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Synaptic and endogenous pacemaker properties have been hypothesized as principal cellular mechanisms for respiratory rhythm gen-
eration. This rhythmic activity is thought to originate in the pre-Bötzinger complex, an area that can generate fictive respiration when
isolated in brainstem slice preparations of mice. In slice preparations, external potassium concentration ([K�]o ) is typically elevated
from 3 to 8 mM to induce rhythmic population activity. However, elevated [K�]o may not simply depolarize respiratory neurons but also
change rhythm-generating mechanisms by inducing or altering pacemaker properties. To test this, we examined the membrane potential
(Vm ) of nonpacemaker neurons and endogenous bursting properties of pacemaker neurons before and after blockade of excitatory and
inhibitory synaptic input in 3 mM [K �]o artificial CSF (aCSF). Most pacemaker neurons (82%) ceased to burst in 3 mM [K �]o aCSF after
blockade of glutamatergic transmission. In all of these, endogenous bursting was restored on additional blockade of glycinergic and
GABAergic inhibition. Thus, bursting properties are suppressed by endogenous synaptic inhibition, the level of which may determine
whether network rhythmicity is generated in 3 mM (n � 12) or 8 mM (n � 40) [K �]o aCSF. In 3 mM [K �]o aCSF, synaptically isolated
pacemaker neurons (n � 22) continued to burst over a wide range of imposed Vm. Furthermore, the Vm of synaptically isolated pace-
maker neurons was not significantly affected ( p � 0.1; n � 10) when [K �]o was changed from 8 to 3 mM, whereas isolated nonpacemakers
hyperpolarized ( p � 0.001; n � 14). We conclude that respiratory pacemaker neurons possess membrane properties that stabilize their
bursting against changes in [K �]o and imposed changes in Vm.
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Introduction
Throughout the brain, intense neuronal activity can raise the
extracellular potassium concentration ([K�]o) from 3 mM (rest-
ing) to up to 10 –12 mM [K�]o, and this may alter rhythmogen-
esis for a variety of networks (Xiong and Stringer, 2000). Changes
in [K�]o can have severe and even fatal consequences unless
network or pacemaking mechanisms can compensate (Cohen et
al., 1975; Johnson et al., 2001). Stabilization of this vital activity
requires adjusting the excitability of neurons despite changes in
[K�]o during sensory stimulation (Singer and Lux, 1975; Poolos
et al., 1987), bursting during normoxia (Haller et al., 2001;
Somjen, 2002), hypoxia (Hansen, 1985; Müller and Somjen,
2000), and epileptiform activity (Orkand, 1980; Jensen et al.,
1994). The respiratory center within the brainstem must also face
these challenges and indeed continues to be rhythmic over a
range of [K�]o (Newstead et al., 1990; Peterson et al., 1992; John-
son et al., 2001). However, the mechanisms that allow the respi-
ratory network to operate over a wide range of [K�]o are un-
known. Here, we begin to examine this issue.

Increasing evidence suggests that the respiratory network is
localized within the pre-Bötzinger complex (PBC). Lesioning of
the PBC abolishes breathing in vivo (Ramirez et al., 1998; Gray et
al., 2001), and isolated in a medullary brainstem slice, the PBC
still generates respiratory rhythmic activity in vitro (Smith et al.,

1991). However, experiments using this slice preparation are typ-
ically performed with [K�]o raised from 3 to 8 mM to induce
rhythmic network activity at the population level within the PBC
(Smith et al., 1991; Lieske et al., 2000). Elevating [K�]o may
recruit neurons that are not endogenous pacemakers into a volt-
age range in which they express pacemaking properties (Richter
and Spyer, 2001) similar to hyperkalemic induction of ectopic
pacemakers in the heart (Cohen et al., 1975), granule cell bursting
in the dentate gyrus (Pan and Stringer, 1997), and in hippocam-
pal pyramidal neurons (Jensen et al., 1994). Indeed, computa-
tional models of inspiratory neurons suggest that they do not
express pacemaking properties at physiological [K�]o (Rybak et
al., 2001). This theoretical consideration has led to the hypothesis
that the induction of pacemaker properties at nonphysiological
[K�]o may significantly alter rhythm-generating mechanisms in
the in vitro respiratory network (Rybak et al., 2001). If rhythm-
generating mechanisms in vitro are fundamentally different from
those in vivo, the usefulness of in vitro preparations for under-
standing the neuronal control of breathing becomes question-
able. However, to date the effect of changing [K�]o on respira-
tory pacemaker neurons was only considered in modeling studies
(Del Negro et al., 2001; Rybak et al., 2001); no experiments have
tested whether pacemaker neurons are inactive at physiological
[K�]o. It is also unknown how changes in [K�]o affect pace-
maker activity. Here we show that pacemaker properties are
present at physiological [K�]o, and these properties are surpris-
ingly unaffected by changes in [K�]o, suggesting that respiratory
pacemaker neurons may possess membrane properties that sta-
bilize pacemaker activity. Such membrane properties may not
only exist in respiratory neurons but may be a property of pace-
maker neurons in general.

Received Sept. 12, 2002; revised Feb. 5, 2003; accepted Feb. 5, 2003.
This work was supported by National Institutes of Health (NIH) Grant 1F32HL67659 (A.K.T.), a Pew Charitable

Trust Fellowship (F.P.), and NIH Grant RO1-HL 60120 (J.M.R.). We thank Drs. Steve P. Lieske for technical support in
data analysis and editing and Marjorie Parkis for editorial comments.

Correspondence should be addressed to Dr. Andrew K. Tryba, The University of Chicago, Department of Organis-
mal Biology and Anatomy, 1027 East 57th Street, Chicago, IL 60637-1508. E-mail: Tech10s@techsan.org.
Copyright © 2003 Society for Neuroscience 0270-6474/03/233538-09$15.00/0

3538 • The Journal of Neuroscience, April 15, 2003 • 23(8):3538 –3546



Materials and Methods
All experiments conformed to the guiding principles for the care and use
of animals approved by the National Institutes of Health and the Animal
Care and Use Committee at the University of Chicago. All efforts were
made to minimize both the number of animals used and their suffering.

Medullary brain slice preparation. All experiments used the transverse,
rhythmic medullary brain-slice preparation (Funk et al., 1994; Ramirez
et al., 1996) (see Fig. 1 A, B). Mice (0- to 9-d-old CD-1 outbred mice;
Charles River Laboratories, Wilmington, MA) were deeply anesthetized
with ether (delivered by inhalation) and quickly decapitated at the C3/C4
spinal level (Ramirez et al., 1996). The brainstem was dissected in ice-
cold artificial CSF (aCSF) that was equilibrated with carbogen (95% O2

and 5% CO2), pH 7.4. Rhythmic 650-�m-thick slices containing the PBC
(Ramirez et al., 1996) were obtained by slicing the medulla using a mi-
croslicer (VT1000S; Leica, Nussloch, Germany). Slices were submerged
in a recording chamber (6 ml) under circulating aCSF (30°C; flow rate, 17
ml/min; total volume, 200 ml) containing the following (in mM): 118
NaCl, 3 KCl, 1.5 CaCl2, 1 MgCl2 � 6 H2O, 25 NaHCO3, 1 NaH2PO4, and
30 D-glucose, equilibrated with carbogen (95% O2 and 5% CO2), pH 7.4.
KCl was elevated from 3 to 8 mM over a span of 30 min before commenc-
ing recordings. All aCSF chemicals were obtained from Sigma (St. Louis,
MO). Bath temperature was monitored and automatically adjusted to
30 � 0.7°C of the set temperature using a Warner Instruments (Hamden,
CT) TC-344B temperature regulator with an in-line solution heater (SH-
27B); bath temperature at various locations within the bath was routinely
uniform.

Electrophysiological recordings: integrated PBC population activity and
current clamp recordings. Extracellular recordings were obtained with
glass suction electrodes positioned on the slice surface in the PBC (see
Fig. 1 A). The signal collected was amplified and filtered (low-pass, 1.5
kHz; high-pass 250 Hz), rectified, and integrated using an electronic filter
(time constant, 60 msec) (Ramirez et al., 1996) (see Fig. 1 B). The popu-
lation activity is predominated by inspiratory neurons such that inte-
grated PBC activity is in phase with integrated XII activity (Telgkamp and
Ramirez, 1999) and PBC population bursts thus serve as a marker of
fictive inspiration (see Fig. 1 A, B).

Intracellular patch-clamp recordings were obtained from PBC neu-
rons using the blind-patch technique (see Fig. 1Ci). Patch electrodes were
manufactured from filamented borosilicate glass tubes (Clark G150F-4;
Warner Instruments) and filled with a solution containing the following
(in mM): 140 K-gluconic acid, 1 CaCl2 � 6 H2O, 10 EGTA, 2 MgCl2 � 6
H2O, 4 Na2ATP, and 10 HEPES. Only inspiratory neurons active in phase
with population activity were considered in this study. The discharge
pattern of each cell type was first identified in the cell-attached mode (in
8 mM [K �]o aCSF). Experiments were then performed in whole-cell
patch-clamp mode. The membrane-potential values were corrected for
liquid junction potentials as described by Neher (1992). In current-
clamp, to isolate neurons from chemical synaptic input, we added gluta-
matergic, GABAergic, or glycinergic antagonists either individually or as
a mixture. These drugs were bath applied at the following final concen-
trations (in �M): 40 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX;
Tocris Cookson, Ballwin, MO), 10 �M (RS)-3-(2-carboxypiperazin-4-
yl)-propyl-1-phosphonic acid (CPP; Tocris Cookson), 1 �M strychnine
(Sigma), and 20 �M bicuculline free-base (Sigma). Note that unlike bicu-
culline methiodide, the bicuculline free-base derivative is a specific
GABA receptor antagonist and is not known to block apamin-sensitive
Ca 2�-activated K � currents (Johnson and Seutin, 1997; Debarbieux et
al., 1998).

Data analysis. All recordings were transferred to a personal computer
using a Digidata (Axon Instruments, Foster City, CA) analog-to-digital
conversion board. Data were stored using Axotape (version 2.0; Axon
Instruments) and analyzed off-line. Only signals with good signal-to-
noise ratios were quantitatively analyzed with software programs written
using Igor Pro version 3.11 (WaveMetrics, Lake Oswego, OR). To make
membrane potential (Vm) measurements (Table 1) under various experi-
mental conditions (e.g., 3 vs 8 mM [K�]o aCSF), the Vm was averaged over a
100 sec period of time, and the resultant value was compared with similar
data collected under a different condition from the same cell using a paired

Student’s t test. Because in certain situations (e.g., 8 mM [K�]o aCSF) neu-
rons were firing action potentials and/or bursting, we eliminated Vm deflec-
tions attributable to spikes, bursts, and their afterhyperpolarizations from
our averaged Vm measurements using code written with Igor Pro so that the
average accurately reflected the baseline Vm.

Results
Population activity in 3 mM [K �]o

The population activity recorded with [K�]o elevated to 8 mM

(Fig. 1B,Ci,Di, top traces) can be used to identify intracellularly
recorded neuronal activity (Fig. 1Ci,Di, bottom traces). The neu-
rons with activity that is in phase with the population bursts are
termed inspiratory neurons (Fig. 1Ci,Di). After lowering the
aCSF [K�]o from 8 to 3 mM, the majority (40 of 52) of slices
ceased to generate population bursts (Fig. 1Cii). However, in
some cases (12 of 52), rhythmic activity persisted in 3 mM [K�]o

at the cellular and population levels (Fig. 1Dii); this has not been
published previously. We next examined whether cessation of
rhythmicity in most preparations was caused by effects of lower
[K�]o on pacemakers and/or nonpacemakers by comparing their
activity before and after isolation from chemical synaptic
transmission.

Synaptically isolated inspiratory pacemaker neuron activity
in elevated (8 mM) and physiological [K �]o

All of the pacemakers used for analysis met several criteria before
being classified as inspiratory pacemaker neurons (n � 22). First,
after isolation of the neuron from chemical synaptic input with
bath applied CNQX, CPP, strychnine, and bicuculline, pace-
maker neurons continued to burst in the absence of inspiratory
population bursts (Fig. 2A,B). Second, isolated pacemakers ex-
hibited voltage-dependent bursting properties. That is, either brief
depolarizing current injection could trigger a burst (data not
shown), or hyperpolarizing current could terminate an ongoing
burst; either of these reset the ongoing rhythm (Fig. 2B). Finally,
current injection changed the bursting frequency of the neuron; de-
polarization increased (Fig. 2C, top trace) and hyperpolarization
reduced (Fig. 2C, bottom trace) the bursting frequency.

To examine the activity of pacemaker neurons at physiological
potassium concentrations, the aCSF containing 8 mM [K�]o was
replaced with aCSF having 3 mM [K�]o (Fig. 3A–C). Rhythmic
bursting of most (n � 18 of 22) of the pacemakers in aCSF with 8
mM [K�]o was replaced with tonic activity on lowering the [K�]o

to 3 mM [K�]o (Fig. 3C) and remained tonic after blockade of
glutamatergic synaptic transmission with CNQX and CPP (Fig.
3D). Blockade of inhibition restored endogenous bursting in all
of the pacemakers that were not bursting after isolation from
glutamatergic synaptic input in 3 mM [K�]o (Fig. 3D,E). Because
synaptic inhibition appeared to suppress pacemaker bursting in 3
mM [K�]o, we also tested whether (before blocking synaptic
transmission) injecting depolarizing DC could bring them into a
voltage range in which they burst. All examined inspiratory pace-

Table 1. Effect of changing aCSF [K�]o from 8 to 3 mM on Vm of synaptically isolated
(in CNQX, CPP, bicuculline, and strychnine) pacemakers and nonpacemakers

Vm (mV) SD
Average change in
Vm (mV) p n

Pacemakers
8 mM [K�]o �57.21 2.81 �1.23 0.106 10
3 mM [K�]o �58.45 4.063 �1.23 0.106 10

Nonpacemakers
8 mM [K�]o �61.78 6.56 �5.25 �0.001 14
3 mM [K�]o �67.034 7.88 �5.25 �0.001 14
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makers that were tonic in 3 mM [K�]o (Fig. 4A,B) burst on
depolarizing constant current injection (n � 5) (Fig. 4C). These
neurons generated rhythmic bursts without current injection af-
ter synaptic isolation (Fig. 4D).

Some of the pacemakers (n � 4 of 22) continued to generate
endogenous bursting when aCSF [K�]o was lowered from 8 to 3
mM before blocking chemical synaptic transmission but in the
absence of population activity (Fig. 5A–C). These neurons con-
tinued bursting in 3 mM [K�]o after blockade of synaptic input
with CNQX, CPP, bicuculline, and strychnine (Fig. 5D,E).

Intrinsic membrane properties of pacemaker neurons
anchor Vm

As indicated in Table 1, the baseline Vm of synaptically isolated
pacemaker neurons did not significantly change on lowering the
aCSF [K�]o from 8 to 3 mM (n � 10). Bursting in synaptically

isolated pacemakers also continued with little apparent change in
baseline Vm when [K�]o was increased from 3 to 8 mM (n � 3
tested) (Fig. 5D–F). To examine the bursting properties of syn-
aptically isolated pacemakers over a range of imposed Vm, we
injected hyperpolarizing current pulses of several seconds in du-
ration (n � 22). Stepping to various hyperpolarized Vm with 10
sec current injections revealed typical voltage-dependent burst-
ing properties (Fig. 6A–C). That is, the frequency of bursting
decreased at hyperpolarized levels, and endogenous bursting
could be suppressed by strongly hyperpolarizing current injec-
tions (n � 22) (Fig. 6A–C). However, the hyperpolarization
evoked a slow depolarization in pacemaker neurons whereby the
neuron depolarized throughout the constant current injection
(n � 22) (Figs. 2C, 6C). In 13 of these pacemakers, we injected
hyperpolarizing currents of varying intensity for �10 sec, and in
each case, the Vm depolarized to a range in which endogenous

Figure 1. Mouse medullary slice preparation containing the respiratory network. A, Extracellular suction electrodes are placed on the surface of the brain slice preparation to record population
activity from the PBC. The hypoglossal motor nucleus is labeled (XII). B, PBC population activity (PBC trace) is integrated (�PBC) and used as a marker for fictive eupneic inspiratory activity. Ci, Record
of �PBC (top trace) and simultaneous intracellular recording from an inspiratory neuron in aCSF having 8 mM [K �]o. Cii, Both population (�PBC, top trace) and neuron bursts cease in aCSF with 3 mM

[K �]o. Di, Record from a different preparation than in Ci and Cii shows fictive inspiratory bursts (�PBC, top trace) and synchronized inspiratory neuron activity in aCSF having 8 mM [K �]o. Dii, Note
that both the population and inspiratory neuron bursts persist in aCSF with 3 mM [K �]o. Calibration: (Cii ) Ci–Dii, 15 mV, 10 sec.

3540 • J. Neurosci., April 15, 2003 • 23(8):3538 –3546 Tryba et al. • Endogenous Inspiratory Pacemaker Activity



bursting resumed (Fig. 6D). The maximum hyperpolarization
resulting from a current injection was plotted versus Vm just
before the first burst that occurred while the current injection was
maintained. This plot revealed that pacemaker neurons have in-
trinsic membrane properties that depolarize them during the hy-
perpolarization (n � 13) (Fig. 7A). In four cases, pacemakers
were hyperpolarized with constant current injected for the same
duration (3.7 min). Measurement of their Vm at the onset of the
current injection (�77.8 mV � 1.9 SD) and just before terminat-
ing the hyperpolarizing pulse (�68.9 mV � 2.3 SD) revealed that

pacemakers depolarized during the course of hyperpolarizing
current injection ( p � 0.01; paired t test; n � 4) (Fig. 6D). The
bursting frequency also increased throughout the maintained hy-
perpolarization ( p � 0.001; one-way ANOVA), but the bursting
frequency during the last 30 sec of current injection (0.21 � 0.08,
mean � SD) did not reach control frequency (30 sec before cur-
rent application; 0.36 � 0.18 SD; p � 0.014; one sample t test)
(Fig. 7B). Bursting frequency over the 30 sec after termination of
current injection (0.37 � 0.22 SD) was similar to baseline fre-
quency measured 30 sec before hyperpolarizing current injection
( p � 0.841; one-sample t test) (Fig. 7B).

Figure 2. Criteria for identifying pacemakers. A, In 8 mM [K �]o aCSF, inspiratory pacemaker
bursts are in phase with �PBC bursts. B, Bath application of CNQX, CPP, bicuculline, and strych-
nine eliminates�PBC bursts while pacemaker neurons continue bursting. Brief current injection
reset the ongoing rhythm, the timing of which is demarcated by black bars above the neuron
recording. C, Injecting depolarizing current into synaptically isolated pacemakers increased the
bursting frequency (top neural trace), whereas hyperpolarizing current terminated bursting
during current injection (bottom trace). The y-axis scale in A applies to B and C.

Figure 3. Synaptic inhibition can suppress pacemaker bursting. A, Population bursts (�PBC)
and some pacemakers cease bursting when 8 mM [K �]o aCSF is exchanged with 3 mM [K �]o

aCSF (arrow indicates onset of exchange). B, Expanded record of neuron bursting in 8 mM [K �]o

aCSF. C, Relatively tonic spiking in 3 mM [K �]o aCSF. D, The neuron continues to spike tonically
in 3 mM [K �]o aCSF after blockade of glutamatergic transmission with CNQX and CPP. E, Endog-
enous bursting is restored after subsequent blockade of synaptic inhibition with strychnine and
bicuculline. y-Axis scale in B applies to A–E. x-Axis scale in B applies to C–E.
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Nonpacemaker inspiratory neuron activity in 3 and
8 mM [K �]o

Are intrinsic membrane properties that anchor Vm against
changes in [K�]o or hyperpolarization also present in inspiratory
nonpacemakers? When the aCSF [K�]o is lowered from 8 to 3
mM, activity in nonpacemaker neurons behaved much like the

population activity (Fig. 8A) and hyperpolarized (Table 1). Syn-
aptically driven rhythmic bursting that was present in 8 mM

[K�]o ceased at 3 mM [K�]o aCSF (Fig. 8A,B). The nonpace-
maker neurons became inactive and did not generate spontane-
ous action potentials when the [K�]o was at 3 mM (Fig. 8A) or
when they were isolated from glutamatergic synaptic input with
CNQX and CPP (n � 25) (Fig. 8C). With glutamatergic input
blocked, we also examined the effects of blocking inhibition in 10
nonpacemakers. These nonpacemaker neurons were either toni-
cally active (n � 7) or silent (n � 3) (Fig. 9A–C) after additional
blockade of synaptic inhibition with bicuculline and strychnine.
Unlike pacemakers (Fig. 4C), nonpacemaker inspiratory neurons
(Fig. 9A) generated tonic activity in response to depolarizing cur-
rent injection in 3 mM [K�]o aCSF before (Fig. 9B) and after (Fig.
9C) isolation from chemical synaptic transmission (n � 5). In
addition, these neurons did not burst when the [K�]o was raised
from 3 to 8 mM (n � 5) (Fig. 9D). The Vm of nonpacemakers did
not change during prolonged (3.7 min) hyperpolarizing current
injection to �81.3 mV � 2.3 SD. The membrane potential just
before terminating the current injection was �80.8 mV � 2.9 SD
(n � 5; p � 0.328; paired t test) (Fig. 9E).

Discussion
The results of this study indicate that in the brainstem slice prep-
aration, the respiratory network (PBC) and pacemaker neurons
can produce fictive respiratory activity at physiological extracel-
lular potassium concentrations ([K�]o). Thus, pacemakers may
play a key role in respiratory rhythmogenesis under physiological
conditions. Data obtained by Johnson et al. (2001) revealed that
in vitro the presence of endogenous synaptic inhibition can sup-
press PBC population bursts, and we add here that endogenous
bursting properties of pacemakers can also be suppressed by syn-
aptic inhibition in aCSF with 3 mM [K�]o. Intrinsic membrane
properties of pacemakers, but not nonpacemaker neurons, can
anchor their membrane potential within a range in which they
burst endogenously, despite imposed hyperpolarization or
changes in [K�]o.

A central issue to understanding breathing in mammals is to
identify the neural mechanisms underlying rhythm generation
for a variety of breathing patterns (e.g., eupnea, sighs, and gasps).
Respiratory pacemakers have been hypothesized to play a key role
in rhythmogenesis, but those isolated in various in vitro prepara-
tions have been described in aCSF containing elevated [K�]o

(Thoby-Brisson and Ramirez, 2000; for review, see Richter and
Spyer, 2001). This paradigm has fostered controversy over
whether endogenous pacemakers contribute to the respiratory
rhythm, because in other systems, neurons that do not express
pacemaking properties at 3 mM [K�]o burst endogenously when
[K�]o is raised (Jensen et al., 1994; Jensen and Yaari, 1997; Su et
al., 2001). Furthermore, modeling of respiratory neurons pre-
dicted, on the basis of theoretical considerations, that potassium
concentrations must be �6 mM for endogenous bursting to occur
and suggested that endogenous pacemakers cannot be responsi-
ble for, or even contribute to, respiratory rhythmogenesis at
physiological potassium concentrations (Rybak et al., 2001). For
these reasons, several authors have proposed that respiratory
rhythmogenesis is an emergent network property that depends
on synaptic interactions (for review, see Richter and Spyer, 2001).
However, the results presented here argue against excluding
pacemakers as playing a role in rhythmogenesis, because both the
population and endogenous pacemakers can generate respiratory
activity in 3 mM [K�]o aCSF (Figs. 1Dii, 5A).

The possibility that pacemaker neurons are essential for respi-

Figure 4. Pacemaker activity in 3 mM [K �]o aCSF is restored during depolarizing current
injection. A, Under control conditions (8 mM [K �]o ), pacemaker bursts are in phase with those
of the population (�PBC). B, The pacemaker is tonically active on lowering the aCSF [K �]o to 3
mM. C, Constant depolarizing current injection depolarized the neuron into a Vm in which burst-
ing was restored. D, The pacemaker burst endogenously (i.e., without current injection) after
synaptic isolation of the pacemaker in 3 mM [K �]o with bath-applied CNQX, CPP, bicuculline,
and strychnine. y-Axis in A applies to A–D.
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ratory rhythm generation has been questioned recently on the
basis of pharmacological experiments (Del Negro et al., 2002).
Although strain and species differences are possible, these studies
have demonstrated that riluzole, a blocker of the persistent so-
dium current that is found in some respiratory pacemakers, did
not abolish respiratory rhythm generation in either mice or rats.
This conclusion is based on the assumption that all pacemaker
neurons have similar bursting properties and are sensitive to ri-
luzole. However, this is not the case. The respiratory network not
only contains the pacemaker neurons whose bursting depends on
the persistent sodium current but also pacemaker neurons with
bursting properties that depend on calcium currents (Thoby-
Brisson and Ramirez, 2001). The majority of neurons in the study
by Del Negro et al. (2002) were examined in zero extracellular
calcium concentrations that abolish bursting in the Ca 2�-
dependent pacemaker population. Thus, the riluzole sensitivity
of these pacemaker neurons remains unexamined. Indeed, our
studies suggest that not all pacemaker neurons are riluzole sensi-

tive, and some of these continue to burst after blockade of
voltage-dependent Ca 2� channels with cadmium (Parkis et al.,
2002). Although it remains unclear whether pacemaker neurons
are essential for respiratory rhythm generation, this study dem-
onstrates that pacemaker neurons could contribute to respiratory
rhythm generation, not only at high but also physiological [K�]o.
Clearly, many properties of the respiratory network are consis-
tent with the concept that pacemaker neurons contribute to re-
spiratory rhythm generation. The frequency of pacemaker bursts
mimics the biphasic hypoxic response (Thoby-Brisson and
Ramirez, 2000), and modeling studies demonstrate that many
characteristics of the respiratory network can be explained by the
activation and inactivation properties of endogenously bursting
neurons (Butera et al., 1999a,b).

Our study also contributed to a better understanding of the
role of synaptic inhibition in the respiratory network. Previous
studies have demonstrated that synaptic inhibition plays a critical
role in the generation of the respiratory pattern that underlies

Figure 5. Pacemakers can burst in aCSF with 3 and 8 mM [K �]o without blocking synaptic transmission. A, Lowering the aCSF [K �]o from 8 to 3 mM (starting at downward arrow) typically results
in a cessation of �PBC bursts (top trace), but some inspiratory neurons continue to burst rhythmically (Neuron). B, C, Expanded record of population (�PBC) and cell (Neuron) in 8 mM [K �]o ( B) and
when aCSF [K �]o is lowered to 3 mM (C ). Note that the neuron continues to burst rhythmically in 3 mM [K �]o , despite cessation of �PBC bursts. D, For pacemakers, raising aCSF [K �]o from 3 to 8
mM while chemical synaptic transmission is blocked does not result in a marked shift in the baseline Vm (solutions exchanged starting at downward arrow). E, F, Expanded record of synaptically
isolated pacemaker activity in 3 mM [K �]o aCSF ( E ) and when the [K �]o is increased to 8 mM (F ). y-Axis in B applies to B, C, and F. x-Axis in B and E applies to F.
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eupneic activity (Lieske et al., 2000; Büsselberg et al., 2001). How-
ever, rhythmogenesis persists after the blockade of synaptic inhi-
bition (Figs. 2B, 3E, 4D, 5D, 6A) (Smith et al., 1991, 2000;
Ramirez et al., 1997; Shao and Feldman, 1997; Brockhaus and
Ballanyi, 1998; Rekling and Feldman, 1998; Butera et al., 1999;
Koshiya and Smith, 1999). Here, we demonstrate that inhibition
plays a critical role in modulating pacemaker activity, as occurs in
other systems. For instance, inhibition regulates endogenous
bursting in the stomatogastric system of crustacea (Cazalets et al.,
1987), the spinal cord (Su, 2001), and the substantia nigra (Silva
and Bunney, 1988). Our data show that inhibition can suppress
endogenous bursting of some (Fig. 3E) but not all (Fig. 5C) pace-
makers in vitro, which could explain why respiratory network
activity ceases at physiological potassium concentrations (Fig.
1Cii) (Johnson et al., 2001). Although this finding may suggest
that network and inspiratory pacemaker activity primarily de-
pends on modulation of inhibition (i.e., conditional pacemak-
ing), the same level of inhibition may not be present in vivo.
Along these lines, whereas elevating [K�]o raised excitability of
nonpacemaker neurons (Table 1), it may also suppress chloride-
mediated GABAergic inhibition (Traynelis and Dingledine, 1989;
Jensen et al., 1994; Pan and Stringer, 1997); both of these factors
may enhance the likelihood of evoking population activity in
vitro. That said, inhibition does not interfere with the mechanism
of pacemaker bursting, because depolarizing pacemakers that are

tonically firing in 3 mM [K�]o can bring them into a Vm range in
which bursting occurs (Fig. 4C).

Another important finding of our study was that lowering the
[K�]o from 8 to 3 mM did not significantly change the Vm of
synaptically isolated pacemaker neurons (Table 1). Thus, future
neural models of the respiratory network should consider that
the excitability of pacemaker neurons is not primarily deter-
mined by EK

� (Del Negro et al., 2001). More importantly, unlike
nonpacemaker neurons, intrinsic membrane properties of pace-
makers seem to anchor their Vm in a range in which they express
pacemaking properties. After hyperpolarizing current injection,
pacemaker neurons had intrinsic membrane properties that de-
polarized them into a Vm in which they express pacemaker burst-
ing. This may serve to enhance the stability of rhythmogenesis
during variations in [K�]o, as occurs for bursting activity during
normoxia (Haller et al., 2001; Somjen, 2002) and hypoxic condi-
tions (Hansen, 1985; Müller and Somjen, 2000). Future studies

Figure 6. Hyperpolarizing current injections into synaptically isolated pacemaker in 3 mM

[K �]o aCSF. Endogenous bursting frequency is reduced or bursting is terminated during hyper-
polarization to �65 mV with a 10 sec �0.06 nA current injection ( A), �70 mV with a 10 sec
�0.09 nA current injection ( B), and �75 mV with a 10 sec �0.13 nA current injection ( C ). D,
Hyperpolarization to �80 mV using a �0.15 nA constant current injection for a longer (3.7
min) duration does not terminate bursting. Calibration: (in A) A–D, 10 mV.

Figure 7. Pacemaker neurons depolarize during hyperpolarization. A, Vm of synaptically
isolated pacemakers (in 3 mM [K �]o aCSF containing CNQX plus CPP, bicuculline, and strych-
nine) measured immediately after onset of current injection (x-axis) and immediately before
the first burst ( y-axis). Each square represents one current injection, and data are pooled from
n � 13 neurons. B, Mean burst frequency histogram (10 sec bins: n � 4 mean � SD) before,
during, and after hyperpolarizing current injection for 3.7 min. The pacemakers in 3 mM [K �]o

aCSF were synaptically isolated in CNQX, CPP, bicuculline, and strychnine. Onset and offset of
current injection are indicated by arrows.
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will be necessary to determine the type of ion channel that is
responsible for this depolarization. One obvious candidate is Ih

current. However, this ionic current is only expressed in some,
but not all, respiratory pacemaker neurons (Thoby-Brisson et al.,
2000). Furthermore, the putative ion channel appears to have a
much slower time constant, because the depolarization devel-
oped in tens of seconds (Figs. 6D, 7B) rather than within 1.5 sec,
as is typical for the Ih current (Thoby-Brisson et al., 2000). What-
ever the underlying mechanism, intrinsic pacemaker properties
could contribute to stabilization of the Vm of pacemakers to promote
bursting despite changes in [K�]o (Table 1, Fig. 6D) (Kramer and
Zucker, 1985; Andrew, 1987). These intrinsic mechanisms may be
widely responsible for stabilizing rhythmic bursting of pacemakers
in a variety of systems including Aplysia (Kramer and Zucker, 1985),
supraoptic magnocellular neurons (Andrew, 1987), and nucleus
principalis trigeminal neurons (Sandler et al., 1998).

The results support the hypothesis that PBC pacemakers may

contribute to respiratory rhythmogenesis. These data suggest that
it is not necessary to assume that the rhythm relies on network
properties. In addition, it would be useful to integrate these find-
ings into new models of respiratory rhythm generation, so the
models more accurately reflect results from experimental manip-

Figure 8. Nonpacemaker inspiratory neuron bursting ceases in 3 mM [K �]o aCSF. A, �PBC
(top trace) and inspiratory neuron activity during replacement of 8 mM [K �]o aCSF with aCSF
having 3 mM [K �]o (arrow indicates onset of aCSF exchange). Note that the neuron hyperpo-
larizes in 3 mM [K �]o aCSF. B, Expanded record of inspiratory neuron activity in 8 mM [K �]o. C,
Both population and neuron activity remain silent in 3 mM [K �]o aCSF with blockade of gluta-
matergic input with CNQX and CPP. Calibration: ( B) B, C, 10 mV, 1 sec.

Figure 9. Nonpacemaker neurons are tonic in 3 mM aCSF on super-rheobase current injec-
tion. A, �PBC (top trace) and nonpacemaker inspiratory neuron activity in 8 mM [K �]o (bottom
trace). B, In 3 mM aCSF, �PBC population bursts and nonpacemaker activity cease and depolar-
izing current injection evokes tonic activity (current). C, After blockade of chemical transmission
with CNQX, CPP, bicuculline, and strychnine, �PBC population activity and nonpacemakers
remain silent. The cell discharges tonically on depolarization in 3 mM [K �]o aCSF. D, Synapti-
cally isolated nonpacemaker remains silent when aCSF [K �]o is raised from 3 to 8 mM. Calibra-
tion: ( B) C–E, 25 mV, 1 sec. Nonpacemakers do not depolarize during prolonged hyperpolariz-
ing current injection.
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ulation. Finally, the degree of synaptic inhibition may permit
flexibility in terms of control of pacemakers so that the respiratory
pattern can be adjusted to meet the respiratory needs of the animal.
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