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Abstract

The generation and shaping of the respiratory motor pattern are performed in the lower brainstem and involve neuronal
interactions within the medulla and between the medulla and pons. A computational model of the ponto-medullary respiratory
network has been developed by incorporating existing experimental data on the medullary neural circuits and possible interactions
between the medulla and pons. The model reproduces a number of experimental findings concerning alterations of the respiratory
pattern following various perturbations/stimulations applied to the pons and pulmonary afferents. The results of modeling support
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he concept that eupneic respiratory rhythm generation requires contribution of the pons whereas a gasping-like rh
he rhythm observed in vitro) may be generated within the medulla and involve pacemaker-driven mechanisms localiz
he medullary pre-B̈otzinger Complex. The model and experimental data described support the concept that during eu
espiration-related pontine structures control the medullary network mechanisms for respiratory phase transitions, su
ntrinsic pacemaker-driven oscillations in the pre-BötC and provide inspiration-inhibitory and expiration-facilitatory refle
hich are independent of the pulmonary Hering–Breuer reflex but operate through the same medullary phase switchin
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1. Introduction

The normal respiratory pattern (“eupnea”) in ma
mals is generated in the lower brainstem and
involve several medullary and pontine regions (e
Lumsden, 1923; Cohen, 1979). Early studies
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Lumsden (1923) and a series of later investigations
have demonstrated that a removal of the rostral pons
or perturbations applied to some areas within this re-
gion convert eupnea to apneusis, an abnormal pattern
characterized by sustained or significantly prolonged
inspiration, whereas the complete removal of the pons
results in a gasping-like pattern (Cohen, 1979; Wang
et al., 1993; Jodkowski et al., 1994; Morrison et al.,
1994; St.-John, 1998). Although some medullary re-
gions, e.g., the pre-B̈otzinger Complex can generate
a respiration-related rhythm in vitro (e.g., Smith et al.,
1991; Rekling and Feldman, 1998; Koshiya and Smith,
1999; Lieske et al., 2000), many researches maintain
that the in vitro rhythm essentially differs from eupnea
and that the reduced medullary preparations without
the pons cannot generate the eupneic pattern (e.g., see
Duffin, 2003; St.-John and Paton, 2003a). The reduced
medullary preparations cannot also reproduce apneu-
sis, which is consistent with the suggestion that the
rhythmogenesis in these preparations differs from the
rhythmogenesis of eupnea. These observations support
the concept that respiration-related pontine regions are
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necessary parts of the brainstem respiratory network
responsible for the generation of eupnea (Wang et al.,
1993; Dick et al., 1994; St.-John, 1998; Rybak et al.,
2001, 2002; St.-John et al., 2002; St.-John and Paton,
2003a, 2003b). However the specific ponto-medullary
interactions involved in the generation, shaping and
control of the respiratory pattern have not been well
characterized. Here we present and analyze a com-
putational model of the ponto-medullary respiratory
network and compare its performance under different
conditions with both the existing experimental data and
the results of our experiments performed for evaluation
of some modeling predictions. The model is considered
a basis for future interactive modeling-experimental
studies of the role of the pons in respiratory rhythm
and pattern generation.

2. Model description

The model (Fig. 1) contains interacting populations
of respiratory neurons that have been characterized
ig. 1. Schematic of the model of the ponto-medullary respir
eurons (the populations of phrenic and hypoglossal motoneu
mall black circles show excitatory and inhibitory synaptic conn
etwork. The white circles represent populations of different r
nd NTS pump (P) cells are not present in the current model).
s respectively.
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in the rostroventolateral medulla (RVLM) and pons
in vivo. The medullary component of the model in-
cludes three major regions: rostral ventral respiratory
group (rVRG), pre-B̈otzinger Complex (pre-B̈otC),
and B̈otzinger Complex (B̈otC). The pontine compo-
nent is conditionally subdivided into a rostral (rPons)
and caudal (cPons) parts. The neural populations of the
rPons in the model are considered to perform the func-
tions of the nucleus parabrachialis medialis (NPBM),
Kölliker–Fuse (KF) nucleus, and other respiratory ar-
eas located in the dorsolateral (dl) and ventrolateral (vl)
pons. The cPons is assumed to contain a part of the pon-
tine reticular formation that partly provides excitatory
tonic drive to the medulla. The following neural pop-
ulations have been included in the model: ramp-I, and
late-I (both in rVRG); early-I and pre-I (in pre-B̈otC);
post-I and aug-E (in B̈otC); I-modulated, E-modulated
and two distinct IE-modulated, IE1 and IE2 (in rPons,),
and tonic (in cPons).

All neurons were modeled in the Hodgkin–Huxley
style and incorporated biophysical properties and chan-
nel kinetics characterized in respiratory neurons in
vitro. Specifically, the fast sodium current and the per-
sistent sodium current (included only in pre-I neurons)
were described using recent experimental data obtained
from the studies of neurons of the rostoventrolateral
medulla of rat (Rybak et al., 2003a); the high-threshold
and low-threshold calcium currents were described us-
ing data of Elsen and Ramirez (1998); intracellular
calcium dynamics was based on data of Frermann et
a pted
f 97b,
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set al., 1997b; Haji et al., 2002; Okazaki et al., 2002)
by providing inhibition of the early-I population. The
latter disinhibits the post-I population which completes
switching to expiration making it irreversible. Interac-
tions among B̈otC populations (post-I and aug-E) and
between post-I population and pre-I population of pre-
BötC define the basic circuitry for the EOS mechanism
with the pre-I population explicitly performing the in-
spiratory on-switching (and hence the EOS) function
(Richter, 1996). During expiration, the pre-I popula-
tion is inhibited by the post-I population. When the
pre-I population fires, after a release from inhibition, it
provides the initial activation to the early-I and ramp-I
populations, which complete switching to inspiration.

Reciprocal excitatory connections were assigned
between the medullary ramp-I and the pontine I and
IE1 populations, and between the medullary post-I and
the pontine IE1 and E populations. These connections
provided I, IE or E modulation of activity of the corre-
sponding pontine populations. We, therefore, suggest
the existence of topically organized bidirectional map-
ping between the B̈otC-VRG areas in the medulla and
the corresponding respiration-related areas in the ros-
tral pons (Ńuňez-Abades et al., 1993; Gaytán et al.,
1997). We also suggest that a sub-population of ex-
citatory post-I neurons is present in BötC-VRG and
projects post-inspiratory excitation to the pons (see also
Saito et al., 2002). At the same time, some pontine
populations, e.g., IE2 in our model, may receive ex-
citation from pulmonary stretch receptor afferents (via
t S))
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l. (1999); other cellular parameters were acce
rom the previous models (Rybak et al., 1997a, 19
997c, 2003b, 2004). Each population consisted o
eurons. Neuronal parameters were randomized
ach population with some variance.

Some connectivities among the medullary ne
opulations were assigned based on published d
nd indirect data. Other connections included in
odel have not been studied and are open for

ng; these were assigned to support the inspiratory
witch (IOS) and expiratory off-switch (EOS) mec
nisms incorporated. The network interactions am
VRG and pre-B̈otC populations (ramp-I, early-I, an
ate-I) and between these populations and BötC popu-
ations define the basic circuitry for IOS mechani
he late-I population plays the key role in the init

ion of inspiratory off-switching (Cohen, 1979; Rich
t al., 1986; Cohen et al., 1993; Richter, 1996; Ry
he pump cells in the Nucleus Tractus Solitarius (NT
nd contribute to the Hering–Breuer (HB) reflex. In
ition, we assume that reticular neurons from the ca
ons (the tonic population) may provide an additio
xcitatory tonic drive to the medullary respiratory n
ons.

Integrated activities of medullary ramp-I and pr
opulations in the model represent phrenic (Int. P
nd hypoglossal (Int. XII) outputs respectively. S
lified models of the lungs and slowly adapting p
onary stretch receptors (PSR) were included in
odel to provide pulmonary feedback to the resp

ory network. The pulmonary feedback controls the
ivity of the key neural populations involved in the IO
nd EOS mechanisms (activates the late-I, post-I
amp-I populations and inhibits the early-I populati
nd hence provides regulation of the duration of
espiratory phases through the HB reflex. In addit



310 I.A. Rybak et al. / Respiratory Physiology & Neurobiology 143 (2004) 307–319

this feedback suppresses activity of the pontine neural
populations that receive excitation from the medullary
populations (I, IE1, E). Importantly, the IOS and EOS
mechanisms operate under control of both pontine in-
put and pulmonary feedback which are both excitatory
to the late-I, ramp-I and post-I populations (Haji et al.,
2002; Okazaki et al., 2002).

3. Model performance: comparison with
experimental data

The model generates a stable “eupneic” respira-
tory rhythm and exhibits realistic firing patterns and
membrane potential trajectories of individual respi-
ratory neurons (see Fig. 2A). Specifically, the firing
bursts of individual ramp-I neurons as well as the bursts
of phrenic discharges exhibit “augmenting” patterns
(Fig. 2A).

In the model, the pulmonary feedback provides the
HB reflex via an increase of excitability of late-I neu-
rons by the direct excitatory input, an indirect excita-
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tion through the ramp-I population, and reducing in-
hibition from the early-I population (see Fig. 1). Dis-
connection of this feedback (“vagotomy”) produces an
increase in the amplitude and duration of phrenic dis-
charges (Fig. 2B), which reflects the loss of the HB
reflex. Also in agreement with HB reflex control of
IOS is that mild continuous vagal stimulation shortens
inspiration and prolongs expiration (Fig. 3A) (e.g., see
Cohen, 1979; von Euler, 1986; Feldman, 1986; Hayashi
et al., 1996) whereas strong continuous stimula-
tion arrests the rhythm in the post-inspiratory phase
(“post-inspiratory apnea” see Fig. 3B) (Lawson, 1981;
Remmers et al., 1986; Hayashi et al., 1996). Short stim-
uli applied to the vagal afferents during inspiration can
terminate the current inspiratory phase, and the thresh-
old for inspiratory termination decreases during inspi-
ration (Fig. 3C). The above simulation results are con-
sistent with much experimental data (e.g., see Clark
and von Euler, 1972; Cohen, 1979; von Euler, 1986;
Feldman, 1986). Further, stimuli delivered during post-
inspiration prolong expiration, whereas vagal stimula-
tion during the late part of expiration has no effect on
ig. 2. Model performance under normal conditions and after
s represented by the trace of the membrane potential of one
igs. 5 and 6, tick marks on the time axes correspond to sec
onditions. (B) Disconnection of vagal feedback (“vagotomy”)
my. In this and following figures, the activity of each neural p
entative neuron from the population. In this and following figu
A) The eupneic respiratory pattern generated by the model u
es an increase in amplitude and duration of phrenic discharge
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Fig. 3. Effects of vagus nerve stimulation. (A) Continuous vagal stimulation shortens inspiration and prolongs expiration reflecting the HB reflex.
(B) Stronger stimulation arrests the respiratory rhythm in the post-inspiratory phase (“post-inspiratory apnea”). (C) Simulation of the effects of
brief vagal stimulation applied during inspiration. The results of simulation demonstrate a decrease of the threshold for inspiratory termination
during the inspiratory phase. The first high-amplitude stimulus being applied at the beginning of inspiration terminates this inspiration. The
second stimulus has lower amplitude. Although applied at the same phase, it cannot terminate inspiration. The third stimulus has the same
amplitude as the second one, but is delivered at a later time during inspiration. This effectively terminates inspiration. (D) Brief vagal stimulation
delivered in the middle of expiration (first stimulus) prolongs expiration. The same stimulus delivered at the end of expiration has no effect on
the duration of expiration (demonstrates an “insensitive period” at the end of expiration).
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expiratory duration (Fig. 3D) (e.g., see Knox, 1973;
Feldman, 1986; Remmers et al., 1986).

Disconnection of vagal feedback eliminates the sup-
pressing influence of vagal afferents upon the pontine
I-mod, IE1-mod and E-mod populations (see Fig. 1)
and hence increases the role of these populations in
control of respiratory phase switching. This control is
provided via the same medullary IOS and EOS circuits
that are controlled by pulmonary vagal feedback when
the latter is intact (Okazaki et al., 2002). Short stim-
ulation of the pontine IE1-mod population terminates
inspiration (Fig. 4A1). Experimentally, a similar effect
of inspiratory termination by stimulation of the rostral
pons (e.g., NPBM/KF region that contains many I- and
IE-modulated pontine neurons) was previously demon-
strated in both cats and rats (e.g., Lumsden, 1923;
Bertrand and Hugelin, 1971; Cohen, 1979; Feldman,
1986; Wang et al., 1993; Jodkowski et al., 1994; Haji

F hort s 2)
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et al., 2002; Okazaki et al., 2002). Fig. 4B (from Wang
et al., 1993) shows an example of such inspiratory off-
switching produced by stimulation of the rostral pons
in rat. Also in our model, continuous stimulation of
the pontine IE1-mod population shortens inspiration
and prolongs expiration (Fig. 4A2) whereas the same
stimulation applied to the E-mod population prolongs
expiration without altering inspiration (Fig. 4A3). The
latter was experimentally demonstrated by stimulation
of vl pons, which is known to contain mainly expira-
tory modulated neurons (see Fig. 4C from Jodkowski
et al., 1997).

Starting from Lumsden’s classic work (1923), many
studies have demonstrated that removal of the rostral
pons or chemical blockade of some respiration-related
areas within this region converts eupnea to apneusis
especially in vagotomized animals (Cohen, 1979;
Wang et al., 1993; Jodkowski et al., 1994; Morrison
ig. 4. Effects of pontine stimulations after vagotomy. (A1) S
ontinuous stimulation of the pontine IE1 population shortens ins
population prolongs expiration. (B) Off-switching of phrenic a

t al., 1993, Fig. 1 with permission). (C) Expiratory phase pro
adapted from Jodkowski et al., 1997, Fig. 4 with permission).
timulation of the pontine IE1 population terminates inspiration. (A
and prolongs expiration. (A3) Continuous stimulation of the p
y electrical stimulation of rostral pons in adult rat (adapted fro

on elicited by chemical stimulation (l-glutamate) in vl pons in adult r
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Fig. 5. Simulation of pontine lesions. (A1) The eupneic respiratory pattern (the pons is intact). (A2) Removal of rPons converts the eupneic pattern
to apneusis. (A3) The following removal of the cPons releases an intrinsic pacemaker-driven rhythm generated in the pre-I population of the pre-
BötC and converts apneusis to a gasping-like (in vitro-like) “decrementing” discharges. Tick marks on the time axes correspond to 2.5 s. (B1–B3)
Alterations in pattern of phrenic activity following brainstem transections between the pons and medulla in WHBP preparation of juvenile rat
(adapted from St.-John et al., 2002, Fig. 4 with permission). Eupnea (B1) was recorded in a preparation having an intact mesencephalon, pons
and medulla. Apneusis (B2) was observed after a transection through the dorsal half of brainstem at the ponto-medullary junction. Gasping (B3)
followed completion of the brainstem transaction.
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et al., 1994; St.-John, 1998). A complete removal of
the pons produces a gasping-like pattern (Lumsden,
1923; St.-John, 1998), which therefore may be gen-
erated by some mechanisms inherent to the medulla.
Similarly, the removal of rPons in our model converts
the eupneic pattern to apneusis (Fig. 5A1 and A2),
and the complete elimination of the pons (additional
removal of cPons) replaces apneusis with a gasping-
like pattern (Fig. 5A3). Fig. 5B1–B3 demonstrates
similar changes in the phrenic motor pattern obtained
in the perfused working heart-brainstem preparation
(WHBP) of rat under the control conditions with pons
intact (Fig. 5B1), after removal of the rostral pons
(Fig. 5B2) and after the complete removal of the pons
(Fig. 5B3) (from St.-John et al., 2002).

F (A1) Removal of rPons converts the eupneic pattern to apneusis. (A2) Short vagal
s agal stimulation shortens the apneustic inspiratory discharges. Tick marks on the
t
C

The long apneustic inspiratory bursts observed after
the removal of the rPons (see Fig. 6A1) may be termi-
nated by brief stimulation of vagal afferents (Fig. 6A2)
(e.g., see Lumsden, 1923; Cohen, 1979; Haji et al.,
2002) whereas continuous vagal stimulation shortens
the apneustic inspiratory discharges (Fig. 6A3), which
is consistent with the data of Jodkowski et al. (1994)
(see Fig. 6B1 and B2).

Fig. 7A1 and A2 compares the eupneic pattern gen-
erated in the model with the pons intact (A1) and the
gasping-like pattern produced after complete removal
of the pons (A2). In our model, the loss of the rPons re-
duces excitatory input to the post-I neurons and hence
reduces the phasic inhibitory influence of these neurons
on the pre-I population of the pre-BötC (see Fig. 1). In
ig. 6. Effects of stimulation of vagal afferents during apneusis.
timulation terminates apneustic inspiration. (A3) Continuous v

ime axes correspond to 2.5 s. (B1) Unilateral electrolytic lesion in the
ontinuous electrical vagal stimulation shortens apneustic discharges
vl pons in an anesthetized vagotomized adult rat produces apneusis. (B2)
(B1 and B2 adapted from Jodkowski et al., 1994, Fig. 1 with permission).
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Fig. 7. Comparison of the eupneic pattern generated in the model with pons intact (A1) and the gasping-like pattern produced after complete
removal of the pons (A2). Note (1) the characteristic difference in the shape of phrenic discharges: “incrementing” during eupnea vs. “decre-
menting” after removal of the pons, (2) significant reduction of the post-inspiratory activity after removal of the pons, (3) shortening of the delay
in the onset of firing between pre-I and ramp-I neurons and between the hypoglossal and phrenic discharges. (B1 and B2) Examples of the delay
between the hypoglossal and phrenic discharges in gasping (B2) vs. eupnea (B1) in the WHBP preparation of juvenile rat (adapted from St.-John
et al., 2002, Fig. 3 with permission). (C1 and C2) Examples of pre-inspiratory neuronal discharges in gasping (C2) vs. eupnea (C1). Note (1)
the switch in integrated activity of the phrenic nerve from incrementing in eupnea to decrementing in gasping and (2) a reduction of the delay
between the onset of pre-I neuronal activity and phrenic discharge (adapted from St.-John and Paton, 2003b, Fig. 2 with permission).

turn, the removal of the cPons reduces excitatory tonic
drive to the medulla, specifically to the pre-I population
(see Fig. 1). Both the above release the pacemaker prop-
erties of the pre-I population of in pre-BötC (Rybak et
al., 2003b, 2004). The intrinsic oscillations of this pop-
ulation may now drive the entire medullary network

and produce phrenic discharges with a decrementing
gasping-like shape (Figs. 5A3 and 7A2) (Rybak et al.,
2001, 2002, 2003b, 2004; St.-John et al., 2002) that is
similar to that recorded in vitro. Besides this character-
istic change in phrenic pattern (from “incrementing”
to “decrementing”), two other important differences
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between gasping and eupnea may be noticed in our sim-
ulations. First, gasping is characterized by a significant
reduction in the post-inspiratory activity (see Fig. 7A2
versus A1). Second, the transition from eupnea to gasp-
ing is accompanied by a significant shortening in the
delay between the onset of firing of pre-I and ramp-I
neurons and between the hypoglossal and phrenic dis-
charges (see Fig. 7A2 versus A1). This observation was
reported recently (see Peever et al., 2001; St.-John et al.,
2002). Examples of the delay between the hypoglossal
and phrenic discharges in gasping versus eupnea are
shown in Fig. 7B1 and B2 (from St.-John et al., 2002).
Fig. 7C1 and C2 demonstrates a reduction in the delay
of onset of firing between pre-I neuronal activity and
phrenic discharge (from St.-John and Paton, 2003b).

4. Experimental studies

The model described above suggests that the medu-
llary post-inspiratory neurons significantly contribute
to both the irreversible IOS by inhibition of inspira-
tory neurons (early-I, ramp-I, late-I) and the regula-
tion of expiratory duration through inhibition of pre-I
and aug-E neurons (see Fig. 1). Moreover, the post-
I neurons are considered key elements of both phase
switching mechanism (IOS and EOS) and operate un-
der control of both vagal feedback and inputs from
the rostral pons. According to our model, these neu-
rons are excited by vagal afferents as well as by E-
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electrodes. In the first series of experiments, a glass
microelectrode filled with NaCl (4 mM) was used for
extracellular recordings of single-unit activity in the
ventrolateral medulla. In the second series, the RLNA
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cleus) through a glass micropipette. The effective sites
were identified by an increase in the duration of expira-
tion and marked with pontamine Sky Blue for histolog-
ical verification. Also, in the second series of experi-
ments, AP5 (dl-2-amino-5-phosphonopentanoic acid),
a potent and selective NMDA-receptor antagonist, was
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that were previously characterised by the effective glu-
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duration, 2–10 mA intensity) via a programmable
stimulus-generator.
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Bilateral injection of AP5 (10 mM, 50–80 nl) in th
l pons (area of KF) produced apneusis indicated
rolongation in the duration of PNA discharges (fr
.85± 0.13 to 2.30± 0.33 s,P < 0.01, Fig. 8C). Th
pneustic bursts evoked by NMDA receptor block
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ll cases investigated (n = 4, see Fig. 8D).

In a separate set of experiments we analyzed
ffect of vagal stimulation on the PNA and discha
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ral pons controls the durations of inspiration a



I.A. Rybak et al. / Respiratory Physiology & Neurobiology 143 (2004) 307–319 317

Fig. 8. (A) Activation of vl pons by injection ofl-glutamate prolonged expiration and increased activity of a medullary post-inspiratory neuron
(bottom trace). (B) Injection ofl-glutamate into the intermediate KF (dl pons) prolonged expiration and dramatically augmented the post-
inspiratory related activity recorded from the RLNA. (C) Bilateral injection of AP5 in the dl pons produced apneusis. (D) Electrical stimulation
of the vagus nerve, applied after AP5 injection, terminated the apneustic inspiratory bursts. (E) Electrical stimulation of the vagus nerve produced
an early termination of inspiration accompanied by a strong activation of post-I neuron activity.

expiration in a similar manner but independent of va-
gal afferents and that this control involves activation of
medullary post-inspiratory neurons.

5. Discussion and conclusion

The model presented here was based on a series of
assumptions and simplifications concerning both the
medullary mechanisms (including these for respiratory
phase transitions) and ponto-medullary connectivities.
Specifically, many connections in the model, especially
these from pulmonary afferents to the ponto-medullary

circuitry and between the pons and medulla, have been
considered monosynaptic, despite they are most likely
polysynaptic; interactions among the pontine popula-
tions have not been incorporated; possible connections
between rostral pons and pre-BötC (e.g., Herbert et
al., 1990) have not been considered; the suppression
of respiratory modulated activity in the pons by va-
gal input should most likely be presynaptic rather than
postsynaptic (e.g., see Feldman et al., 1976), etc. The
current paucity of experimental data, especially this
on ponto-medullary interactions, does not allow us to
state that the present model represents the only possi-
ble solution. Other modeling solutions are possible. At
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the same time, this work represents the first attempt of
computational modeling of the ponto-medullary respi-
ratory network, and the resultant model could simul-
taneously reproduce many complex experimental phe-
nomena. This explicitly supports our assumptions used
for model construction. Moreover, the model allowed
us to formulate some predictions which then were con-
firmed in our experimental studies (see the previous
section).

The model described here is consistent with the con-
cept that, under normal conditions in vivo, the eupneic
respiratory rhythm is generated by a ponto-medullary
network. Hence, although the pre-BötC is a necessary
part of this network (and various perturbations applied
to this area may indeed disturb the respiratory rhythm
generation), the intrinsic oscillations in this region are
suppressed during eupnea by ponto-medullary inter-
actions. Specifically, our model suggests that pontine
inputs activate medullary post-I neurons which, in turn,
provide phasic inhibition to the pre-I population in the
pre-BötC. In addition, tonic drive from the caudal pons
holds the excitability of this population out of the volt-
age range necessary for pacemaking behavior. How-
ever, endogenous oscillations in the pre-BötC may be
released under some conditions, e.g., in vitro, because
of the lack of the pons, or during hypoxia in vivo (Rybak
et al., 2001, 2002, 2003b; St.-John et al., 2002).

Our modeling studies support the concept that
the rostral pons provides inspiration-inhibitory and
expiration-facilitatory ponto-medullary reflexes that
a are
p ver,
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i ed-
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n
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