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Inspiratory and expiratory rhythms in mammals are thought to be
generated by pacemaker-like neurons in 2 discrete brainstem
regions: pre-Bétzinger complex (preBo6tC) and parafacial respira-
tory group (pFRG). How these putative pacemakers or pacemaker
networks may interact to set the overall respiratory rhythm in
synchrony remains unclear. Here, we show that a pacemakers
2-way “handshake’” process comprising pFRG excitation of the
preBotC, followed by reverse inhibition and postinhibitory re-
bound (PIR) excitation of the pFRG and postinspiratory feedback
inhibition of the preBo6tC, can provide a phase-locked mechanism
that sequentially resets and, hence, synchronizes the inspiratory
and expiratory rhythms in neonates. The order of this handshake
sequence and its progression vary depending on the relative
excitabilities of the preBotC vs. the pFRG and resultant modula-
tions of the PIR in various excited and depressed states, leading to
complex inspiratory and expiratory phase-resetting behaviors in
neonates and adults. This parsimonious model of pacemakers
synchronization and mutual entrainment replicates key experi-
mental data in vitro and in vivo that delineate the developmental
changes in respiratory rhythm from neonates to maturity, eluci-
dating their underlying mechanisms and suggesting hypotheses
for further experimental testing. Such a pacemakers handshake
process with conjugate excitation—-inhibition and PIR provides a
reinforcing and evolutionarily advantageous fail-safe mechanism
for respiratory rhythmogenesis in mammals.

entrainment | parafacial respiratory group | postinhibitory rebound |
preBétzinger complex | rhythm

acemaker bursting and beating are profound emergent be-

haviors at the single-cell level that are fundamental to a
myriad of biological rhythms (1, 2). How distinct oscillators may
synchronize at the network level to produce an ensemble rhythm
in unison is an important question for many periodic phenomena
in nature (3-5). In mammalian respiration, pacemaker-like
neurons have been identified in 2 discrete regions in the rostral
ventrolateral medulla (VLM): the pre-Botzinger complex (pre-
Bo6tC) (6) and parafacial respiratory group (pFRG) (7-9). The
demonstrated plurality of respiratory-related pacemakers has
led to divergent hypotheses regarding the mechanism of respi-
ratory rhythmogenesis in mammals: (i) the preBotC and pFRG
rhythmogenic populations represent coupled inspiratory and
expiratory rhythm generators (IRG, ERG) that separately drive
inspiration and expiration (10-13); and (ii) pFRG neurons
represent the master rhythm generator that not only sets the
expiratory rhythm but also entrains inspiratory bursts (9, 14).

Both hypotheses appear to be well-founded and supported by
relevant experimental data. Yet, both leave major questions
unanswered. For one, how can the IRG and ERG synchronize
without a master rhythm generator? Conversely, if the pFRG is
a master rhythm generator, then why does breathing persist after
its lesioning (9, 15)?

To resolve the dilemma, we propose a mathematical model of
respiratory rhythmogenesis (Fig. 14) in which the IRG and ERG
work in tandem via a sequence of excitation-reverse inhibition—
postinhibitory rebound (PIR) excitation, in a 2-way “handshake”
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process (16, 17) that sequentially resets and, hence, synchronizes
the inspiratory and expiratory rhythms. We show that the
proposed handshake process—in particular the PIR mecha-
nism—oprovides the missing link that elucidates key experimental
data in vitro and in vivo from neonates to maturity.

Results

Pacemakers Handshake Model. The preBotC and pFRG pace-
maker models in Fig. 14 are based on Hodgkin—-Huxley formal-
ism (See Methods and supporting information (SI) Text). Bursts
are controlled by persistent sodium (NaP) channels (18, 19),
which are known to evoke robust PIR (20, 21)—a critical
requirement of our model. Although other types of pacemaker
(22, 23) or interacting nonpacemaker networks may also con-
tribute to rhythmogenesis either singly or in a population setting
(2, 24, 25), how the various putative bursting mechanisms are
organized in the preBotC and the pFRG is presently unclear.
Nevertheless, for the present purpose of studying the interaction
of the IRG and ERG, the precise rhythmogenic mechanisms
within each network are unimportant. Thus, both networks may
be conveniently compartmentalized as discrete “pacemakers” of
a specific type, with the stipulation that any lumped effects of the
interaction should also apply at the full-blown network level
(unless otherwise specified)—perhaps with an even greater
degree of parameter robustness (25).

Because the preBotC pacemaker is generally less excitable
than the pFRG in neonatal or juvenile animals (13, 26), it is set
normally silent or at a lower spontaneous burst frequency than
the pFRG. (For adult animals the reverse is true; see below.)
Hence, the normal (forward) handshake sequence proceeds as
follows. Initially, a pFRG preinspiratory (pre-I) excitation trig-
gers the preBotC inspiratory burst (27, 28) which, in turn, reverse
inhibits (presumably via some inhibitory interneuron) and
abruptly terminates the pre-I activity and hyperpolarizes the
pFRG neuron (19, 29). In contrast to previous models that
incorporated similar excitatory—inhibitory interactions between
the pFRG and preBotC networks (30, 31), our model postulates
that the reverse inhibition subsequently reactivates the pFRG via
PIR, hence resetting the post-I burst. Finally, the model assumes
that a post-I feedback inhibition prevents the preBotC pace-
maker from reactivation (whereas PIR in the preBotC is pre-
cluded if the inhibition is indirect especially during inactivation
of the preBotC). This post-1 feedback may come from primary
pFRG post-1 activity or putative pontine “inspiratory off-
switch” activity (32), both of which may be relayed to the
preBotC via inhibitory interneurons such as VLM glycinergic
post-I neurons (33). The latter are believed to mediate the
Hering-Breuer inflation reflex (34), which is thought to inhibit
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Fig. 1. Pacemakers handshake model of respiratory rhythm generation in neonates. (A) Pacemaker-like neurons in the pFRG and preBotC constitute the
putative ERG and IRG (expiratory and inspiratory rhythm generators). EPG and IPG are expiratory and inspiratory pattern generators. PreBotC inhibits pFRG
pacemaker (presumably via some inhibitory interneuron, data not shown) during the inspiratory phase and induces a PIR during the post-l phase. A post-I
feedback provides a putative "“inspiratory off-switch’ through direct or indirect synaptic inhibition of the preB6tC. (B and C) Model simulations of pFRG and
preBotC membrane potential trajectories with alternating pre-I, inspiratory, and post-I bursts evidencing a forward handshake sequence. PIR is robustly induced
with inhibitory synapse reversal potentials of —94 mV in Band —53mV in C. Int. preB6tC, integrated preBotC activity. (D) Corresponding intrinsic pFRG membrane
potential trajectories without preB6tC inhibition. Duration of an uninterrupted pFRG burst (562 ms) is comparable with those of the PIR-induced post-I bursts

in B (757 ms) and C (542 ms).

preBotC activity (12). Apart from this post-I feedback, details of
the expiratory and inspiratory pattern generators (EPG, IPG)
that shape the final respiratory pattern (Fig. 1A4) are omitted in
this minimal model of pFRG-preB6tC interaction.

Pacemakers Handshake Sequence in Neonates. Model simulations
mimic the experimentally observed membrane voltage trajecto-
ries of pFRG and preBotC type 1 pacemaker-like neurons in
neonatal animals (Figs. 1 B and C). The sequence of biphasic
(pre- and post-I) pFRG bursts interrupted by a preBotC dec-
rementing inspiratory burst evidences a normal (forward) hand-
shake process that alternately triggers and entrains inspiratory
and expiratory activities. The duration of the post-I burst alone
(not counting the pre-I and inspiratory hyperpolarization dura-
tions of the biphasic burst) is comparable with that of an intrinsic
(uninterrupted) pFRG burst (Fig. 1D), suggesting that the post-I
burst is not simply a continuation of the pre-I burst but repre-
sents PIR, which is robustly induced under a wide range of
hyperpolarizing potentials from —94 mV (Fig. 1B) to —53 mV
(Fig. 1C). This model prediction implies that NaP-mediated PIR
could potentially underlie the post-I burst in most pFRG neu-
rons with either weak or strong inspiratory hyperpolarization
(19, 35).

On the other hand, further elevation of the inhibitory synapse
reverse potential greater than —50 mV is deleterious because
this may lead to depolarizing synaptic events (as seen in some
immature preBotC GABAergic/glycinergic synapses; see figure
7 in ref. 36) that may impair the post-I feedback inhibition of the
preBotC, causing possible reverberations of the pFRG and
preBotC bursts in the post-I phase. Indeed, doublets or triplets
of inspiratory activity are frequently observed in (typically
younger and, hence, immature) neonatal preparations in vitro
(37-39). These observations suggest that PIR of the pFRG and
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post-I feedback inhibition of the preBotC are indeed integral to
respiratory rhythmogenesis, as postulated by our model.

Pacemakers Phase-Resetting Criticality. In a series of seminal stud-
ies Onimaru et al. (7, 8, 40) applied brief electrical stimuli to the
pFRG region during expiration to induce resetting of pre-I and
phrenic nerve firing. They found that when the stimulus was
applied within ~60% of the phrenic cycle time (7) the resultant
expiratory duration (7sg) was proportionately prolonged,
whereas later stimuli evoked a premature phrenic burst. In both
cases, the duration of the expiration immediately poststimulation
(Tpse) was unchanged. This time-critical phenomenon is accu-
rately reproduced by our model (Fig. 2). Accordingly, pFRG
stimuli applied within 66% of the preBotC cycle time (75 < 66%
of T.) proportionately prolong Tsg (Fig. 2 A and C), whereas
later stimuli evoke a premature preBotC burst that shortens Tsg
(Fig. 2 B and C). In both cases, Tpsg remains unchanged
(Fig. 20).

Our model analyses showed that these time-dependent effects
reflect the intrinsic properties of the pFRG and preBotC
pacemakers, particularly their inactivation time constants [or
equivalent burst-terminating dynamics at the neuronal (41) or
network (42) levels]. Following a handshake, the excitability of
both pacemakers gradually increases. Hence, stimuli applied
later during expiration are more effective in triggering preBotC
bursts as both pacemakers become more excitable (Fig. S1).
These findings imply that pFRG pacing of inspiratory bursts is
subject to preBotC “vetoing,” i.e., the preBotC pacemaker
cannot be paced prematurely if it is not yet excitable.

Opioid-Induced Fractional Quantal Slowing of Breathing. This veto-
ing effect is most dramatic when the preBotC is depressed. It has
been demonstrated that p-opioid agonists such as DAMGO or
fentanyl evoke “quantal slowing” of breathing with random
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Fig. 2. Criticality of pFRG and preBotC phase resetting by brief pFRG
stimulation. The model accurately simulates the experimentally observed
inspiratory—expiratory phase resetting elicited by pFRG stimulation (7, 8, 40).
(A) pFRG stimulation (amplitude, 10 pA; duration, 40 ms) within 60% of the
preBotC cycle (T; = 60% of To) resets the expiratory rhythm and prolongs the
stimulated expiration. (B) Stimulation at T, = 67% evokes a premature pre-
B6tC burst that terminates the expiratory phase and resets the inspiratory
phase. (C) Summary plots showing the time-critical nature of preB6tC phase
resetting predicted by the model. Tsg, duration of the stimulated expiration.
Tese, duration of the poststimulus expiration.

skipped inspiratory cycles, presumably resulting from transmis-
sion failure from the periodic pFRG excitatory drive to the
depressed preBotC networks (27). We have incorporated the
pre- and postsynaptic depression effects of p-opioid agonists on
preBotC neurons in our model by assuming a Gaussian-
distributed conductance with mean conductance increase of
ge = 0.105 nano-Siemens (nS) (87.5% of control) and variance
of gg/2, and a hyperpolarization of ~3 mV. Simulation results
(Fig. 3 A and B) show that quantal increases in preBotC cycle
duration occur whenever the pFRG fails to excite the preBotC
neuron, as observed experimentally (27, 28). Additionally, the
model shows that neither pre- nor postsynaptic effects alone can
totally account for the experimental distribution of respiratory
cycle durations (Figs. S2 and S3); hence, both mechanisms
contribute to quantal slowing of breathing (Fig. 3C).
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Fig. 3. Model simulation of opioid-induced fractional quantal slowing of
breathing. (A) preBotC bursts are skipped whenever the random excitatory
transmission to the depressed preBo6tC fails to reach the firing threshold, as
indicated by the oblique arrows and shaded vertical bars. Note that the
durations of the pre-I and post-I bursts for nonskipped cycles vary randomly
from cycle to cycle but always in opposite directions, i.e., a shorter pre-l is
followed by a longer post-I. (B) Quanta of preBotC cycle duration for varying
skipped cycles (n = 0, 1, 2, 3). Note that the quantal increments of cycle
duration (T, Ty, ... with T, ~ n-T1and Ty < Ty) are fractional instead of integer
multiples of the normal cycle duration Tey. (C) Histogram of skipping 0-3
preBotC bursts in the simulation compared with similar experimental data
derived from figure 2 in ref. 12. (D) Skipped cycle duration expressed as a
percentage of normal cycle duration (T1/Tctrr =70% in simulation, compared
with the experimental value of ~74% from figure 2 in ref.12).

A critical test of a mathematical model is its ability to not only
reproduce observed data but also reinterpret or reconcile am-
biguous data that cannot be explained by previous models. In this
regard, our model predicts that the quantal preBotC cycle
durations are not “integer multiples” of control as previously
thought (27) but are fractional multiples (Fig. 3 B and D), in
accord with more recent findings that contradicted previous
erroneous assumptions (12). From the perspective of our model,
the shorter pFRG cycle duration during a skipped preBotC cycle
reflects the lack of PIR-induced resetting of the expiratory phase
as part of the handshake process (Fig. 34, see also Fig. 1 B-D).
The opioid-induced fractional quantal slowing of breathing,
therefore, provides strong evidence that the pFRG post-I burst
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Fig. 4. pFRG initiation and preBotC veto/promotion of handshake. (A)

Durations of the pre-I burst when the preBotC is silent (Eieak-presstc = —61mV
as in Figs. 1-3) and when it is spontaneously bursting (ELeak-presstc = —59mV).
(B) Model prediction of pFRG-preB6tC phase locking with full handshake
sequence present and the lack of phase locking during quantal breathing
(preBotC-depressed) or ectopic breathing (preBotC-stimulated). The thick
lines indicate the predicted relations when the preB6tC is not depressed.
Normally, the preB6tC's spontaneous burst frequency is lower than the pFRG's
(foreBstc < forra); hence the inspiratory rhythm is always entrained by the
expiratory rhythm to the same frequency (f/fg = 1). During quantal breathing
the pre-linput is occasionally vetoed by the preB6tC for lack of excitability and
hence fi/fe < 1. When the preB6tC network is excited such that fyresstc > fprra
(while the pFRG remains fairly excitable to entrain the preB6tC), the inspira-
tory rhythm has two components: a weak, free-running ectopic rhythm (iden-
tity line) produced by the asynchronous preB6tC network and a “normal”’
rhythm that remains phased-locked to the expiratory rhythm (horizontal line).
These model predictions are in agreement with experimental observations
reported in ref. 12.

is not merely a continuation of the pre-I burst (or driven by other
uninhibited pFRG neurons) but is actively refreshed (hence
prolonged) by PIR (Fig. 1 B-D). The close agreement between
the predicted and observed fractional quantal cycle durations
(Fig. 3D) lends further support for an important role of PIR-
induced expiratory phase resetting in respiratory rhythmogenesis.

Initiation, Vetoing, and Promotion of Handshake. Much as the
preBotC may veto a handshake, a higher preBotC excitability
may also promote its development. Fig. 44 shows that pre-I
activity is cut short when preBotC excitability is increased (to
spontaneous bursting), in agreement with the reported age-
dependent reduction and u-opioid-dependent augmentation of
pre-I activity (43). Correspondingly, pFRG post-I activity is
augmented, as the resultant increased preBotC inhibition of the
pFRG leads to increased PIR. These predicted effects are
evident in Fig. 34, where the durations of the pFRG pre- and
post-I bursts (for nonskipped cycles) are seen to vary reciprocally
from cycle to cycle, reflecting the random fluctuations of
preBotC excitation.

This handshake sequence, when fully operative, always keeps
the resultant preBotC rhythm phase-locked to the pFRG rhythm
either 1:1 or quantally when depressed (Fig. 4B). However, a
question arises as to whether the preBotC could pace the pFRG
when it becomes more excitable. Janczewski and Feldman (12)
used lung deflation or the p-opioid antagonist naloxone to raise
the inspiratory frequency (fi) above the expiratory frequency
(fe) in vagi-intact juvenile rats given fentanyl. In both cases, the
inspiratory rhythm outpaced the expiratory rhythm with weak
and erratic ectopic inspirations in between (not phase-locked),
whereas all expiratory bursts continued to entrain strong in-
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spiratory bursts (phase-locked) as in the forward handshake
sequence.

These experimental observations are at variance with previous
hypotheses (9-14) but have 2 important implications from the
perspective of the present model. First, although the preBotC is
capable of bursting faster than the pFRG asynchronously under
certain conditions, strong inspiratory bursts are contingent on
expiratory triggering. A possible explanation is that inspiratory
bursts are strongest when the preBotC rhythmogenic network is
synchronized (36) by a pre-I trigger. Second, free-running
ectopic inspiratory bursts do not readily entrain the expiratory
rhythm or activate an interaction with the pFRG. A possible
explanation is that PIR of the pFRG may fail to develop if
inspiratory inhibition (from ectopic bursts) is relatively weak,
especially when the pFRG is inactivated. Taken together, these
observations support the model prediction (Fig. 4 A and B) that
the forward handshake process, although it is subject to preBotC
excitability, is normally always triggered by pre-I activity pro-
vided the pFRG is relatively excitable (as in neonatal or juvenile
animals), regardless of whether the pFRG bursts faster than the
preBotC network (fprrG > fpreBstc) Or not.

Latent Handshake Processes in Maturity. In adult animals, however,
the pFRG is normally depressed, and the more excitable pre-
Bo6tC becomes dominant (10, 12). Under those circumstances,
the forward handshake might degenerate to less-tightly coupled
handshake processes with anomalous preBotC-pFRG phase-
resetting patterns. First, when the pFRG is sufficiently depressed
the preBotC could set the respiratory rhythm without evoking
PIR and hence, no handshake can be observed (Fig. 54). Indeed,
such quiescent “pre-I” neurons are intrinsically indiscernible,
hence the reported lack of pre-I activity under normal conditions
in adult animals (44).

When the pFRG is gradually relieved (by hypoxia or other
stimulants) from depression, however, our model predicts a
series of increasingly intertwined preBotC—pFRG interactions.
Specifically, when the depressed pFRG excitability is partially
restored to a narrow band between 2 closely spaced transition
thresholds, a peculiar “reverse handshake” sequence with con-
tiguous inspiratory—expiratory—inspiratory activities ensues
(Fig. 5B). Under those rare conditions, spontaneous preBotC
activity may induce PIR in the pFRG, which, in turn, could evoke
a second preBotC burst in the absence of an inspiratory off-
switch. The increased inactivation of the preBotC after the
double bursts delays the onset of subsequent preBotC activation,
resulting in increased interburst interval and hence decreased
respiratory frequency. Evidence for such a unique double-burst
inspiratory pattern with bradypnea is provided by preliminary
data in adult rats after severe hypoxia in vivo (Fig. S4). Similar
doublets of inspiratory activity with depressed pre-I and aug-
mented post-I expiratory (lumbar) activities and decreased
respiratory frequency have also been reported in newborn rat
brainstem-spinal cord preparations in vitro (45). This remark-
able bimodal inspiratory rhythm as predicted by our model
cannot be explained by previous models of respiratory rhythm
generation, and suggests a critical test for future studies to
identify the developmental changes of the pFRG pacemaker
from neonates to maturity.

Furthermore, when pFRG excitability is restored even further
from depression, the model predicts that the reverse handshake
sequence may convert to a “half handshake” (Fig. 5C). In this
circumstance, the pFRG may again trigger the handshake se-
quence as with the forward handshake sequence (when the
pFRG is highly excitable). However, the leading pFRG burst in
this case is not a spontaneous pre-I burst but a delayed PIR from
the preceding preBotC inhibition (which hastens pFRG neuron
inactivation). In this manner the pFRG may burst faster than the
preBotC (hence accelerating the respiratory frequency) even
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Fig. 5. Simulation of no, reverse, and half handshakes when the preB&tC is more excitable than the pFRG. Simulation settings are: £ eak-presstc = —57.0 mV,

g1 = 0.5 nS. (A) No handshake. When the pFRG is sufficiently depressed (Eicak-prrc = —64.0 mV) the preB6tC becomes the only active pacemaker that drives the
respiratory rhythm. (B) Reverse handshake. When the pFRG excitability is partially restored (Ecak-prrg = —63.2 mV) the driving preB6tC burst may induce PIR of
the pFRG which, in turn, triggers a second preB6tC burst in the absence of post-l inhibition of the preBotC. This peculiar phenomenon occurs only within a narrow
band of depressed pFRG excitability relative to preB6tC and hence, is rarely discernible experimentally (although a wider band may be possible in full-blown pFRG
and preBotC population networks). (C) Half handshake. At even less depressed pFRG excitability levels (£ eak-prrg = —62.3 mV) the pFRG-triggered preBétC burst

may induce a delayed PIR of the pFRG which, in turn, triggers a new preBo6tC burst, and so on.

though it is intrinsically less excitable than the preBotC. Thus,
pacemakers interaction per se may lead to either bradypnea or
tachypnea (Fig. 5 B and C) during respiratory stimulation. These
distinctive model predictions suggest yet another critical exper-
imental test of the model in future.

Finally, when the pFRG pacemaker is preferentially stimu-
lated such that it becomes more excitable than the adult preB6tC
pacemaker (with forrG > foreBotc), the model predicts that the
forward handshake process normally found in neonates may
reappear. It has been recently reported that some expiratory-
augmenting neurons in the Botzinger complex of adult rats may
exhibit (after exposure to severe hypercapnic hypoxia) biphasic
pre- and post-I-like activities that are reminiscent of neonatal
pFRG activities (44). However, as pointed out in ref. 46, because
those expiratory-augmenting neurons are glycinergic, they are
unlikely the mature form of neonatal pFRG pacemaker neurons
that are presumably excitatory [although neurons could coex-
press both excitatory and inhibitory neurotransmission (47)].
Nevertheless, some expiratory-augmenting excitatory (bulbospi-
nal) neurons in the caudal VLM do reportedly demonstrate pre-I
activity (with a half handshake-like sequence similar to Fig. 5C)
or biphasic pre- and post-I activities (similar to a forward
handshake) during or after severe hypercapnic hypoxia (44).
Whether such adult forms of pre- and/or post-I expiratory
premotor activities are related to neonatal pFRG activities
remains to be clarified, although pre-I premotor neurons are also
found in the caudal VLM of neonates (29).

Discussion

Minimal Model of Respiratory Rhythmogenesis in Neonatal and Adult
Animals. A cardinal principle (Occam’s razor) underlying the use
of mathematical modeling to convey mechanistic insight is to
keep the model as simple as possible (i.e., “minimal model”) but
as complex as needed to describe the critical features of the
system and resultant data (48). The present model was con-
structed with only sufficient complexity to demonstrate the
ability of the hypothesized interactions to reproduce experimen-
tal results and predict new results. Therefore, details of the IPG
and EPG are not explicitly represented here, except a post-I
feedback signal is postulated to provide a backup “inspiratory
off-switch” that prevents the IRG from reactivation. The use of
NaP for the bursting and PIR mechanisms is an assumption, as
is the pacemaker concept itself, and these could be replaced by
other pacemaker mechanisms or group pacemaker/nonpace-
maker mechanisms for parameter robustness (25) and network
synchrony (36). Nevertheless, the hypothesized excitatory—
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inhibitory interaction along with PIR excitation and post-I
feedback inhibition would still apply, and it is those that we
wished to test, so the current parsimonious model sufficed. The
remarkable versatility of this minimal model is evidenced by its
ability to faithfully reproduce a wide range of experimentally
observed behaviors with both in vitro and in vivo preparations
ranging in age from neonatal to adult. These behaviors (partic-
ularly the opioid-induced fractional quantal slowing effect in
neonates and the hypoxia-induced reverse handshake effect in
adults) cannot be explained by previous models of respiratory
rhythmogenesis based on isolated or coupled pacemakers (9, 10,
12, 30, 31) or other pacemaker and nonpacemaker networks
without PIR (25, 49-51).

Implications of Pacemakers Handshake Model. The present results
demonstrate a handshake mechanism of respiratory pacemakers
synchronization and mutual entrainment in neonatal and adult
animals. Specifically, our model suggests that the IRG and ERG
are neither autonomous nor master—slave to one another as
previously thought but, instead, may interact via conjugate
excitation—inhibition and, most importantly, an ensuing PIR
excitation to provide a harmonious respiratory rhythm with
phase-locked inspiratory and expiratory activities. This notion is
supported by the recent finding that mutant fetal mice with
defective pFRG-preBotC interaction do not produce rhythmic
phrenic activity (52). Such a pacemakers 2-way handshake
process based on conjugate excitation-inhibition [instead of
reciprocal inhibition (53, 54)] with PIR is beneficial for animal
survival in that the excitatory pre-I activity may help to syn-
chronize the preBotC rhythmogenic network. Although the
preBotC is thought to be critical for inspiratory activity (55),
inspiratory bursts that are triggered by pre-I activity prove
stronger, more regular, and more robust than otherwise partic-
ularly when the preBotC is depressed (12), as in neonates (10,
13). In adult animals, the handshake process is latent but may be
reactivated to assume varying forms when the respiratory system
is challenged (either chemically or mechanically) such that
inspiratory drive alone becomes nonoptimal or ineffective, and
recruitment of expiratory activity is necessary to sustain breath-
ing (56). Such a pacemakers handshake process, therefore,
provides an advantageous fail-safe mechanism that may sustain
or augment breathing should the preBotC be insufficient or fail.
We suggest that such fail-safe redundancy in pacemakers net-
work design may be evolutionarily conserved with possible
heritage from early ancestors, such as frogs and fish (57).
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Model Parameters. Each “‘pacemaker” in Fig. 1A consists of a membrane
capacitance with fast sodium NaF, delayed rectifier potassium KDr, persistent
sodium NaP, and leak channels as described previously (20) (corresponding
equations and parameter values are found in S/ Text and Table S1). In addition,
the reversal potential of the excitatory synapse was set to —10 mV, whereas
that of the inhibitory synapses was —94 mV (as in ref. 58) or =53 mV (assuming
GABAergicor glycinergicinhibition). Because the specific receptor subtypes of
pPFRG-preB6tC synaptic interactions have not been identified, the time-
dependent changes in synaptic conductance was modeled by a single expo-
nential with decay time constant of 25 ms to broadly cover both fast and slow
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excitatory and inhibitory receptor currents as in ref. 58. The synaptic conduc-
tance increase associated with one synaptic event was set to ge = 0.12 nS for
the excitatory synapse and g; = 1 nS for the inhibitory synapses, unless
specified otherwise.

Model Simulation. Simulations were performed on the NEURON simulator
platform (59) using the 2nd-order accurate Crank-Nicholson integration
scheme with a time-step of 25 us.
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