Experimental Validation of a Closed-Loop Respiratory Control Model
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Abstract— We have previously introduced a model for closed-
loop respiratory control incorporating an explicit conductance-
based model of bursting pacemaker cells driven by hypoxia
sensitive chemosensory feedback. Numerical solution of the
model equations revealed two qualitatively distinct asymptot-
ically stable dynamical behaviors: one analogous to regular
breathing (eupnea), and a second analogous to pathologically
rapid, shallow breathing (tachypnea). As an experimental test
of this model, we created a hybrid in vitro/in silico circuit. We
used Real Time eXperimental Interface (RTXI) dynamic clamp
to incorporate a living pacemaker cell recorded in vitro into a
numerical simulation of the closed-loop control model in real
time. Here we show that the hybrid circuit can sustain the same
bistable behavior as the purely computational model, and we
assess the ability of the hybrid circuit to recover from simulated
bouts of transient hypoxia.

I. INTRODUCTION

In [3], [4] Butera, Rinzel and Smith (BRS) intro-
duced a model for autorhythmic activity in neurons of the
preBotzinger Complex (pBC), a brainstem center that is
essential for normal breathing [17]. The BRS model accounts
for many observed properties of autorhythmic pBC cells,
including the existence of three dynamical regimes: quies-
cence in response to low drive conditions, regular bursting
in response to moderate drive conditions, and rapid steady
beating in response to elevated drive conditions. As part of
a respiratory control system, both the quiescent and beating
states would fail to drive lung activity and gas exchange
adequately to maintain appropriate levels of blood O,. In
[7], we incorporated the BRS equations into a closed-loop
respiratory control model, and confirmed the existence of
two qualitatively distinct asymptotically stable behaviors,
corresponding to bursting and beating. When subject to
sustained hypoxia, increased chemosensory input drove the
model neuron to the pathological state of sustained beating.
We also demonstrated that the BRS model possesses a
previously unreported capacity for autoresuscitation: when
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hypoxia is first imposed, through a rapid reduction of blood
O,, the BRS model responds with a transient barrage of
activity which can force an abnormally large expansion of
the lung, temporarily increasing gas exchange and potentially
restoring blood O,. We observed that the BRS system could
“survive” the imposition of hypoxia for various combinations
of duration and severity of reduced blood O; [7].

Computational models are often used to provide insight
into the behavior of biological systems. In most instances
these insights are “postdictive” rather than predictive [1]. A
strong test of a biological model is whether it can predict
aspects of the behavior of a biological system, which can be
subsequently tested [13]. Here we report on dynamic clamp
experiments in which we tested the closed-loop control
model of [7] by implementing a hybrid in vitro/in silico
circuit, in which a living cell from a pBC slice preparation
replaced the model’s BRS-based central pattern generator
(CPG).

II. METHODS

Dynamic clamp systems [16] such as RTXI [10] can record
voltage from a cell and supply artificial conductances in
the form of current injection adjusted in real time based on
the cell’s voltage. Within RTXI, we constructed a modular
representation of the control circuit from [7] as shown in
Fig. 1A.

A. Hybrid circuit

We patched onto cells in the pBC, and used the recorded
membrane potential (V) as input to a module representing
the respiratory musculature. This module includes synaptic
activation of a motor unit () that causes changes in lung
volume (vol). Air intake during lung expansions increases
the partial pressure of oxygen in the lung (PO2jy,g). The
partial pressure of oxygen in the blood (PO2ypj004) increases
due to oxygen transfer from the lungs, and decreases due to
metabolic demand. The equations for these model compo-
nents are given in the Appendix. A fuller description of our
modeling rationale can be found in [6].

Following [7], we model the hypoxia chemosensation
pathway with a sigmoidal relationship between PO2y00q
(mmHg), that determines gionic (nS), a conductance repre-
senting external drive to the pBC. We assume that increasing
oxygen deficiency increases the respiratory drive:

PO2y100d — 100) ) )

Ztonic = 0.5 (1 — tanh ( 30
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The computed external conductance is then applied to
the patch-clamped pBC cell. The amount of current injected
(Ztonic, PA) also depends on the cell’s membrane potential:

ionic = &tonic (V - Esyn) 2

where Egyy =0 mV.

After patching onto a bursting pBC cell, we isolated the
cell from excitatory synaptic inputs by applying CNQX
(6-cyano-7-nitroquinoxaline-2,3-dione) to block AMPA and
kainate receptors. If after application of CNQX the cell was
no longer bursting, we injected a simulated BRS persistent
sodium current (Inap, pA) through RTXI, in order to recover
bursting before performing closed-loop or autoresuscitation
experiments:

INaP = gNaPPh(V — ENap) 3)
dh  he—nh
a T 4
Xoo = {1 +exp[(V —6,)/0]} ! (5)
Ty = T,/ cosh[(V — 6;)/(20%)] (6)

for gating variable x € {p,h} where 6, = 40 mV, o, =
—6,6, = —48,0, = 6,7, = 10,000 ms, and En,p = 50
mV. Butera and colleagues demonstrated that a persistent
(i.e. slowly inactivating) sodium conductance [8], [12] was
necessary and sufficient to generate bursting in a model
consistent with the properties of spontaneous burst activ-
ity of autorhythmic neurons recorded in organotypic slice
preparations from neonatal rats [3], [5]. However, due to
natural biological variability, individual cells have different
amounts of endogenous NaP conductance [12], [18]. By
incorporating a baseline level of simulated NaP conductance
into our hybrid circuit, we raised the cell’s endogenous NaP
conductance to a level sufficient to kindle bursting activity.

B. Computational circuit

In order to compare the behavior of the hybrid circuit
with a purely computational implementation, we performed
simulations in which the patched-clamped pBC cell was
replaced by a BRS model cell. In the purely computational
model, the membrane potential (V) is given by:

av
CE = Lapp — INaP — INa — Ik — IL — Lonic (7

o = g, (1 = m)(V — Fi) ®
IK = gKn4(V 7EK) (9)
I =gL(V—EL) (10)
dn  ne—n

- 11
dt Tn b

where C =21 pF, Lpp =0 pA, 6, = -34 mV, 6,,=—-5,0, =
29,0, = —4,7, =10 ms, gna =28 nS, gk = 11.2,g1, =
2.8,Ena = 50 mV, Ex = —85,EL, = —65. Ingp 1S as given in
(3), with gnap = 2.8 nS.

Naturally occurring populations of neurons show sig-
nificant individual variability within cell types [12], [14].
After running the hybrid respiratory control loop protocol
with a particular pBC cell included via dynamic clamp,

we adjusted the standard BRS parameters to improve the
correspondence between model behavior and the hybrid
circuit. First, we set C to the measured cell capacitance,
and set the reversal potentials within the BRS model to
match potentials based on the recording solutions used in
the experiments (Eng = 65 mV, Ex = —72 mV). In some
cases, even with these adjustments, the modified BRS model
showed spontaneous bursting on a time scale 2 —4x faster
than the cell recorded in open-loop conditions. We found that
adding a truly persistent (i.e. non-inactivating [19]) sodium
current (Inanry) led to spontaneous bursting on a time scale
matching that of the patched cell:

INa(NT) = &NaND) Poo(V — ENa) (12)

Model simulations and analysis were performed using RTXI,
XPPAUT, and MATLAB.

C. Animal experiments and electrophysiology

All procedures were performed in accordance with pro-
tocols approved by the Case Western Reserve University
Institutional Animal Care and Use Committee. Brainstem
slices from Sprague-Dawley rats were prepared as de-
scribed in [6]. Intracellular signals were recorded with a
HEKA EPC-10D amplier (HEKA Elektronik GmbH, Ger-
many) controlled by Real-Time eXperiment Interface soft-
ware (http://www.rtxi.org) running at a cycle frequency of
10 kHz.

ITI. RESULTS
A. Bistability in the hybrid circuit

The bistability of eupnea-like and tachypnea-like breathing
observed in the closed-loop model of [7] depends on prop-
erties of the BRS model of pBC cells. We verified that, as
expected, pBC cells themselves possess these properties and
can sustain two distinct stable behaviors within the closed-
loop control system, by using an in vitro brainstem slice
preparation containing the pBC, premotor neurons and the
hypoglossal nerve (XIIn) rootlet. We created hybrid circuits
by patching on to inspiratory pBC cells (cells that fired
in phase with the XIIn rhythm), and used the recorded
membrane potential to drive the muscle and gas exchange
compartments of the model in real time. We closed the
control loop via dynamic clamp; the simulated PO2y,04 level
determined gonic, Which, along with the measured membrane
potential, was used to compute the amount of current (Zionic)
to inject into the cell, as diagrammed in Fig. 1A.

The hybrid circuit exhibited two distinct regimes. In one
regime, the cell was bursting (Fig. 1B left column), which led
to simulated lung expansions that were sufficient to maintain
PO2pjp0q above 100 mmHg in the model, thus keeping gionic
below 0.5 nS. In the second regime, the cell was not bursting,
but instead firing tonically (Fig. 1B right column). The
beating-like activity drove simulated lung expansions that
were too small to sustain effective gas exchange. In this
regime, PO2pjo0q remained low (around 60 mmHg) in the
model, leading to high drive (gwnic =~ 1 nS) that reinforced
the beating behavior. These data confirm that inspiratory cells
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Fig. 1. Bistability in a hybrid in vitro/in silico respiratory control loop.
(A) Schematic showing modular construction of the control loop. Motor
output, lung volume, lung oxygen, blood oxygen and g, modules were
implemented within RTXI. Through RTXI’s dynamic clamp, we injected
artificial conductances (gionjc and supplemental gnap, see Methods) to a
patch-clamped pBC cell in vitro, and used the cell’s membrane voltage as
input to the motor module in real time. (B) Left column: stable eupnea-like,
fictive breathing activity in the closed-loop hybrid circuit. V (top trace) is
the voltage recorded from the in vitro cell; the other variables (vol (L),
second trace; PO2yy,, (mmHg), blue trace, PO2yj40q (mmHg), red trace,
Zionic (nS), bottom trace) were computed in real time within RTXI. Right
column: stable tachypnea-like activity in the hybrid circuit. Note the small
deflections of lung volume; depression of PO2 (both blood and lung) near
60 mmHg, and the elevation of gyonic-

taken from a pBC network in vitro show the same type of
bistability predicted by our purely computational control loop

[7].

B. Autoresuscitation in the hybrid circuit

The autoresuscitation phenomenon observed in the purely
computational control loop [7] also depends on recently
discovered properties of the BRS model, in particular, its
transient response to rapid imposition of simulated hypoxia.
We tested autoresuscitation in the hybrid circuit by temporar-
ily clamping simulated PO2y4,4 at 60 mmHg to represent the
imposition of hypoxia. As shown in Fig. 2A, if the clamp
was short enough in duration (7 < 50 seconds), then PO2p0q
was able to recover to eupneic values after the clamp was
released. In these cases the cell was able to escape the
basin of attraction of tachypnea. When the clamp was held
for longer (T = 60 seconds), the cell could not escape the
beating state and PO2y)00q4 did not recover after the clamp
was released. Thus, the pBC cells showed autoresuscitation
qualitatively consistent with predictions based on the BRS

model cell behavior.

However, the time course of autoresuscitation in the hybrid
circuit was quantitatively different from that predicted by the
purely computational control loop incorporating the standard
BRS model neuron. Whereas the hybrid circuit with an
actual pBC cell recovered to eupnea after clamps as long as
50 seconds, the purely computational circuit with the BRS
equations replacing the pBC cell descended into tachypnea
after a clamp of only 700 milliseconds (Fig. 2B). Therefore,
after completing the hybrid circuit protocol, we adjusted the
parameters of the BRS model to better reproduce the behav-
ior of the hybrid circuit, based on measured parameters of the
recorded cell (see Methods, §II-B) as well as the closed-loop
data in Fig. 1B. Model cell parameters were chosen so that
the recorded and modeled voltage traces had similar burst
durations, interburst intervals, numbers of spikes per burst,
and within-burst depolarization plateaus. Figure 2C shows
the closed-loop behavior of the purely computational circuit
after tuning. We then repeated the simulated hypoxia clamp
protocol on the tuned purely computational circuit, and found
that its behavior more closely matched the autoresuscitation
observed in the hybrid circuit (compare Figs. 2A and 2D).
The data presented here are from a single recording, however
the experiment was repeated on multiple slices and the same
qualitative behavior was observed in other cells.
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Fig. 2. (A) Autoresuscitation in a hybrid circuit, with a biological cell
embedded in the closed-loop model. PO2y,,q Was clamped to 60 mmHg
for 7 seconds and then released. For 7 = 1,2,3,4,5,10,20,30,40 and 50
seconds, PO2yj00q recovered to normal values, and the system returned
to eupneic-like fictive breathing. For 7 = 60 seconds, PO2yj,0q did not
return to normal values, and the system exhibited sustained tachypneic-
like breathing. (B) In a fully computational realization of the hybrid circuit,
the biological pBC cell is replaced by the BRS equations with the original
parameter values. The computational circuit displays autoresuscitation, but
the temporal properties of autoresuscitation do not match the hybrid circuit;
the system only recovers to normal PO2pjo0q Vvalues for clamps of 7 =
100,200,300,400,500 and 600 milliseconds, but does not recover when
T =700 milliseconds. (C) Closed-loop behavior of the purely computational
circuit with the parameters of the BRS equations adjusted to match the
closed-loop behavior of the hybrid circuit in Fig. 1B. Here, C = 61 pF
and gna =50, gk =20, gnap = 4, gnavp = 0.22, g = 4.1 nS. (D)
The computational circuit with adjusted BRS parameters more closely
reproduces the time course of autoresuscitation observed in the hybrid circuit
(A).
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IV. DISCUSSION

In the respiratory control loop model introduced in [7],
bistability of eupnea-like and tachypnea-like behavior, as
well as the capacity for autoresuscitation, arise from con-
ductances intrinsic to the respiratory CPG model of Butera,
Rinzel and Smith [3]. Here we have demonstrated these
behaviors in a hybrid control loop in which the CPG model
neuron is replaced by an inspiratory pBC cell in an in vitro
brainstem slice preparation. Our results also suggest that pBC
cells may possess a noninactivating sodium conductance.

Under selective pressure to develop robust control systems,
neural networks in the brainstem presumably involve a rich
array of currents, neuromodulators, and other homeostatic
mechanisms that extend beyond what any one computational
model can adequately describe. It is not surprising, therefore,
that a single cell participating in an in vitro hybrid control
circuit led to greater tolerance of simulated hypoxia than that
observed in an identical control circuit built around a model
cell with nominal parameters selected to exhibit isolated
rhythmogenesis. There are many factors that may contribute
to even greater robustness in the in vivo control circuit. For
example, the interactions of multiple cells within a network
can stabilize thythmic activity over a larger dynamic range
than a single cell [2], [4], and parametric heterogeneity
across a population of coupled oscillators can increase their
robustness [9], [15]. Stochastic effects (noise), although
not included in the computational model [7], may play an
important role as well [20]. It is known that stochastic effects
can stabilize or even induce rhythmic activity in respiratory
networks [11]. Remarkably, however, in the present case, a
model circuit incorporating a single deterministic BRS model
neuron proved as robust as a hybrid circuit incorporating an
actual pBC cell in vitro, upon inclusion of appropriate slow
currents. It is striking that the endogenous conductances at
the cellular level seem to have a hardwired reflex that may
help the organism withstand transient episodes of hypoxia.

APPENDIX
da
T =11 -a)-ra
d
E(vol) = —E (vol —Voly) + Exa
d 1
E(Pozluﬂg) = ol (PO2,y —POZlung) X
L vot)| —AxPO2
2 o _ -
dt v N lung
d AnO2p00d
—(PO2, =B X P02, —M X PO2 Ny
dt( O02p100d) X PO2yyng X PO2bl00d (APOthg)

where r = 0.001 is the rise/decay time of the motor unit
synapse, [T]| = Tpax/ (1 +exp(—(V —Vr)/K,)) is the neuro-
transmitter concentration with 7, = 1, V7 =2, and K, = 5;
Voly =2 is the unloaded lung volume, E1 = 0.0025, E; = 0.4;
PO2,; = 159.6 is oxygen in the external air; A = 6 X 1073
and B = x 107> are rates of oxygen transfer from the lungs to
the blood, and M =7 x 1073 is the rate of metabolic demand
for oxygen from the tissues. [x], denotes max(x,0).
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