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goal of the present study was to evaluate the relative plausibility
of the models of the central respiratory pattern generator (CRPG)
proposed in our previous paper. To test the models, we compared
changes in generated patterns with the experimentally observed
alterations of the respiratory pattern induced by various stimuli
applied to superior laryngeal (SLN), vagus and carotid sinus (CS)
nerves. In all models, short-duration SLN simulation caused phaseresetting behavior consistent with experimental data. Relatively
weak sustained SLN stimulation elicited a two-phase rhythm comprising inspiration and postinspiration whereas a stronger stimulation stopped oscillations in the postinspiratory phase (‘‘postinspiratory apnea’’). In all models, sustained vagus nerve stimulation
produced postinspiratory apnea. A short vagal stimulus delivered
during inspiration terminated this phase. The threshold for inspiratory termination decreased during the course of the inspiratory
phase. The effects of short-duration vagal stimulation applied during expiration were different in different models. In model 1, stimuli delivered in the postinspiratory phase prolonged expiration
whereas the late expiratory phase was insensitive to vagal stimulation. No insensitive period was found in model 2 because vagal
stimuli delivered at any time during expiration prolonged this
phase. Model 3 demonstrated a short period insensitive to vagal
stimulation at the very end of expiration. When phasic CS nerve
stimulation was applied during inspiration or the first half of expiration, the performances of all models were similar and consistent
with experimental data: stimuli delivered at the beginning inspiration shortened this phase whereas stimuli applied in the middle or
at the end of inspiration prolonged it and stimuli delivered in the
first half of expiration prolonged the expiratory interval. Behavior
of the models were different when CS stimuli were delivered during
the late expiratory phase. In model 1, these stimuli were ineffective
or shortened expiration initiating the next inspiration. Alternatively,
in models 2 and 3, they caused a prolongation of expiration. Although all CRPG models demonstrated a number of plausible alterations in the respiratory pattern elicited by afferent nerve stimulation, the behavior of model 1 was most consistent with experimental data. Taking into account differences in the model architectures
and employed neural mechanisms, we suggest that the concept of
respiratory rhythmogenesis based on the essential role of postinspiratory neurons is more plausible than the concept employing specific functional properties of decrementing expiratory (dec-E) neurons and that the ramp firing pattern of the late expiratory neuron
is more likely to reflect intrinsic properties than disinhibition from
the dec-E neurons.

INTRODUCTION

This paper is the third in a series of papers presenting our
efforts to investigate mechanisms for respiratory rhythm and
pattern generation at the cellular, network, and system levels
using modeling methods. The previous papers described
models of single respiratory neurons (Rybak et al. 1997a)
and two- and three-phase network models of the central
respiratory pattern generator (CRPG) (Rybak et al. 1997b).
The differences between the CRPG models included: the
mechanism providing ramp firing patterns of late expiratory
(E2) neurons; the functional roles of postinspiratory (postI) and decrementing expiratory (dec-E) neurons, and the
mechanism for expiratory termination. All CRPG models
were tested previously under normal conditions and demonstrated both a stable respiratory rhythm and physiologically
plausible membrane trajectories of respiratory neurons (Rybak et al. 1997b). In the present paper, we analyze model
performances during stimulation of the superior laryngeal
(SLN), vagus and carotid sinus (CS) nerves and compare
the resultant behavior of the models with data obtained from
in vivo experiments (Boyd and Maaske 1939; Bradley 1976;
Clark and von Euler 1972; Cohen 1979; Eldridge 1972,
1976; Feldman 1986; Feldman and Gautier 1976; Gautier et
al. 1981; Knox 1973; Larrabee and Hodes 1948; Lawson
1981; Paydarfar et al. 1986; Remmers et al. 1986; Richter
et al. 1986; von Euler 1986; Younes and Polacheck 1981).
The results of simulations have permitted comparative evaluation of our CRPG models.
METHODS

CRPG models
The present paper focuses on our three-phase CRPG models (3phase models 1–3 in Rybak et al. 1997b). Analysis showed that
the behavior of the our two-phase models (2-phase models 1 and
2; Rybak et al. 1997b) was similar to the behavior of three-phase
model 2 during all types of stimulation used in this study. Thus
although the two-phase models are not presented in this paper, all
conclusions drawn here about three-phase model 2 are relevant to
both the two-phase models as well.
Schematics of CRPG models 1–3 examined here are shown in
Figs. 1A and 2, A and B, respectively. The weights of synaptic
connections in the models are presented in Tables 1–3. Each model
consisted of a network of synaptically interconnected respiratory
neurons [early inspiratory (early-I); ramp inspiratory (ramp-I);
late inspiratory (late-I); decrementing expiratory (dec-E); postin-
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FIG . 1. Schematic of model 1. A: synaptic connections between the respiratory
neurons; B: afferent inputs from peripheral
nerves. Large circles represent neurons.
Numbers inside circles indicate neuron
types. Filled circle, inhibitory synapses;
arrow, excitatory synapses. Large stippled
arrows indicate points to which stimuli
were applied in different model experiments.

spiratory (post-I); stage II expiratory (E2); stage II constant firing
expiratory (con-E2); preinspiratory (pre-I)] and simplified models
of lung and pulmonary stretch receptors (PSR). The integrated
phrenic (Phr.) activity, considered to be the network output, was
derived by weighted integration of ramp-I and post-I neuronal
activities. The PSR provided feedback to the respiratory network
via the vagus nerve.
Performances of CRPG models 1–3 under normal conditions
are shown in Fig. 3, A–C, respectively. Each model generates a
respiratory rhythm showing realistic discharge patterns of respiratory neurons. The mechanism for the inspiratory off-switch (switch
between the inspiratory and postinspiratory phases) is the same in
all models and operates via the late-I neuron, which is considered
to be a switching neuron (Cohen 1979; Cohen and Feldman 1977;
Feldman 1986). The mechanisms used for the expiratory off-
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switch operates via the pre-I neuron, which also acts as a switching
neuron (Richter 1996).
The models studied differ by the following: the mechanism used
to shape the ramp firing pattern of the late (stage II) expiratory
(E2) neurons, the roles of post-I and dec-E neurons in the CRPG
performance, and the mechanism used for termination of expiration. In model 1 (Figs. 1A and 3A), the ramp firing patterns of
E2 neuron is based on its intrinsic properties (Rybak et al. 1997a).
The post-I neuron is a key element in this model. It inhibits inspiratory neurons during the postinspiratory phase. In addition, its adaptive properties and reciprocal inhibitory interactions with the conE2 and E2 neurons define the duration of the postinspiratory phase.
During the late (stage II) expiration, the early-I neuron is inhibited
by both the E2 and con-E2 neurons. The expiratory off-switch in
this model operates in following way. The pre-I neuron, excited
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FIG . 2. Schematics of models 2 and 3. A and B represent synaptic connections between respiratory neurons in models 2
and 3, respectively. C: afferent inputs from afferent nerves in both models. Large circles represent neurons; numbers inside
circles indicate neuron types. Filled circle, inhibitory synapses; arrow, excitatory synapses. Large stippled arrows indicate
points of stimulation in different model experiments.

by the E2 ramp firing pattern, inhibits the con-E2 neuron (Figs.
1A and 3A). Termination of the con-E2 neuron activity leads to
disinhibition of the early-I neuron, which initiates inspiration.
Unlike model 1, the ramp firing pattern of the E2 neuron in
model 2 is based on disinhibition from the slowly adapting dec-E
neuron (Figs. 2A and 3B). The dec-E neuron plays a much more
important role in this model than the post-I neuron. The expiratory
off-switch mechanism in model 2 also operates via the pre-I neuron, which is excited by the increasing activity of the E2 neuron.
However, during the late (stage II) expiratory phase both early-I
and ramp-I neurons are inhibited by the dec-E neuron (instead of
E2 and con-E2 in model 1). Accordingly, the pre-I neuron in
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model 2 inhibits the dec-E neuron instead of the con-E2 neuron
as in model 1. Cessation of dec-E firing disinhibits both inspiratory
neurons and initiates inspiration.
Because disinhibition from the adapting dec-E neuron completely defines the ramp firing pattern of the E2 neuron (which, in
turn, controls the timing of expiratory termination via the pre-I
neuron), the dec-E actually controls the expiratory off-switching.
This makes the behavior of this model similar to the behavior of
both our two-phase CRPG models (Rybak et al. 1997b).
Model 3 combines the properties of both the above models (Figs.
2B and 3C). Like model 2, the ramp firing pattern of the E2 neuron
in model 3 is based on disinhibition from the slowly adapting dec-
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1.

Model 1: types of neurons and weights of synaptic inputs
Synaptic Weights of Inputs From Other Neurons Wij

Neuron

Type

early-I
ramp-I
late-I
post-I
con-E2
E2
pre-I

I
II
I
I
II
II
I

early-I

00.60
04.20
02.80
02.80

ramp-I

late-I

post-I

con-E2

E2

pre-I

00.15

00.45
02.00

00.32
02.00

00.15
02.00

00.28

00.09

/2.40
00.07
00.07
00.05

00.40
03.70

00.80
/1.93

Tonic
(including
CS) Woi

CS
Percent
in
Tonic

/1.00
/1.00
00.50
/1.00
/1.00
/1.00
00.50

60
80
10
50
30
30
10

Vagus
WPSRi

SLN
WSLNi

00.02
/0.80

/0.1
00.5
00.5

Neuron types are early-I, early inspiratory; ramp-I, ramp inspiratory; late-I, late inspiratory; post-I, postinspiratory; con-E2, stage II constant firing
expiratory; E2, late (stage II) expiratory; pre-I, preinspiratory.
TABLE

2.

Model 2: types of neurons and weights of synaptic inputs
Synaptic Weights of Inputs From Other Neurons Wij

Neuron

Type

early-I
ramp-I
late-I
dec-E
post-I
E2
pre-I

I
II
I
I
I
II
I

early-I

00.60
04.40
03.40
03.50

ramp-I

late-I

post-I

con-E2

00.15

01.80
04.00

00.45
03.50

E2

pre-I

/2.45
00.30
00.70
00.23
00.25

/0.40

/2.95

Tonic
(including
CS) Woi

CS
Percent
in Tonic

/1.00
/0.90
00.50
/1.25
/1.00
/1.00
00.50

60
80
10
60
60
30
10

Tonic
(including
CS) Woi

CS
Percent
in Tonic

/1.00
/0.90
00.50
/1.25
/1.00
/1.00
00.50

60
80
10
70
60
20
10

Vagus
WPSRi

SLN
WSLNi

00.02
/0.56
/0.40

00.5
/0.1
00.5

Vagus
WPSRi

SLN
WSLNi

dec-E, decrementing expiratory.
TABLE

3.

Model 3: types of neurons and weights of synaptic inputs
Synaptic Weights of Inputs From Other Neurons Wij

Neuron

Type

early-I
ramp-I
late-I
dec-E
post-I
E2
pre-I

I
II
I
I
I
II
I

early-I

00.60
03.40
02.40
02.50

ramp-I

late-I

post-I

con-E2

E2

pre-I

00.15

00.40
04.00

00.45
03.20

00.50
03.00

/2.45
00.50
01.00
/0.42

00.23
00.15

E neuron. However, during the late expiratory phase, the early-I
and ramp-I neurons are inhibited by both dec-E and E2 neurons
(Figs. 2B and 3C). Correspondingly, to terminate expiration, the
pre-I neuron inhibits both dec-E and E2 neurons.

00.45
/3.00

00.02
/0.56
/0.40

00.5
/0.1
00.5

The excitatory inputs to dec-E neurons are based on data that these
neurons are excited by lung inflation (Cohen 1979; Ezure 1990;
Feldman 1986).
The synaptic weights of PSR inputs to the above neurons used
in models 1–3 are presented in Tables 1–3, respectively.

Vagus nerve input to the respiratory network
It is known that PSR afferents do not innervate the respiratory
neurons directly, but influence the central respiratory generator via
an intermediate network of neurons (Cohen 1979; Feldman 1986;
von Euler 1986). However, in this study, we have accepted the
simplification used in earlier models (Botros and Bruce 1990; Geman and Miller 1976) in which the vagus nerve provides direct
inputs to respiratory neurons. In all our CRPG models, PSR afferents inhibited the early-I neurons and excited the post-I (and decE in models 2 and 3) neurons (Figs. 1 and 2). The inhibitory
inputs to early-I neurons are supported by the observation that
these neurons are inhibited by lung inflation (von Euler 1986).
Excitatory inputs to post-I neurons are based on the finding of
excitation of post-I neurons after electrical stimulation of the vagus
nerve (Remmers et al. 1986; Richter et al. 1987; von Euler 1986).
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Tonic drive and CS nerve input to the respiratory network
It generally is accepted that neurons participating in the central
respiratory pattern generation receive a tonic drive. This drive
comes from different medullary (e.g., reticular activating system)
and supramedullary (e.g., pons, hypothalamus) sources and central
and peripheral chemoreceptors (Cohen 1979; Feldman 1986; Richter et al. 1986; von Euler 1986). Inputs from the peripheral chemoreceptors relay to the central respiratory generator in the CS nerve
and are a part of the tonic drive. In our models, all types of respiratory neurons receive excitatory synaptic drive except late-I and
pre-I neurons (Figs. 1B and 2C). The two latter neurons receive
tonic inhibitory inputs. The inhibitory effects of peripheral chemoreceptors on late-I neurons are supported by experimental evidence
(Lawson et al. 1989). Because no information on tonic (excitatory
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FIG.

3.

Model performances under normal conditions. A: model 1; B: model 2; C: model 3.
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or inhibitory) input to pre-I neurons was found in the literature,
we arbitrarily set the tonic input synaptic weights in pre-I neurons
to be negative and equal to the inhibitory input weights in late-I
neurons (Rybak et al. 1997b).
In previous simulations, it was not necessary to distinguish the
contribution of the CS drive from the total tonic drive to each
respiratory neuron. In present study, we separated the CS input
from the total drive to investigate the effects of CS nerve simulation
on CRPG performance (see Figs. 1B and 2C). For this, we used
the specific coefficients that defined the percentage of CS drive
relative to the total drive to each respiratory neuron type (Tables
1–3).

The same square pulses applied to the input of the ‘‘lung’’ module
(Figs. 1B and 2C) produced changes in the lung volume and were
used to simulate lung inflation. The continuous stimuli of constant
magnitude applied to the different nerves simulated a maintained
electrical stimulation. The amplitudes of short-duration stimuli and
the magnitudes of continuous stimulation were estimated as relative
values in respect to the total tonic drive to the respiratory network,
Io Å 1. The amplitude of stimuli producing an increase in lung
volume (‘‘lung inflation’’) was estimated as a relative value in
respect to the maximal lung volume, Lmax Å 1.

SLN input to the respiratory network

Model performances during SLN stimulation

In all our models, SLN afferents excite post-I neurons and inhibit
all other expiratory neurons (E2, con-E2, dec-E; Figs. 1B and
2C). The excitatory SLN input to post-I neurons was described
previously (Ogilvie et al. 1992; Remmers et al. 1986). The inhibitory inputs to E2, con-E2, and dec-E neurons are based on the data
that SLN stimulation provides inhibition or hyperpolarization of
expiratory neurons (Ballantyne and Richter 1986; Jiang and Lipski
1992; Ogilvie et al. 1992). The synaptic weights of SLN input to
the above neurons used in models 1–3 are shown in Tables 1–3,
respectively.

The effects of short SLN stimulation on model performances were studied using 200-ms pulse stimuli of different
amplitudes applied to SLN input (Figs. 1B and 2C). Stimuli
of relatively small amplitude did not cause a phase singularity in the respiratory rhythm generated by any model. The
effects of intermediate and strong SLN stimuli on models
1–3 are shown in Figs. 4, A and B, 5, A and B, and 6, A
and B, respectively. In all models, the medium amplitude
stimuli caused a phase singularity (early onset of the next
inspiration) only when they were applied at the end of expiration (in Figs. 4A, 5A, and 6A, only the 3rd of 3 stimuli
delivered at the end of expiration provides phase resetting).
Stronger stimuli applied in any phase of the respiratory cycle
caused a transition to inspiration (Figs. 4B, 5B, and 6B).
The performances of models 1–3 during maintained SLN

Stimuli used in model experiments
The single square pulses of constant amplitude and 200–300
ms in duration applied to SLN, vagus or CS nerves (see Figs. 1B
and 2C) were used in our model experiments to simulate shortduration (phasic) electrical stimulation of corresponding nerves.

RESULTS

FIG. 4. Performance of model 1 during superior laryngeal (SLN) stimulation of different types. A: short-duration (200
ms), medium amplitude (IsVLN Å 0.8rIo Å 0.8) stimulus applied during different phases of respiratory cycle. B: shortduration strong stimulus (200 ms; IsVLN Å 2.0) delivered during different phases of respiratory cycle. C: sustained stimulation
(IsVLN Å 0.4 and IsVLN Å 0.8).
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FIG . 5. Performance of model 2 during SLN stimulation of different types. A: short-duration (200 ms) medium amplitude
stimulus (IsVLN Å 0.2rIo Å 0.2) applied during different phases of respiratory cycle. B: short-duration strong stimulus (200
ms; IsVLN Å 0.4) delivered during different phases of respiratory cycle. C: sustained stimulation (IsVLN Å 0.6 and IsVLN Å
1.2).

stimulation are shown in Figs. 4C, 5C, and 6C, respectively.
In all models, relatively weak sustained stimulation produced
a two-phase rhythm comprising inspiration and postinspiration (see middle in Figs. 4C, 5C, and 6C). In all models,
a stronger sustained SLN stimulation produced a cessation
of respiratory oscillations in the postinspiratory phase (i.e.,
‘‘postinspiratory apnea’’; see right in Figs. 4C, 5C, and 6C).
Model performances during vagus nerve stimulation and
lung inflation
The effects of short electrical stimulation of the vagus
nerve were studied using 200-ms stimuli of different amplitudes applied to the vagas nerve input (Figs. 1B and 2C).
Depending on their amplitude and phase, these stimuli terminated inspiration. Our simulations showed that the threshold
for inspiratory termination decreased during the course of
the inspiratory phase with approximately hyperbolic dependence in all three models. The effects of short-duration vagus
nerve stimulation applied during inspiration on the performances of models 1–3 are shown in Figs. 7A, 8A, and 9A,
respectively. In each figure, three stimuli are given. The
first stimulus of large amplitude applied at the beginning of
inspiration terminates inspiration. The second stimulus,
which has a smaller amplitude but is applied at the same
phase, does not terminate inspiration. The third stimulus has
the same amplitude as the second stimulus, but is delivered
at a later phase of inspiration terminates this inspiration.
To study a dynamic effect of sustained vagal stimulus on
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threshold for inspiratory termination we used the experimental protocol of Younes and Polacheck (1981). The conditioning stimulus with an amplitude less than the inspiratory
off-switch threshold was applied to the vagus nerve. Then,
a 200-ms pulse stimulus was used to test the dynamic
changes of threshold. We found that effectiveness of the
conditioning stimulus increased progressively and declined
thereafter.
A 200-ms pulse of lung volume was used in our model
experiments to simulate a short-term lung inflation. These
stimuli (lung volume pulses) were applied at different times
during expiration and produced different effects on the respiratory pattern in models 1–3 (Figs. 7B, 8B, and 9B).
In model 1, stimuli delivered in the postinspiratory phase
prolonged this phase and the entire expiratory interval (the
1st stimulus in Fig. 7B). This prolongation was larger when
stimuli were applied later in the postinspiratory phase. However, the same stimuli applied in the late expiratory (stage
II) phase did not affect the expiratory duration (the 2nd
stimulus in Fig. 7B). The entire late expiratory phase was
insensitive to lung inflation.
In model 2, stimuli delivered at any time during expiration
(postinspiratory or late expiratory phase) prolonged expiration (Fig. 8B). The prolongation was larger when the stimulus was applied later in the expiratory interval. The maximal
prolongation occurred when the stimulus was delivered just
before the time of expected termination of expiration (the
3rd stimulus in Fig. 8B).
Behavior of model 3 was similar to model 2. Stimuli
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FIG . 6. Performance of model 3 during SLN stimulation of different types. A: short-duration (200 ms) medium amplitude
stimulus (IsVLN Å 0.2rIo Å 0.2) applied during different phases of respiratory cycle. B: short-duration strong stimulus (200
ms; IsVLN Å 0.4) delivered during different phases of respiratory cycle. C: sustained stimulation (IsVLN Å 0.5 and IsVLN Å
1.0).

FIG . 7. Performance of model 1 during vagus
nerve stimulation and lung inflation. A: short-duration (200 ms) large ( IsVag Å 2.0rIo Å 2.0) and
medium amplitude (IsVag Å 1.0) stimuli applied to
vagus nerve at different times during inspiration.
B: short-term increase in lung volume (200 ms;
IsL Å 0.4rLmax Å 0.4) applied at different times
during expiration.

/ 9k0f$$ap21

J286-6

08-27-97 15:03:12

neupa

LP-Neurophys

COMPARISON OF MODEL PERFORMANCES

2035

FIG . 8. Performance of model 2 during vagus
nerve stimulation and lung inflation. A: short-duration (200 ms) large amplitude (IsVag Å 2.0rIo Å
2.0) and medium amplitude (IsVag Å 1.0) stimuli
applied to vagus nerve at different times during
inspiration. B: short-term increase in lung volume
(200 ms; IsL Å 0.8rLmax Å 0.8) applied at different
times during expiration.

FIG . 9. Performance of model 3 during vagus
nerve stimulation and lung inflation. A: short-duration (200 ms) large amplitude (IsVag Å 2.2rIo Å
2.2) and medium amplitude (IsVag Å 1.1) stimuli
applied to vagus nerve at different times during
inspiration. B: short-term increase in lung volume
(200 ms; IsL Å 0.8rLmax Å 0.8) applied at different
times during expiration.
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FIG . 10. Model performances during short-duration stimulation (300 ms; IsVag Å 1.7rIo Å 1.7) applied to carotid sinus
(CS) nerve during different phases of respiratory cycle: model 1 ( A); model 2 (B); model 3 (C).

delivered in expiration also prolonged this expiration (Fig.
9B). However, there was a short period at the very end of
expiration ( Ç200-ms before the expected expiratory termination), which was insensitive to stimulation (the 3rd stimulus in Fig. 9B).
Sustained stimulation of the vagus nerve stopped respiratory oscillations in the postinspiratory phase (‘‘postinspiratory apnea’’) in all three models.
Model performances during CS nerve stimulation
The performance of models 1–3 during phasic stimulation
of the CS nerve by 300 ms stimuli are shown in Fig. 10,
A–C, respectively. In all three models, stimuli delivered at
the beginning of the inspiratory phase caused a shortening
of the inspiratory phase (the 1st stimuli in Fig. 10, A–C)
whereas stimuli applied in the middle or at the end of the
inspiratory phase prolonged the phase and caused an increase
in the amplitude of the phrenic burst (the 2nd stimuli in Fig.
10, A–C). Stimuli delivered in the postinspiratory phase
caused a prolongation of expiration (the 3rd stimuli in Fig.
10, A–C).
The behavior of the models were different when the stimuli were delivered during the late expiratory phase. In model
1, these stimuli were either ineffective or caused an early
onset of the next inspiration and a shortening of the current
expiration (4th stimulus in Fig. 10A). Alternatively, in models 2 and 3, these stimuli caused a prolongation of the expiratory interval (4th stimulus in Fig. 10, B and C). We were
unable to find any parameters of CS input in these models;
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this could provide opposite changes in the duration of the
expiratory interval when CS stimuli were applied in postinspiration versus late expiration.
DISCUSSION

The objective of this study was to make a comparative
analysis of different CRPG models by their performances
during stimulation of different respiratory afferents. Because
CRPG models studied employ different mechanisms for
ramp firing of the E2 neurons and for expiratory off-switching, their responses to various stimulations differed mostly
during the late (stage II) expiratory phase.
Effects of SLN stimulation
All our CRPG models demonstrated the following phase
resetting behavior in response to short-duration SLN stimuli:
weak stimuli had no effect on the respiratory rhythm; stimuli
of medium amplitude caused a resetting of the respiratory
cycle (phase singularity) at the end of expiration; and strong
stimuli applied in any phase reset the respiratory cycle to
inspiration. This phase resetting behavior is consistent with
the data obtained by Paydarfar et al. (1986) in studies of
phase-resetting effects of short-duration electrical SLN stimulation on the respiratory pattern in cat.
All models showed a two-phase respiratory rhythm comprising inspiration and postinspiration during relatively
weak, sustained SLN stimulation; this is consistent with experimental results of Remmers et al. (1986). All models
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demonstrated a ‘‘postinspiratory apnea’’ in response to
stronger SLN stimulation, corresponding to the observations
of Lawson (1981) and Remmers et al. (1986).
Thus all models displayed similar and physiologically
plausible changes in the respiratory pattern during SLN stimulation of different types.
Effects of vagotomy, vagus nerve stimulation,
and lung inflation
Earlier we found that disconnection of PSR feedback in
all our models caused an increase in the amplitude and duration of ramp-I activity and phrenic discharges (Rybak et al.
1997b). This is consistent with experimental data (Cohen
1979; Feldman 1986; von Euler 1986) and apparently reflects the loss of the Hering-Breuer inspiration-inhibiting
reflex. In all models, loss of feedback reduced the duration
of post-I neuron activity and the postinspiratory phase, which
corresponds to the conclusion of Richter et al. (1986).
On the other hand, the models showed different changes
in the duration of the late expiratory (stage II) phase and
the entire expiratory interval when PSR feedback was disconnected (Rybak et al. 1997b). In model 1, the duration of
late expiration did not change whereas the entire expiratory
duration decreased due to the shortening of the postinspiratory phase. This is consistent with data presented by Richter
et al. (1986) and may reflect the loss of the Hering-Breuer
expiration-facilitating reflex (Cohen 1979; Feldman 1986;
von Euler 1986). Alternatively, in our other models (3phase models 2 and 3 and both 2-phase models), the duration
of expiration increased following the increase in duration of
the preceding inspiration. This corresponds to the conclusion
of Clark and von Euler (1972) about a maintained relationship between the durations of inspiration (TI ) and expiration
(TE ). However, it has been shown that the coupling of TI
and TE in vivo is restricted to a limited set of circumstances
(Mitchell et al. 1982) and hence may not be supportive
evidence favoring one model over another.
In all models, a short-duration stimulus applied to the
vagus nerve during inspiration terminated this phase if the
stimulus amplitude exceeded some threshold. The threshold
for inspiratory termination decreased during the course of
the inspiratory phase with approximately hyperbolic dependence, which is consistent with experimental data (Boyd
and Maaske 1939; Clark and von Euler 1972; Cohen 1979;
Gautier et al. 1981; Larrabee and Hodes 1948; von Euler
1986). The hyperbolic decrease in the threshold for inspiratory termination results from slow depolarization in the lateI neuron during inspiration, which, in turn, is provided by
both increasing excitation from the ramp-I neuron and decreasing inhibition from the early-I neuron. The decrease in
the early-I neuron activity results from two factors: adaptive
properties of this neuron and volume-dependent PSR feedback, which inhibits this neuron. The first factor is independent of phasic PSR feedback and produces dynamic alteration of inspiratory off-switch threshold in response to vagal
inputs. The dynamic nature of threshold for inspiratory termination was elucidated by Younes and Polacheck (1981).
Our model showed dynamic changes in the threshold similar
to those described by Younes and Polacheck: effectiveness
of the constant conditioning stimulus applied to the vagal
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input increased progressively and declined thereafter. Thus
the dynamic effect discovered by Younes and Polacheck
may result partly from the adaptive properties of early-I
neurons.
A short-duration increase in lung volume (‘‘lung inflation’’) applied at the beginning of the expiratory interval
prolonged expiration in all models. This is consistent with
experimental data by Bradley (1976) and Knox (1973).
Behavior of the models was different when these stimuli
were delivered during the late (stage II) expiratory phase.
In model 1, the entire late expiratory phase was insensitive
to lung inflation. In contrast, no insensitive period was found
in model 2 (or in either of our 2-phase models): a pulse of
lung volume applied at any time during expiration prolonged
the expiatory interval. A period insensitive to lung inflation
was found in model 3, but it was restricted to the end of
expiration.
The literature concerning the effects of vagus nerve stimulation during the late part of expiration on the respiratory
pattern are contradictory. For example, Sammon et al.
(1993) concluded that stimulation of the vagus nerve after
midexpiration evoked unpredictable responses including a
prolongation or shortening of the expiratory duration. Remmers et al. (1986) found that stimulation of PSR during
stage II of expiration did not influence expiratory duration;
this is consistent with model 1. However, Bradley (1976)
used electrical stimulation of vagus nerve and did not find
any insensitive period at the end of expiration; this corresponds to our model 2. In contrast, Knox (1973) and Feldman and Gautier (1976) found that the last 400 ms of the
expiratory interval were insensitive to vagus nerve stimulation. It is not clear whether these data correspond to the
results of Remmers et al. (1986), since the insensitive periods found by Knox (1973) and Feldman and Gautier (1976)
were probably shorter than the duration of the late (stage
II) expiratory phase. The behavior of model 3 is most consistent with Knox’s (1973) data. The differences in experimental data concerning effects of vagal stimulation during expiration may result from different experimental conditions and
methods of stimulation. For example, Knox (1973) used a
sudden lung inflation whereas Bradley (1976) and Sammon
et al. (1993) employed electrical stimulation of the vagus
nerve. This inconsistency in experimental data makes it difficult to compare the models and assess model plausibility,
but model 1 appears to be most closely matched to experimental data.
Sustained vagus nerve stimulation in all models stopped
respiratory oscillation in the postinspiratory phase (postinspiratory apnea); this is consistent with Remmers et al.
(1986).
Effects of CS nerve stimulation
Phasic CS stimulation in all models evoked the following
effects: stimuli delivered at the beginning of inspiration
shortened this phase, stimuli applied in the middle or at the
end of inspiration prolonged it and increased the amplitude
of phrenic bursts, and stimuli delivered in the first half of
expiration (postinspiratory phase) prolonged expiration. All
these modeling results are consistent with the experimental
findings of Eldridge (1972, 1976). In addition, the effect of
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CS stimulation during the postinspiratory phase on model
performances is consistent with Remmers et al. (1986) results. However, model 1 was the only model that demonstrated a shortening of expiration when CS stimuli were
delivered in the late expiratory phase; this corresponds to
Eldridge’s (1972, 1976) and Remmers et al.’s (1986) data.
Moreover, the reversal-type dependence between the duration of expiration and time of stimulus presentation in model
1 was qualitatively similar to that drawn from Remmers’
experiments (see Fig. 8A in Remmers et al. 1986). In contrast to model 1, all other our models (models 2 and 3 and
2-phase models) responded to stimuli applied during the late
(stage II) expiratory phase with a prolongation of expiration.
We could not find any set of parameters for CS input in
these models that replicated the reversal effects of CS nerve
stimulation on expiratory duration when stimuli were delivered during I versus II stage of expiration as described by
Eldridge (1972, 1976) and Remmers et al. (1986). Thus
our model experiments with CS nerve stimulation also suggest that model 1 is more realistic than the other models.
In conclusion, our CRPG models demonstrate a number
of plausible (consistent with experimental data) alterations
of the central respiratory pattern during different perturbations applied to respiratory afferent nerves. We consider this
as additional evidence supporting the viability of our CRPG
models. Considering all our simulation results, we suggest
that model 1 is more plausible than the other models. Taking
into account the differences between model 1 and the other
models we suggest that the concept of respiratory rhythmogenesis based on the essential role of post-I neurons is probably more plausible than the concept employing specific properties of dec-E neurons and that the ramp firing patterns in
E2 neurons probably reflects intrinsic membrane properties
rather than disinhibition from dec-E neurons. However, further experimental studies and simulations are required to
further test CRPG models based on different proposed neural
mechanisms.
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