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Abstract

Inhibitory interactions between neurons of the respiratory network are involved in rhythm
generation and pattern formation. Using a computational model of brainstem respiratory networks,
we investigated the possible effects of suppressing glycinergic inhibition on the activity of
different respiratory neuron types. Our study revealed that progressive suppression of glycinergic
inhibition affected all neurons of the network and disturbed neural circuits involved in termination
of inspiration. Causal was a dysfunction of postinspiratory inhibition targeting inspiratory neurons,
which often led to irregular preterm reactivation of these neurons, producing double or multiple
short-duration inspiratory bursts. An increasing blockade of glycinergic inhibition led to apneustic
inspiratory activity. Similar disturbances of glycinergic inhibition also occur during hypoxia. A
clear difference in prolonged hypoxia, however, is that the rhythm terminates in expiratory apnea.
The critical function of glycinergic inhibition for normal respiratory rhythm generation and the
consequences of its reduction, including in pathological conditions, are discussed.
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1 INTRODUCTION

Inhibitory interactions between neurons of the brainstem respiratory network have been
proposed to play a critical role in respiratory rhythm generation and the adjustment of
normal breathing movements in vivo (Richter et al., 1986, 1992). Disturbances of these
synaptic interactions may become dangerously life threatening as they can lead to an
abnormally prolonged inspiration (apneusis) producing breath holdings or to complete
cessation of breathing (apnea). There are reports of several diseases in which such
disturbances of breathing originate from a failure of glycinergic inhibition that may even
cause sudden death, for example, in Rett Syndrome (Stettner et al., 2007), hyperekplexia
(Busselberg et al., 2001a; Harvey et al., 2008; Markstahler et al., 2002), developmental
disorders, such as olivo-ponto-cerebellar atrophy (OPCA) (Richter et al., 2003), and also
brainstem infarction (El-Khatib et al., 2003).

The circuit mechanisms underlying inhibitory regulation of respiratory network activity and
the associated emergent pathogenic processes contributing to network dysfunctions are
difficult to analyze in a complex system such as the brainstem respiratory network.
Specifically, there is incomplete understanding about the effects of such disturbances on the
activity of different respiratory neuron types. In this study, we tried to fill this gap using
computational modeling of the effects of progressive depression of glycinergic inhibition on
the activity of various types of respiratory neurons. We believe that such an approach is
promising as it not only predicts network behavior but allows theoretical and experimental
testing of therapeutic strategies to recover breathing as was successfully performed for
opioid-induced apnea by potentiating glycinergic synaptic transmission (Shevtsova et al.,
2011).

As synaptic transmission of inhibitory neurons is also very sensitive to hypoxia and fades
quickly during reduced levels of brain oxygen (Congar et al., 1995), we used our simulations
to investigate the possible effects of progressive suppression of glycinergic inhibition to gain
insights into basic mechanisms of respiratory rhythm generation and pattern formation and
to explore potential inhibitory mechanisms involved in hypoxia-related disturbances of
respiratory network activity. Based on our simulations and their comparisons to
experimental data, we were able to identify and interpret some of the stages of hypoxic
perturbations of neural activity at both the neuronal and the network levels. We suggest that
identifying different states of these disturbances can be used to diagnose the degree of
severity of disruptions of network inhibitory processes, which might be beneficial for
protective medicine.

2 MATERIALS AND METHODS
2.1 Modeling Methods

The computational model of the brainstem respiratory network used in this study had been
developed and described in detail by Shevtsova et al. (2011). All neurons were modeled in
the Hodgkin—Huxley style (single-compartment models) and incorporated known
biophysical properties and available information on channel kinetics as previously
characterized in respiratory neurons in vitro. In the model, each population contained 20-50

Prog Brain Res. Author manuscript; available in PMC 2014 June 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Shevtsova et al.

Page 3

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. To simulate a progressive reduction
of the strength of glycinergic inhibition in the network, all weights of glycinergic synapses
in the network were equally reduced by 5% steps from their initial default values to zero
(100% suppression).

All simulations were performed using the simulation package NSM 3.0 developed at Drexel
University by S. N. Markin, I. 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 modeling and simulation methods can be found in Shevtsova et al. (2011).

2.2 Experimental Studies

The computational data were compared with experimental investigations in the arterially
perfused in situ brainstem-spinal cord preparation of wild-type mice, in which specific
blockade of glycine receptors (GlyRs) (Jonas et al., 1998) was achieved by adding
strychnine at concentrations as low as 0.07-0.3 uM to the perfusate (Bisselberg et al.,
2001b, 2003). In vivo hypoxia data were obtained from anesthetized cats, which as described
in the original publications were ventilated with gases of variable O, and constant CO,
partial pressures (Richter et al., 1991).

3 RESULTS

3.1 Model Description and Operation in Control Conditions

In this study, we used our computational model of the brainstem respiratory network
(Shevtsova et al., 2011) that was specially developed to simulate and theoretically analyze
the possible neural mechanisms involved in the recovery of breathing after opioid-induced
apnea by potentiating glycinergic inhibition via the 5-HTq 5 receptor agonist 8-OH-DPAT as
demonstrated in experimental studies (Manzke et al., 2010). This model was the first
computational model of the brainstem respiratory network in which the two different types
of synaptic inhibition found in this network, glycinergic and GABAergic, were separated
and performed different functions in the network as described by Schmid et al. (1996). The
model (Fig. 1) was developed as an extension of the previous model of Smith et al. (2007)
that simulated the core excitatory and inhibitory interactions between respiratory neuronal
populations within and between the pre-Botzinger (pre-BotC) and Botzinger (B6tC)
complexes and the rostral ventral respiratory group (r'VRG). In contrast to that model,
however, the model developed by Shevtsova et al. differentiated glycinergic and
GABAergic inhibitory populations.

As shown in Fig.1 and described in Shevtsova et al. (2011), the B6tC compartment in the
model contains two separate glycinergic postinspiratory/decrementing-expiratory
populations (referred to as post-1 and dec-E) and two populations of augmenting expiratory
neurons: one GABAergic (aug-E(1)) and the other glycinergic (aug-E(2)). The pre-B6tC
compartment has an excitatory (glutamatergic) population of preinspiratory/inspiratory (pre-
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I/1) neurons some of which have intrinsic pacemaker bursting properties and two
populations of early-inspiratory neurons: one GABAergic (early-I (1)) and the other
glycinergic (early-1(2)). The rVRG compartment contains an
excitatory(output)populationofaugmenting(ramping)ramp-Ineuronsprojectingtophrenic
motoneurons (not included in the model) and an inhibitory (glycinergic) early-1(3)
population shaping the augmenting pattern of ramp-Ineurons during inspiration. The
experimental basis for the neuronal properties and network interconnections incorporated in
this model can be found in our previous papers (Rybak et al., 1997, 2007; Shevtsova et al.,
2011; Smith et al., 2007).

Model performance under control conditions is illustrated in Fig. 2A that shows traces of
membrane potentials of one representative neuron from each population and the integrated
histogram of activity of the ramp-1 population that is considered as a surrogate for the
phrenic output defining the phase of inspiration (marked in Fig. 2 by gray background).

In control conditions, the model generated a typical three-phase respiratory rhythmic pattern
(Richter et al., 1986) similar to that in our previous models (Rybak et al., 1997, 2007;
Shevtsova et al., 2011; Smith et al., 2007) and reproduced the typical firing patterns and
membrane potential changes of different types of respiratory neurons (Richter, 1982).
Specifically (see Fig. 2A), the pre-1/I neurons start firing prior to the onset of inspiration (as
defined by the ramp-I histogram at the bottom). All three early-1 neuron types (GABAergic,
early-I(1), and glycinergic, early-1(2) and early-1(3)) exhibit similar decrementing activity
patterns during inspiration. The aug-E neurons, GABAergic aug-E(1) and glycinergic aug-
E(2), are both active in late expiration. The glycinergic post-1 neuron type is active in the
postinspiratory phase, whereas the glycinergic dec-E neurons demonstrate adaptive
responses throughout expiration.

Inhibitory interactions define firing behaviors of different neuron populations during the
respiratory cycle. Specifically, during expiration, all four expiratory populations of B6tC
inhibit all inspiratory populations of pre-B6tC and rVRG. The glycinergic post-1 population
of B6tC stops firing in the postinspiratory phase because of inhibition provided by both aug-
E populations of B&tC. Before the end of expiration, the pre-1/I excitatory population of pre-
BotC starts firing when released from the decreasing inhibition from the dec-E population,
which exhibits spike frequency adaptation in the model and is progressively inhibited by the
aug-E(1) population. The pre-I/I neurons then excite both of the pre-BotC early-I
populations. These populations fire, inhibit all expiratory populations of B6tC, and drive the
start of inspiration (the onset of ramp-1 population activity in r'VRG). During inspiration
both of the early-I populations exhibit progressively reduced activity because of their Ca?*-
induced spike frequency adaptation and at some moment allow a release of activity in the
two glycinergic populations of BO6tC (post-1 and dec-E neurons). Firing of these two
populations provides switching to expiration with inhibition of all inspiratory neurons in
pre-BotC and rVRG. Then the cycle processes repeat.
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3.2 Simulating the Effects of Progressive Reduction of Glycinergic Inhibition in the

Network

Figure 2 shows the representative traces of membrane potentials of single neurons from each
population in the network and the integrated ramp-1 output (bottom trace) under control
conditions (panel A) and following a graded reduction of glycinergic inhibition in the
network (by 40%, 50%, 60%, and 100%, see panels (B-E), respectively).

After blockade of glycinergic inhibition by 40% (Fig. 2B), post-I neurons escape the
glycinergic inhibition by early-1(2) neurons and their activity shifts into the inspiratory
phase. At the same time, the reduction of inhibition of the pre-1/1 and both early-I
populations by the glycinergic post-1 and dec-E populations results in a prolonged activity of
the pre-1/1 and early-1(1) neurons. The dec-E and early-1(2) neurons have mutual inhibiting
glycinergic synaptic interactions that are reduced simultaneously, which results in a short
postinspiratory phase, leading to secondary inspiratory bursts also seen by the double bursts
in the ramp-1 output. Progressive increase of the blockage of glycinergic inhibition (e.g., by
50%; Fig. 2C) leads to the generation of a series of multiple inspiratory bursts discharged at
short intervals. Further increased blockade of glycinergic inhibition (by 60% in Fig. 2D)
results in long-lasting output bursts with inspiratory discharges of steady intensity
resembling apneusis. The model revealed that this inspiratory prolongation originates
preferentially from a repetitive alternation between pre-1/1 and early-1 and aug-E neuronal
discharges. A full blockade of glycinergic inhibition in the model leads to the full cessation
of rhythmic oscillations and continuous (apneustic) inspiratory output activity (Fig. 2E).

3.3 Comparison of the Simulation Results with Experimental Data

Experimental suppression of glycinergic inhibition by its pharmacological blockers (e.g.,
strychnine) in small concentrations/doses (to maintain blocker specificity) is never 100%
complete. Therefore, we compared the experimental data showing the effect of strychnine
with our simulations that predicted the possible changes in the activity of different neuron
types and the output motor patterns following partial suppression of glycinergic inhibition.
Such comparisons are shown in Fig. 3.

The analysis of cellular data obtained by intracellular recordings in the perfused in situ rat
preparation after administration of strychnine revealed several critical changes in respiratory
network operation accompanied by, and probably strongly connected with, the observed
changes in the activity of postinspiratory neurons (Busselberg et al., 2001b, 2003).
Specifically these experimental studies showed that strychnine application can cause a shift
in the onset of post-1 neuron discharges into the inspiratory phase (Fig. 3A1). A similar shift
in the onset of post-I activity was reproduced in our simulations after 30% suppression of
glycinergic inhibition (see Fig. 3B1). This post-I activity shift occurred in the model because
the reduced inhibition from the glycinergic early-1 neurons allowed the post-1 neurons to
start firing within inspiration.

In contrast to the post-I neurons, the activity of the dec-E neurons, following the reduction
of glycinergic inhibition, did not shift to inspiration in both the experimental recordings
from such neurons (Busselberg et al., 2003) and our simulations (Fig. 3B2). Our simulations
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support the proposal that in contrast to the post-1 neurons, the dec-E type of neurons receive
mostly GABAergic inhibition during inspiration, which keeps these neurons inhibited during
inspiration even when glycinergic inhibition is suppressed. Note also the obvious
irregularity in the expiratory duration leading to occasional doubling of the inspiratory
bursts, which is seen in both experimental records and our simulations with 40% inhibition
suppression.

Figures 3A3 and B3 compare the effect of suppressing glycinergic inhibition on the activity
of aug-E neurons, recorded in the intact rat brainstem (Busselberg et al., 2001b; panel A3),
and from our model simulations (panel B3, an aug-E(1) neuron after 30% suppression of
glycinergic inhibition). In both experimental and modeling traces, following the suppression
of glycinergic inhibition, the aug-E neurons started firing just after termination of phrenic
nerve discharges, which can be explained by the shift of post-I activity into inspiration and
the reduced expiratory glycinergic inhibition from the post-1 neurons.

Figure 3A4 represents intracellular recordings from an early-1 neuron (from Busselberg et
al., 2003) in control conditions and after administration of strychnine, and in Fig. 3B4, we
show the corresponding traces of an early-1(2) neuron from our simulations under control
conditions and following 40% suppression of glycinergic inhibition. The decreased
inhibition of inspiratory neurons during the postinspiratory period by the glycinergic post-I
and dec-E neurons causes the predicted appearance of the secondary inspiratory bursts seen
in both the early-1 neuron and phrenic activities (Busselberg et al., 2003).

Figures 3A5 and B5 compare the effect of glycinergic inhibition blockade on the activity of
presumably an aug-1 neuron (panel A5, from Blisselberg et al., 2003) and from a ramp-I
neuron from our simulations (45% of glycinergic inhibition suppression). As seen in these
panels and in the panels A6 and B6 (showing only experimentally recorded phrenic activity
and integrated ramp-I population activity from our simulation), the partial blockade of
glycinergic inhibition produces double, triple, and sometimes multiple inspiratory discharges
as also seen in other panels of Fig. 3. The model showed that the post-1 neurons start to fire
action potentials shortly after the onset of phrenic nerve bursts (Manzke et al., 2010;
Shevtsova et al., 2011) allowing only a short period of undisturbed evolution of inspiratory
activity. The post-I neurons continue to fire throughout the plateau of the recorded
prolonged (apneustic) phrenic nerve discharge and decline thereafter. This residual post-I
discharge following the apneustic bursts, however, seems to be too weak to suppress all pre-
I/1 discharges, which may trigger very brief discharges (not illustrated) or the secondary
bursts of phrenic nerve activity (Busselberg et al., 2001b).

4 DISCUSSION

Under normal conditions, the three-phase pattern of rhythmic breathing depends on intact
excitatory and inhibitory synaptic interactions between populations of respiratory neurons in
the complex respiratory network (Richter, 1982; Smith et al., 2007). Inhibitory interactions
include glycinergic inhibition involved in termination of respiratory phases and GABAergic
inhibition that stabilizes antagonistic inspiratory and expiratory phases of oscillation
(Schmid et al., 1996). The specific roles of glycinergic versus GABAergic inhibitory
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interactions in the respiratory network have not been definitively established, although the
results from pharmacological experiments analyzed here suggest that glycinergic inhibition
may importantly contribute to normal rhythm generation and pattern formation. Recent
studies have demonstrated that more than 50% of respiratory neurons in the pre-BotC are
glycinergic (Manzke et al., 2009; Winter et al., 2009) and there is a denser concentration of
glycinergic neurons in the BotC (see Manzke et al., 2010). This problem has become even
more interesting by the recent findings of Koizumi et al. (2013) that there are substantial
subpopulations of inhibitory inspiratory neurons that are cophenotypic glycinergic and
GABAergic neurons in the neonatal pre-B6tC. Our model, which is based on available (but
limited) information on the specific connectivity of glycinergic and GABAergic neurons,
has attempted to assign potential roles to glycinergic and GABAergic neuron populations in
the pre-B6tC and B6tC. According to our model (see Fig. 1), glycinergic inhibitory neurons
in these regions are involved in both rhythm generation and respiratory pattern formation.
This is consistent with the finding that local pharmacologic blockade of GlyRs in the pre-
Bo6tC of intact in vivo preparations disturbs the inspiration terminating mechanisms (Richter
etal., 1979) and can lead to complete respiratory apnea with weak oscillatory or tonic
discharges of phrenic nerves (Pierrefiche et al., 1998). Our computational network
simulations, with the specific network connections proposed, provide a “proof-of-principle”
that selective blockade of all glycinergic inhibition can produce inspiratory apneusis.

Can the experimental evidence and our models of disturbances with attenuated inhibitory
interactions in the respiratory network provide an explanation of clinical disorders, including
pathological respiratory network responses to prolonged hypoxia? It is important to note that
some of the changes in neuronal activities and the output respiratory pattern observed after
suppression of glycinergic inhibition also occur in patients with GlyR deficiency during
hyperekplexia (Chung et al., 2010; Harvey et al., 2008; Markstahler et al., 2002), Rett
Syndrome (Stettner et al., 2007), and developmental disturbances such as OPCA (Richter et
al., 2003). The clinical symptoms are prolonged breath holdings (apneusis, but in the
hospital often described as apnea). The present study describes simulation of the potential
consequences when glycinergic inhibition fails gradually (Fig. 2). The disturbances start
with doublet or multiple short-duration bursting of ramp-1 neurons and output activity (Fig.
2B and C) that then lead to terminal apneusis (breath-holding, Fig. 2D and E). Our model
also predicts that apnea may not occur even after complete blockade of GlyRs, but it may
result from accompanying hypoxia.

The experimental finding that inspiratory apnea may result from GlyR blockade lead us to a
comparison of hypoxic or ischemic responses that involve endogenous blockade of
glycinergic inhibition, which causes expiratory activity-based apnea (Richter et al., 1991;
Thoby-Brisson and Ramirez, 2000). We therefore examined single-cell intracellular
recording data on progressive blockade of GlyRs delineating alterations of spiking patterns
and membrane potential trajectories with data from disturbances arising from hypoxia. A
comparison of the hypoxic responses in the in vivo cat with strychnine-mediated blockade of
GlyRs in the rat brainstem in situ shows interesting similarity. For example, there is indirect
evidence that early in hypoxia the post-I discharge shifts into inspiration (see Fig. 4A-C)
similar to that following pharmacological suppression of glycinergic inhibition (Blsselberg
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et al., 2001b). Such early blockade of glycinergic inhibition may be the primary cause for
the successive disturbances in hypoxia. These include recurring bursting of the ramp-I
output neurons, which might be responsible for intractable hiccups indicating onset of
brainstem damage during hypoxia (Mandala et al., 2010).

The striking difference to the partial blockade of GlyRs, however, is the persistence of tonic
expiratory discharges. The final disturbance of network activity during progressive hypoxia
is shifting of late expiratory neuronal discharges into the period of long apneustic inspiratory
bursts and their vanishing after-discharges (Fig. 4A and B). After a short interval of hypoxia,
however, blockade of GlyR seems to reach levels beyond 70% and the phrenic nerve output
declines to very weak tonic discharges, while expiratory neurons fire tonically (Fig. 4C).
This may result from breakdown of mutual inhibition after additional failure of GABAergic
inhibition (Khazipov et al., 1995). In severe hypoxia, there is only a transient increase and
then collapse of GABA release (Richter et al., 1999). Therefore, from a therapeutic stand-
point, it seems reasonable to start protective treatment already before complete breakdown
of inhibitory processes by pharmacotherapeutical reinforcement of glycinergic inhibition as
successfully performed in a patient with surgical lesions in the pontine-brainstem junction
(Wilken et al., 1997), and also in a patient with OPCA (Richter et al., 2003) and in
brainstem stroke patients (El-Khatib et al., 2003).
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FIGURE 1.
Model schematic. See text for details.
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FIGURE 2.

Simulations of effects of depressing glycinergic inhibition on the activity of different
respiratory neuron types and the output motor pattern. Traces of membrane potentials of the
representative single neurons from each population in the network (Fig. 1) and the integrated
histogram of ramp-I output (bottom trace) under normal conditions (A) and following a
graded reduction of glycinergic inhibition in the network (by 40%, 50%, 60%, and 100%, in
B-E, respectively). In all diagrams, the inspiratory phase defined by the activity of the ramp-
| population is highlighted by gray background.
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FIGURE 3.
Comparison of simulation results with experimental data on perturbations of the activity of

different respiratory neuron types and the output motor pattern by partial suppression of
glycinergic inhibition. Experimental data (A1-A6) and the corresponding simulation results
(B1-B6) illustrate disturbances of activity of post-1 (Al and B1), dec-E (A2 and B2), aug-E
(A3 and B3), early-I (A4 and B4), and aug-1/ramp-1 (A5 and B5) neuron types, and output
motor activity (PN, phrenic nerve activity; A6 and B6). Original data in A1 (unpublished)
and A3 are from the study of Biisselberg et al. (2001b), and for A2, A4, A5, and A6 from
Biisselberg et al. (2003). See text for details.
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FIGURE 4.

Hypoxic responses indicating early blockade of glycinergic inhibition ultimately causing
expiratory apnea (anesthetized cat, Richter, unpublished). (A) With prolonged hypoxia,
early-I inhibition of the aug-E neuron is progressively shortened to early-inspiratory periods
(see gray regions). This indicates a shift of postinspiratory discharge into inspiration which
continues throughout the apneustic inspiratory after-discharges. (B) An aug-E neuron
revealing oscillatory fluctuations of EPSPs and IPSPs during the apneustic period of phrenic
nerve discharge. (C) With enduring hypoxia, aug-E neuronal discharges shift into the
inspiratory phase, when the duration of early-I inhibition is very short. Later during hypoxia,
aug-E neurons discharge almost tonically, producing expiratory apnea. Normal activity
patterns are fully recovered shortly after restoration of normoxia.
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