a function of Ca:

Ec, = 13.27 -In(4/Ca) (atrest Ca = Ca, = 5.10 > mM

and E¢, = 150 mV).

(6)

The excitatory (gg) and the inhibitory GABAergic (ggapa) and
glycinergic (ggLy) synaptic conductances are equal to zero at rest and
may be activated by the corresponding synaptic input:

gEz Z W/z Z exp

<t

S w3 exp(—(

7(GABA) t<t

S e Y exp(-

J(GLY) 1 j<t

t - [k/)/TE) +9a- demi : dmi;
m

96aai(t) = 9Gapa - (t —tx;)/TGaBa),

goryi(t) = Gory - (1 + kys - ks) - (t = t))/76Ly).

(7)
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In Eqn (7), each type of synaptic conductance for neuron i [the
excitatory gg;(t), inhibitory GABAergic ggapai(?), and inhibitory
glycinergic ggyyi(t)] are summed over all inputs j of the corresponding
type (indicated under the first sigma sign). The first equation in (7) for
the excitatory synaptic conductances has a second term describing the
integrated effect of inputs from m external drives d,,;. Each spike
arriving at excitatory (E), or GABAergic (GABA) or glycinergic
(GLY) neuron i from neuron j at time #;; increases the corresponding
synaptic conductance by gg-Wwj, OF ggaps - Wji, OF gGLy * Wjis
respectively, where gg, ggaps, and gy are the parameters defining
an increase in the corresponding synaptic conductance produced by
one arriving spike at synaptic weight wy,, = 1. 15, Tgapa and 1y are
the decay time constants for the corresponding conductances respec-
tively. In the second term of the first equations, g, is the
parameters defining the increase in the excitatory synaptic conduc-
tance, respectively, produced by external input drive d,,; = 1 with a
synaptic weight of d;,, = 1. All drives were set equal to 1.

Table 3. Weights of synaptic connections in the network

Excitatory drive {weight of synaptic input} or
source population {type, weight of synaptic
input from single neuron}

Target
population Location

Pre-1/1 pre-BotC  Drive {1.17}; pre-1/1 {E, 0.03};
dec-E {GLY, 0.15}; aug-E(1) {GABA, 0.1}
Drive {2.1}; pre-1/1 {E, 0.1}; dec-E {GLY, 0.25};
aug-E(1) {GABA, 0.4}; aug-E(2) {GABA, 0.05}
Drive {0.7}; pre-1/1I {E, 0.12}; post-I {GLY, 0.16};
dec-E {GLY, 0.22}; aug-E(1) {GABA, 0.35};
aug-E(2) {GLY, 0.05}
Drive {1.7}; pre-1/1 {E, 0.03}; early-1(2)
{GLY, 0.24}; aug-E(1) {GABA, 0.165};
aug-E(2) {GLY, 0.165}
Drive {1.7}; early-I(1) {GABA, 0.1};
early-1(2) {GLY, 0.1}; aug-E(2) {GLY, 0.005}
Drive {2.7}; early-I(1) {GABA, 0.15};
early-I(2) {GLY, 0.15}; dec-E {GLY, 0.25}
Drive {1.5}; early-I(1) {GABA, 0.2};
dec-E {GLY, 0.25}
Drive {3.5}; dec-E {GLY, 1.25};
aug-E(1) {GABA, 1.25}; aug-E(2) {GLY, 1.25}
Drive {5}; pre-1/1I {E, 0.04}; early-I(3) {GLY, 1.25};
dec-E {GLY, 1.25}; aug-E(1) {GABA, 1.25};
aug-E(2) {GLY, 1.25}

Early-I(1) pre-BotC

Early-1(2) pre-BotC

Post-1 BotC

Dec-E BotC
Aug-E(1) BotC
Aug-E(2) BotC
Early-I(3) rVRG

Ramp-I rVRG

Values in brackets represent relative weights of synaptic inputs from the cor-
responding drive (wg,;) or source populations (type, w;); see Eqn (7). To
provide heterogeneity of neurons within neural populations, the weights of
excitatory and inhibitory connections were randomly distributed by + 5% and
+ 10%, respectively.

The effect of glycinergic synaptic input in the current model
depends on the type of glycine receptors present in the neuron. We
assume that all neurons have Glyo;R mediating the inhibitory
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glycinergic synaptic input. In addition, we propose that some neural
populations [specifically, the dec-E and aug-E(1) populations in the
BotC and early-1(2) population in the pre-BotC; see Fig. 1B] contain
an additional type of glycinergic o3 receptors (Glyx;R), which are co-
expressed with the 5-HT;, receptors and can be activated by their
agonists, such as 8-OH-DPAT. The latter if applied should produce a
significant augmentation of the glycinergic inhibitory input to the
neurons containing Glya;R. Correspondingly, the parameter kg in Eqn
(7) defines application of 8-OH-DPAT (kg =1 if 8-OH-DPAT is
applied and zero otherwise); the parameter k,; defines the presence of
GlyosR in a neuron (k,3 # 0, otherwise it is 0) and the density of
this receptors that defines the degree to which the 5-HT;sR-GlyozR
complex increases the inhibitory effect of glycinergic input to the
neuron (k,; values used can be found in Appendix Table 2).

The relative weights of synaptic connections (w;; and d;,, are shown
in Appendix Table 3).

Neuronal parameters

Capacitance: C = 36 pF

Synaptic parameters: gg =gcaps = gory = ga = 1.0 ns; 7z = 5 ms,
Teapa = Tgry = 15 ms. Differences in kinetics between GABA and
glycine synaptic inputs have not been considered.

Calcium kinetics: Cag = 5107 mM; k¢, = 2:107° mM/C; 1, =
500 ms, B = 0.030 mMm; K = 0.001 mM.

Reversal potentials: Ey, = 55 mV; Ex = =94 mV; Egy,z = —10
mV; Eg,, Gaga = Esyn_cLy = =75 mV.

To provide heterogeneity of neurons within neural populations, the
value of E; was randomly assigned from normal distributions using
average value = SD. Leakage reversal potential for all neurons (except
for pre-1/I) E; = —60 + 1.2 mV; for pre-I/I neurons E; = —68 =+
1.36 mV.

Modelling neural populations

In the present model, each functional type of neuron is represented by
a population of 20-50 neurons. Connections between the populations
were established so that, if a population A was assigned to receive an
excitatory or inhibitory input from a population B or external drive D,
then each neuron of population A received the corresponding
excitatory or inhibitory synaptic input from each neuron of population
B or from drive D, respectively. The heterogeneity of neurons within
each population was set by a random distribution of E; (mean
values + SD; see above) and initial conditions for values of membrane
potential, calcium concentrations and channel conductances. In all
simulations, initial conditions were chosen randomly from a uniform
distribution for each variable, and a settling period of 20 s was
allowed in each simulation before data were collected. Each simula-
tion was repeated 20-30 times, and demonstrated qualitatively similar
behaviour for particular values of the standard deviation of E; and
initial conditions.
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