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Models of Respiratory Rhythm Generation in the Prazidmer
Complex. I. Bursting Pacemaker Neurons

ROBERT J. BUTERA, &.%2 JOHN RINZEL!™® AND JEFFREY C. SMITH
Cellular and Systems Neurobiology Section, Laboratory of Neural Control, National Institute of Neurological Disorders a
Stroke, National Institutes of HealtBMathematical Research Branch, National Institute of Diabetes and Digestive and
Kidney Diseases, National Institutes of Health, Bethesda, Maryl3@dnter for Neural Science and Courant Institute of
Mathematical Sciences, New York University, New York City, New York 10013

Butera, Robert J., Jr., John Rinzel, and Jeffrey C. Smith.Models interneurons with intrinsic oscillatory bursting or pacemaker-
of respiratory rhythm generation in the préiBiager complex. I. |ike properties. It thus has become clear that to understhnd
Bursting pacemaker neuronk.Neurophysiol81: 382-397, 1999. A yagpiratory rhythm generation, at least in vitro, mechanisms

network of oscillatory bursting neurons with excitatory coupling i A .
hypothesized to define the primary kernel for respiratory rhythiqcorporatmg intrinsic cellular pacemaker properties must [be

generation in the pre-Bringer complex (pre-Bi€) in mammals. analyzed. Accordingly, a new r_nechanlstlc _model, the hybrig,
Two minimal models of these neurons are proposedmbudel 1, Ppacemaker-network model (Smith 1997; Smith et al. 1995), h&s
bursting arises via fast activation and slow inactivation of a persistdmeen proposed in which rhythm arises from the dynamic
Na" currently.p, In model 2,bursting arises via a fast-activatingteractions of both intrinsic and synaptic properties within
persistent Na current |, and slow activation of a K current ks.  pilaterally distributed population of coupled bursting pag
In both models, action potentials are generated via fast &fed K* aker neurons. In this and the following paper (Butera et
currents. The two models have few differences in parameters rpggg) we present computational versions of this “hybrid
ﬁ@

facilitate a rigorous comparison of the two different burst-generati . - . .
mechanisms. Both models are consistent with many of the dynarfit’d€! that provide an initial analytic framework for analyzin

8
eS
&
'3

features of electrophysiological recordings from pra@®oscillatory the potential roles of cellular and synaptic processes in e
bursting neurons in vitro, including voltage-dependent activity mod&gneration and control of rhythm. 1&
(silence, bursting, and beating), a voltage-dependent burst frequency he hybrid pacemaker-network model departs from previgus
that can vary from 0.05 to>1 Hz, and a decaying spike frequencynetwork-based models (Balis et al. 1994; Botros and Briige
during bursting. These results are robust and persist across a Wi@90; Duffin 1991; Gottschalk et al. 1994; Ogilvie et al. 1992
range of parameter values for both models. However, the dynamicgajpak et al. 1997) in which respiratory rhythm has bepa
>
U
%

model lare more consistent with experimental data in that the bursgstylated to arise mainly from network interactions, parti
duration decreases as the baseline membrane potential is depolaijz

and the model has a relatively flat membrane potential traject

during the interburst interval. We propose several experimental te Sop?ratle coopefr.at;vely with '?mns'g Ce”ttrj]lar Eropetrtles. ;
to demonstrate the validity of either model and to differentiate pePEcIliC classes ol interneurons to produce theé phase transi I

tween the two mechanisms. required for a network-based respiratory rhythm (see Ram|rez
and Richter 1996; Richter et al. 1992). In these models, rhytH:
micity ceases when synaptic inhibition is blocked. However, i@
INTRODUCTION the in vitro slice and en bloc preparations, inspiratory phase

) _ respiratory activity persists when inhibitory synaptic conngc-
Breathing movements in mammals are generated by nghns are” blocked pharmacologically (Feldman and S

works of neurons in the lower brain stem that produce gyg9- Ramirez et al. 1996: Shao and Feldman 1997), hnd
rhythmic pattern of neural activity. Recently the primary neuse,rons with intrinsic bursting oscillations have been identifled
ronal kernel for rhythm generation has been located in thgsnnson et al. 1994; Smith et al. 1991). In the hybrid model,
pre-Bdzinger complex (pre-B€), a subregion of the ventro- jnipitory interactions are not essential; thus the fundameftal
lateral medulla (Smith et al. 1991). This discovery lead 10 thgtterence between this model and previous models is that a
development of rhythmlc_ in vitro medullary slice preparation opulation of synaptically coupled excitatory pacemaker-like
from neonatal and juvenile rodents (Funk et al. 1994; Ramirgg,;rons generates the inspiratory phase of respiratory netfork
et al. 1996; Smith et al. 1991) that capture this kernel and haygyity. This rhythm and inspiratory burst-generating kernelis
become important experimental preparations for analysis §f\pedded in a complex network, however, that provides x-
cellular and network mechanisms of rhythm generation. Cufiratory and inhibitory synaptic mechanisms for control
rent evidence (reviewed in Rekling and Feldman 1998; Smifycjjjatory bursting as well as for generation of the compléte
1997; Smith et al. 1995) indicates that rhythm generation Bhttern of respiratory network activity including the phasic

these slice preparations, as well as in more en bloc in Vitfgng of neurons during expiration (see discussion in Smjth
preparations, arises from a population of pra@excitatory  1997: Smith et al. 1995). Our focus in this and the followirg

The costs of publication of this article were defrayed in part by the paymeRf’J_‘per IS on modell_ng j[he _rhythm and inspiratory burst-ge er-
of page charges. The article must therefore be hereby markexettisemerit ating kernel operating in vitro. These models serve as the bpsig
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ for the development of a more complete hybrid model of

ﬂ9 inhibitory connections; synaptic interactions are propo
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respiratory network incorporating both rhythm-generating kera

nel and pattern-formation networks (Smith 1997) that must be

included to account for inspiratory and expiratory patterns of

activity in vitro and in vivo. X1
There currently is limited experimental information on the

ionic and synaptic mechanisms generating and controlling the

rhythmic bursting of pre-BiC pacemaker cells. We therefore

have formulated minimal models for the pacemaker neurons

with reduced parameter sets that nevertheless retain the essence

of what has been measured or hypothesized for the cellular l

properties and synaptic interactions. Our objective has been to

formulate the models in a way that facilitates exploration of

general principles and mechanisms for oscillatory burst gener-

ation. In this paper, we present our pacemaker neuron models ‘

and address questions about membrane conductance MEChazgs mV — wm \win s Mt baser? namind aon Sy [

nisms that may underlie the voltage-dependent oscillatory be-

havior of the candidate pre-Bo pacemaker neurons found in 5 sec

vitro. We conducted a systematic analysis of potential mec%

anisms regulating oscillatory bursting, burst frequency, an

burst duration at the single neuron level. We also have derived

tests that allow several general mechanisms to be distinguishegk mv

that will guide experimental measurements. In the succeedings

paper (Butera et al. 1999), we extend the analysis to the cell,

population level and consider a population of synaptically

coupled bursting pacemaker neurons—a model of the inspira-

tory rhythm-generating kernel in in vitro preparations. We

address a number of issues about the dynamics of this pace-

maker network kernel, including how bursting of neurons

within the population is synchronized and how synaptic inter-

actions and intrinsic cellular properties dynamically regulate

inspiratory burst frequency and duration. Preliminary reports my — .~ ‘e —

of these modeling results have been presented in condensed 1sec

form (Butera et al. 1997b, 1998a,b). Fic. 1. Example of voltage-dependent properties of piézBger complex

(pre-BaC) inspiratory bursting neurons. Traces show whole cell patch-cla

recordings from a single candidate pacemaker neuron in the fif@-8oa

400-um-thick neonatal rat transverse medullary slice with rhythmically acti
All simulations were performed on IBM RS/6000 or Pentium-basd§spiratory network. Recordings MandB were obtained respectively before

UNIX/LINUX workstations. Most simulations were coded in the nd after block of synaptic transmission by low?Caconditions identical to

- | ) h cal i : K hose described in Johnson et al. (1994) (i.e., 0.2 m¥I"C4 mM Mg?*, 9
programming language using the numerical integration pac K™ in slice bathing solution). Patch pipette solution and procedure

CVODE (Cohen and Hindmarsh 1996) available at http://netliynole cell recording were as described previously (Smith et al. 1991, 19
cs.utk.edu/ode/cvode.tar.Z. For final simulations, relative and absolgtgore block of synaptic transmission, the neuron bursts in synchrony with
error tolerances were 10~ ° for all state variables. Some simulationsinspiratory phase of network activity as monitored by the inspiratory discha
also were performed using the interactive differential equation simigcorded on the hypoglossal (XIl) nerve (Smith et al. 1991). After block
lation package XPP available at f[p://f[p_math'pitt_edu/pub/bardwaﬁe’.naptic activity (30 min under low-Ga conditions), the cell exhibits intrinsic

l20 mV

Low Ca2+

METHODS

voltage-dependent oscillatory behavior. As the cell is depolarized by congtant
applied current, it undergoes a transition from silence (baseline potential bg¢low

Model development —65 mV, left) to oscillatory bursting to beating (baseline potential abevs

The primary features of oscillatory bursting of the candidate irg_wv, right). In the bursting regime, the burst period and duration decreases
spiratory pacemaker neurons in the pr&Bgrecorded from in vitro |5 eq.
transverse medullary slice preparations from neonatal rat) are illus-
trated in Fig. 1 (see also Koshiya and Smith 1999; Smith et al. 199&pnditional pacemaker neurons (Smith 1997; Smith et al. 1991, 19
After block of synaptic transmission by low-&a conditions in the to indicate that particular conditions must exist (ranges of depolar
slice bathing medium, the neuron exhibits voltage-dependent oscilln level or magnitudes of burst-generating conductances) for os
tory bursting behavior. As the cell is depolarized by a steady applittory pacemaker-like bursting to occur.
current under whole cell current clamp, the cell undergoes a transitiorin investigating the biophysical basis of these features, a
from a state of rest to a state of oscillatory bursting. As the cell depolarizing mechanism for burst initiation and a slower oppos
depolarized further, the burst period, as well as the burst duration (Figechanism for burst termination must be considered. In the {

1B), decreases. Additional depolarization maintains the cell above tim@dels developed in the following text, initiation occurs by the

action potential threshold and causes a transition to a state of beatusgivation of a persistent Nacurrent (0. However, burst termi-
(i.e., tonic spiking). Another salient feature is a steadily decreasingtion in the two models occurs by contrasting mechanisms.ddel
spike frequency throughout the duration of the burst (see Bp(see 1, burst termination occurs by the slow-inactivation Qf,.,, @
also the spike-frequency histograms of Johnson et al. 1994). Thessistent Na-current with slow inactivation. Irmodel 2,a slowly
these neurons are presumed to have multiple functional states (quéesivating K" -current (s) is responsible for burst termination. Re

cence, oscillatory bursting, and beating); they have been referred tsakis for both models will be presented in this paper. These modgels

xpanded time-base tracesBj as the baseline membrane potential is depo-
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cover the two major mechanisms (slow inactivation of inward currerand B, (V) = [1/(27,)]exp[(V — 6,)/(20,)]. This is the simplest pos-
slow activation of outward current) for “type | bursting” (Bertram etsible formulation for the voltage dependency«iV) and B(V), and
al. 1995a; Rinzel and Lee 1987) to occur in oscillatory cells. Detailabrresponds to assuming a single rate-limiting energy barrier betw
justification for our choices of conductance mechanisms is presenthd open and close states of the channel (Jack et al. 1975).

in the biscussion Action potentials in the model are generated by a fast Sarrent
FORMULATION OF MODEL 1. Our minimal model is based on a(lna) and a delayed-rectifier Kcurrent (l). The equations for thesq
single-compartment Hodgkin-Huxley (HH) formalism. The model’§Urrents are inspired by the HH-formulation, but the gating variab
dynamics are described completely by an autonomous set of diffélisfy a reduced voltage-dependent description
ential equations. The time course of the membrane potential is ob- e = GuaME(V) (L = n)(V — Eng)
tained by applying Kirchoff's current law to a single compartment Ne = OnafThe N

Ie = Gen*(V — Ex)

(®)
()

where the parameters &, aregy, = 28 nS,Ey, = 50 mV, 6,,, =
—34 mV, ando,,, = —5 mV and the parameters qf hreg, = 11.2
nS,Ex = -85 mV,6,= —29mV,0,= —4mV, 7, = 10 ms. The
. . . .. formulation for I, includes two simplifications compared with th
whereC is the whole cell capacitance (pRj,is membrane potential giandard HH formulation. First, it is assumed that m activates so
(mV), andt is time (ms). The ionic currents on the right-hand side aiga¢ it can be considered to be instantaneous without significa

neuron. In this case, the transmembrane current is equal to the sum of
the intrinsic and externally applied currents, as follows:

dav

i (€0

7|NaP7INa7IK7ILfltonic-e+|app —

described in the following textC is set to 21 pF, consistent With gitering the dynamics of the model (Krinskii and Kokoz 1973; Rinzel

whole cell capacitance measurements from inspiratory Neurons1i@igs) ~Second, the time course bfis assumed to be of simila

vitro (Smith et al. 1992). dynamics as and is approximated by = 1 — n (Krinskii and Kokoz
The conduc‘ganqes of thg ionic clurrents. are regulated by yoltagieg-73; Rinzel 1985). The voltage-dependent functions fB(jand
dependent activation and inactivation variables. The dynamics 0?13(\/) for I, and n?(V) and 7(V) for I are illustrated in Fig. &.
gating variablex are described according to Quantitative measurements of the gating characteristitg,aind|
A x(V) — x have not been made in respiratory neurons, and we are omitting g

dt (V)
x(V) = {1 + exp[(V — 6,)/a,]} *
.= 7Jcosh [V — 6,)/(20)]

@)

(3) consistent with experimental recordings. Our formulation fpg_,in
model 1lis identical to that foll \ . in Model 2except thalp.,alSO
(4)  has the inactivation terrh. The following discussion regarding the

wherex..(V) is the steady-state voltage-dependent (in)activation fun?gtlva'_uonfptﬁra][neters iap-n @pPlies toly,p (in model 3 as well.
tion of x and (V) is the voltage-dependent time constagi(V) is a Nap-n!S O INE Torm

sigmoid with a half-(in)activation a¥v = 6, and a slope that is Inapn = GrarMa(V)N(V — En) @
proportional to 14,(V) is a bell-shaped curve that has a maximal

valueT, atV = 6, and a half-width determined by,. Thus each wheregy,»= 2.8nS,6,,= —40mV,0,, = -6 mV, 6, = —48 mV,
gating variable is described by only three parameters. The preceding= 6 mV, 7,, =10,000 ms, and,, = 50 mV. The activatiorm is
formulation also may be expressed in the HH formaliskidid=  approximated as instantaneous because it occurs on a time sca
(M)A = x) = BV)x, wherea, (V) = [1/(27,)]exp[—(V — 6,)/25,)]

ionic currents that may modulate spike activity. Therefore we have
chosen a minimal formulation that generates spike frequencies thaf ard

several milliseconds, which is several orders of magnitude faster than

e-
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the time scale oh. Our characterization of the activatiom{and RESULTS

inactivation ) of Iyp.nis distinct from that ofl,» Where similar .
variable names were used. Throughout the rest of this text, aM@!tage-dependent behavior
reference tdh will always refer to the inactivation df,s.,and notl .

Figure Bl illustrates the functionsn (V), h.(V), and 7(V) for A A _
Inapsy Figure B2 illustrates! o whenh = h_(V) andh = 1. This larization, and thus the model of activity exhibited by th

figure predicts thely.p., that we expect would be elicited underPursting neurons, may be controlled. Some of these meth
voltage clamp by starting at a hyperpolarized membrane potential &4 illustrated in Fig. 3. Note that changihg,to control the
applying a slow voltage ramp and a fast voltage ramp, respectiveiguron’s level of depolarization is equivalent to varyig
when all other intrinsic membrane currents are eliminarddel 1 (Iapp = GLAE).
also has a passive leakage curigntefined a$, = g, (V — E,). This Figure 4 illustrates the effect of varyirkgy on the oscillatory
current is K dominated. The nominal parameters forareg, = 2.8 activity of model 1 The time course of membrane potential
nS andE, =—65 mV. illustrated in Fig. A, 1-4,and the time course of thig,p_,
The pacemaker neurons in the prétBaare proposed to receiveinactivation f) and instantaneous membrane conductance

both excitatory and inhibitory input from populations of tonicallyj||ystrated in Fig. 8, 1-4.As E, is increased, the model makes

firing cells (see discussions in Smith 1997; Smith et al. 1995). Fgr{ransition from silenceAl) to bursting A, 2 and 3). One
simplicity we only consider a mean level of excitatory input, repr !

sented by the conductan@,.... although analogous results are; . . . .
obtained if a mean level of inh?bitory input is considered as welf!Ve firing of action potentials, and a silent phase, where

Synaptic input from this beating population is assumed to be mediaf&¥

(Funk et al. 1993; Smith et al. 1995), modeled g§... = GoncdV — duration, and the duration of the silent phase is referred tg
Eqyn-d, WhereE,,, .is 0 mV, the reversal potential of non-NMDA the interburst interval. The burst period is the sum of the by
glutamatergic synaptic currents. Throughout this papgr. .is con- duration and interburst interval. The burst period and by
sidered to be inactivegf,... = 0 nS) unless otherwise indicated.duration decrease and the cell becomes less hyperpola
lronic- IS intended only to represent external tonic drive and not thgring the silent phase &5 is increasedV,,;,,, the minimum
more complex phasic synaptic interactions of these bursting neurgRgmprane potential encountered during the silent phase of
W':]h'”the pacfemal(jelr population (modeled in the companion papenii . cycle, varies from-58 mV at the onset of bursting
other types of modulatory synaptic inputs. = T _ o 3
The applied stimulus currety,is included for completeness and?Ct'V'.tt)./ (EIE) _tW 60'3 m\:_) to A;ijth.(E'- _t' .?7 ?t\/)lle}t th?
is set to 0 pA unless otherwise noted. ransition between bursting and beating activity. At all levels
. depolarization the spike frequency decreases throughout
FORMULATION OF MODEL 2 Because there are not sufficient quang st (e.g., Fig. 4C, 2and3, D, 2and3). As the cell model
titative data to fully constrain our parameter choices, we formulat come.s .f’urthér de'polarize,d i't undergc')es a transition to td
model 2as similar as possible tnodel 1 enabling a fair and complete . . ' S
gssessment of thg dynamic behavior of both modelsaddel 2,we bﬁa&r:ﬂr?tehhavl?r«ﬁ)rhp‘gtof ';hes;e dfiﬁatuﬁ:? arf SDImrIiIr?r tt? trh?i?
introduce an additional slow Kcurrent,l .. Thus the current balance SNOWN 1N (he experimental reco g of Fg. L. buring burstl
Inap-niS inactivated progressively with the firing of each actid

equation is : | / !
potential (Fig.4D, 2 and 3). During the interburst phase
av inactivation is removed and the instantaneous membrane
Car = Mee ™ ks 7 Ina =l = I = lonice * Tapp @) ductance gradually increaseslagp., recovers from inactiva-

_ . o tion. Similar results to those in FigAdare obtained ifg, is
whereC is the same as imodel 1 The ionic currentdy,, Ik, I., separated into K and N& components an&, is varied.
lionic-e @Nd 14, are identical to those imodel 1 Iy,p is identical  Modulating the level of tonic drive can bias the neurons

t0 Iyap-nin model lexcept that it does not possess the inactivatiogitferent activity modes. This is analyzed in our model B3

termh. varying g,onic.o Which represents the mean level of excitato

Iks = Oksk(V — Ex) C)]

wheregys = 5.6 nS,6, = —38 mV, g, = —6 mV, 7, = 10,000 ms,
andE, = —85 mV. The voltage dependency of the gating kinetics for
k was chosen so thal.g was activated by the firing of action
potentials and was also dynamically active in the subthreshold poten-
tial range from—60 to —45 mV. Figure Z1 illustratesk_ (V) and

7 (V). Figure Z2illustratesl \p + s Whenk = k_ (V) (slow voltage
ramp with other membrane currents eliminated) &nd 0 (removal

of ls, similar to a fast voltage ramp). The shapes of these plots of
Inap T lks are similar to those offy,p_illustrated in Fig. B2.

The slow variablesh in model 1and k in model 2have been
modeled as voltage-dependent processes based on the existence of
oscillatory bursting inspiratory neurons in a lowamedium (John- K
son et al. 1994). However, it is not essential for burst generation that 0
gating processes depend directly on membrane potential. For exam-
ple, similar dynamics may be achieved framodels land 2 if the ), 4ing neuron. Baseline membrane potential of the model may be contrd
slow gating variables were driven by the accumulation and removaligf appiication of an extrinsic current pulsk,4), changing [K'], (which in
an intracellular ion such as €4, although such a mechanism is notum affectsE,) or adjusting the level of tonic synaptic input, the mean ley
suggested by current experimental data. of which is represented bgionic.e

Iapp

Itonic—e

gtonic—e

There are several methods through which the level of depo-

Surst cycle consists of an active phase, denoted by the repeti

mbrane potential varies slowly at a hyperpolarized valpe.

FIG. 3. Mechanisms for controlling voltage-dependent activity in a single
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FIG. 4. Dynamic response ofiodel las a function oE, . Left (A, 1-4 membrane potentiaMiddle: (B, 1—4 instantaneous
membrane conductancg,() and inactivation ol ., (h) as cell is depolarizedq = —65, —60, —57.5, and—54 mV for 1-4,
respectively)C2/D2andC3/D3 expanded time course dandh and the spike-frequency profile)during 1 burst inrA2/B2and
A3/B3.Instantaneous conductance plots are truncated during the firing of action potentials.

input to the bursting neuron population from a tonically beating The dynamics oimodel 2were investigated across a wide

cell population (Fig. 3). The depolarizing effects®f,i...On range of parameters fogg andly,» For all parameter range

the mode of activity and pattern of bursting are similar to thosehere bursting activity was supported, we found three K

of E, (quantified in the following text). differences from the dynamics ahodel 1 The membrane

Figure 5 illustrates the effect of varyirk§y on the oscillatory potential trajectory was not as flat during the interburst inter-
activity of model 2 The time course of membrane potential isal, the burst duration did not decrease with depolarizatjon

illustrated in Fig. &, 1-4,and the time course of thkg (Fig. 8), andg,, did not exhibit a monotonic trend during th
activation and instantaneous membrane conductance are ilsifent phase.

trated inB, 1-4.The dynamics ofmodel 2are similar in many

respects tanodel 1 As E, is increased, the model progresseggpustness of frequency control

through regimes of silence, bursting, and beating activity.

During oscillatory bursting, the burst is initiated Iy, and Models land2 support burst frequencies that vary over
terminates whet.g has been activated sufficiently. The spikéeast an order of magnitude wit§ or gnic.. and this range

frequency decays throughout the active phase of the burst. Tieburst frequencies is robust across a range of paramgtel

currentl (s is activated slowly and progressively with the firingvalues. Figure 6 quantifies these effectsrfardel 1for various

of each action potential and deactivates during the interbuvstiues ofg, .- The burst duration, burst period, and frequengy

interval. The instantaneous membrane conductagge de- of bursting and beating are plotted Bs (Fig. 6A) and gignic-c
creases throughout most of the silent phase and increafég. 68) are varied. Equivalent values bf,, with E, fixed to
toward the end of the phase. This differs fromodel 1 where —65 mV are also shown o0A.

O, Steadily increases throughout the silent phase. This differ-In both panels, there is a minimum value@yf,p for which
ence in the time course af,, may provide a means for oscillatory bursting can occur. Ifiy.p is too low, the only

differentiating between the mechanisms of the two models snpported modes of activity are quiescence and beating as

Vitro (SeebiscussIon. shown formodel lin Fig. 7. For all values ofyy.» Where
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Fic. 5. Dynamic response ahodel 2as a function ofg, . Left (A, 1-9 membrane potentiaRight (B, 1-4 instantaneous
membrane conductance)(and activation ofls (k) as cell is depolarizedg{ = —65, —59.5, =50, and—40 mV for 1-4,
respectively)C2/D2andC3/D3 expanded time course dandk and the spike-frequency profile)(during 1 burst inA2/B2and
A3/B3.Instantaneous conductance plots are truncated during the firing of action potentials.

oscillatory bursting occurs, the burst frequency may be variegimeters of the subthreshold currents (etg.and o) were
by approximately an order of magnitude, and the burst periodried. Similar results were obtained whgp,... was varied.
and burst duration decrease as the neuron is depolarized. Thighe large range of,,,in model 2may be attributed to the|
is consistent with the data illustrated in Fig. 1. Increasing- difference in whole cell conductance,( between the two
increases the dynamic range of value€pfwhere bursting is models.Model 2has an additional conductan@gs, which is
supported. We also have observed (not shown) that increasitag present irmodel 1 This conductance is activated during
Onap INCreases the range of values \gf;,, encountered as a bursting and beating. The increasggmeans that the “gain”
function of E; during oscillatory bursting. At a given level of of the cell is decreased. A larger increment jp, is required
E,, increasingdy,p increases burst frequency. to achieve a given increment in depolarization. This is why the
Figure 8 quantifies the effects B on model 2bursting for frequency-current curves in Fig. 8 are flatter and extend ovér a
a range of values of the subthreshold conductaigggs and largerl,,,range than those in Fig. 6.
Oks- For all values ofy,,,anddys shown, the model possesses The critical input levels for the transitions between activity
regimes of silent, bursting, and beating activity. During burstrodes (i.e., from silence to bursting and bursting to beating),
ing activity, the burst period decreases as the neuron is dephew distinct dependencies on the conductagggsandgys.
larized. However, the parameterization of the dynamics of both models 1 and?2), the critical value ofg, or I, that
model 2by E, differed from that ofmodel 1in several ways. changes the cell from quiescence to bursting is quite sensitive,
First, the burst duration increased slightly with depolarizatioto g,,» The persistent Na current is the primary voltage-
Second, during tonic firingnodel 2could not achieve spike dependent current (imodel 1 the only one) that begins td
frequencies as low as those obtainedriadel 1 Third, model activate in the subthreshold regime. At hyperpolarized vqlt-
2 supported bursting over a range Bf (andl,,) approxi- ages, these Nachannels have a low open probability (exp-
mately twice as large as the range Bf where bursting nentially small with decreasiny) and the input resistance i$
occurred inmodel 1 These trends persisted as the other phaigh. Thus excitability and the critical level of input needed fpr
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154 o burst period . %g FIG. 6. Intrinsic and extrinsic mechanisms for fre|
g 101 3y o 36 quency control inmodel 1 Panels show effect of
@ 54 varyingE, (A) andg,gnic.e (B) on burst duration, burst
0- period, burst frequency, and beat frequency. Thgse
B3 curves were calculated for multiple values @f.-
Bursting activity does not occur f@y,e = 2.0 nS in
101 A and forQya.p = 2.0 and 2._4 r)S |rB IARP belov_vEL
N scale shows equivalent variationlig.p with E,_ fixed
g § to —65 mV
g 1 burst freq. & 14 burstfreq. % beat freq. :
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bursting is strongly influenced by how many channels there aee difficult to intuit because the componentslgj, interact
per unit area, i.e., by, IN Model 2 gy s affects this critical with the spike generating currents.

level only modestly, partly because the driving forcedpg is

much lower than that oy, and partly because it possessegyechanism for mode transitions and frequency control
slow (compared with,,p activation kinetics and is relatively

inactive at subthreshold voltages. At the bursting-to-beatingIn this section, we offer a qualitative biophysical descripti
transition, the cell is depolarized and conductances are weflhow control of the baseline membrane potential, illustra:l‘
activated. Thus the extra sensitivity @, due to high input by varyingE,, alters the activity mode (silence, bursting, a
resistance and low channel activation that we see at the sileR€ating as shown in Figs. 4 and 5) of both models. The acti
to bursting transition is diminished here. The critical levels fgpodes exhibited by the model are explained by using stez
E, andl,,,are almost independent of,,» The transition is State (SS) and quasi-steady-state (QSg)curves of the sub-
affected bygys because this current controls burst terminatioffireshold currentsl{, = 1, + Iyapnfor model 11g,, = I,
(Fig. 583). Although these sensitivities for the silence to burstt Inap + Iks for model 3. This explanation suffices becaus
ing transition can be understood qualitatively by considerir‘/@’i'thout_the action potential currenkg, andly, reduced mod-
the subthreshold currentt(, see following text) alone, the €IS having only thé,, currents display oscillatory and non

corresponding sensitivities for the bursting to beating transiti@§cillatory states (hyperpolarized silence, oscillatory activi
depolarized silence) that are qualitatively similar to those in

corresponding full models. Figure 9 illustrate¥ curves cor-
responding tdlg,, in cases shown in Figs. 4 and 5. The S
curves (thick lines) represent, versusV when the slow
negative feedback proceds ifiactivation formodel 1 k acti-
vation for model 3 is set to steady state [(i.eh,= h.(V) in

—

Beating

& model 1 andk = k.(V) in model 3). The QSS curves (thin
< lines) represenit, , versusV when the slow proces$ Or K) is

o fixed to a particular value. These curves are generally [N-
o shaped, revealing the regenerative nature of the persidten

discussmodel 1(Fig. 9A, 1-4). An analogous explanatior
suffices formodel 2
For all values oE, the SS-V curves have a single positive}

Silence

-65 -62 -59 - -53
E(mV)

bursting does not occur at any level Bf. Range ofgy . Used in the figure oy . . .
spans those values used in the simulations presented in this and the compatfion/9m). then a positive slope implies stability. When ttle
paper (Butera et al. 1999). time scales are significantly disparate (suchhawhich has
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sodium current. For the remainder of this section, we will ornjly

sloped crossing of the 0 nA axis. This crossing is an equiljb-
rium state that may be stable or unstable. If stable, the equi-
librium state corresponds to the model's resting potent|al.

Fic. 7. Intrinsic modes of single-cell activity shodel 1as a function of However, stability is not governed only by the slope’s signjat
Onap aNdE_ . Whengy,p exceeds 2.2 nS, the model neuron exhibits 3 funghe zero crossing. If all voltage-dependent conductances yary
tional states: silent, oscillatory bursting, and beating. Below 2.2 nS, oscnlato(% time scales faster than the membrane time constant
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g'g § 5 % ; gg FIG. 8. Mechanisms for frequency control irj
) s B model 2 Panels show effect of varyiri§ on burst
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B3 frequency ofmodel 2 These curves were calcu
lated for multiple values ofjy.p (A) andgys (B).
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a time constant of seconds), $§ curves may not correctly positive crossing of the 0 nA axis, the model is stable
predict stability, although stability may be inferred througkthat membrane potential at that particular valuddf.e., as
the use of QS3-V curves. When the QSBV curve has a if h was clamped at the value). Neither the 58 nor QSS

Al E =-65 n:)V

-30

(nYV)/—gk/

A2 E.=-60mV

A4 EL= —54 mV

\ ) ,
(mv) ~60 T30

B1 E. 651 myV
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v
(mV) / =50
b

BB EL= —50 mV
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FIG. 9. Subthreshold currents ofodel 1(Iy.p.n+ 1) (left) and
model 2(Iy.p + Iks + 1) (right) asE, is varied. Values of_
correspond to values used in Figs. 4 and 5 and-aé®&, —60,
—57.5, and-54 mV (A, 1-4 and—-65, —59.5,-50, and—40 mV
(B, 1-4. Thick lines are steady-state/ curves h = h(V) in A,
1-4, k= k,(V) in B, 1-4. Thin I-V plots are quasi-steady-stat
(QSS)I-V curves, where the slow variabie(A, 1-4 ork (B, 1-9
is fixed to a particular value. IA1 and B1, these values are
indicated on the figure. 1A, 2and3, andB, 2and3, these values
correspond to the values bfor k at the beginning (a) and end (b
of the active phase of the burst cycleafdll, top). In A4 andB4,
the QSS-V curve was generated by settingr k to the mean value
during tonic firing (see Figs.B4 and B4).
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[-V curves provide any information on the dynamics hof Model | Model Il
itself. A wom B1 5s
WhenE, = —65 mV, the model cell is silent (as shownin"*" =1~~~

Fig. 4A1). The rest potential, at approximateh62 mV where  =—====—==————=
the SSI-V curve oflg,, crosses the 0 nA axis, is stable. Thep2 _ _jp_,j;

equilibrium point is stable becausg,e.,,is relatively deacti- i

vated andl,.p., cannot be adequately recruited to sustaii&
bursting activity. In this case the Q98/ curves (Fig. @1) 3mmr
show that for all values ofi, even when inactivation is com- - =—-=—=—-=-="- e Sl -
pletely removedI{ = 1), the hyperpolarized zero crossingispAg4 _ _ _ _ _ _ _ _ _ _ _
stable (i.e., a positive slope). ANNNANASNANNANNS
For E, equal to—60 mV (Fig. 4A2) or —57.5 mV (Fig.
4A3), the model is in the bursting mode and the QS&curves A5 -
change during the cycle (Gola 1974). An animated QuickTime - - - -~ - - - - - -~ — -~ —— — —— — —
movie of several burst cycles, illustratingt), h(t), 15,{t), and  re. 10. Oscillatory model behavior in the absence of fast Narrents.
QSSI-V(V, 1), is available on the World-Wide Web at http://l:anels show teffectts C;L:elttir;w,atg éJ i;l TdEI A, 1?13t and inmcidel 2(B,d_
H H H H H Al H —J). Parameter sets , 1—4,an , 1—4,correspond to paramete
mtra'mnds'nlh'gOV/Smlth/mOVIE/_mOVIeJnp'gg'htr_nl.' Figues, 9 Figsg. 4\, 1-4,and 5A, 1-4,respectively. ParameFt)ers fASF;nd B5 artraSElesf I
2 and 3, showsl, at the maximum &) and minimum )

A . =53 mV andg, = —32 mV, respectively. - - ---60 and—30 mV references.
values ofh during one complete burst cycle. The burst begins

at a value ofh (a) wherel,, is inward at all hyperpolarized model is quiescent. When the equilibrium point is above the
potentials below the action potential threshold (approximatelttion potential threshold, the model is firing tonically. Wheo
—45 mV). The cell depolarizes across the action potentige equilibrium point is between these two values, oscillatgg
threshold and repetitive firing occurs. With each action poteBursting is likely. This explanation is only qualitative, howW-&
tial, h inactivates an additional small amount, and this inaciéver, and a more quantitative explanation may be provi

vation decreases the inward contribution Iefe, 10 Is,p  using bifurcation theory (e.g., Rinzel 1985).
shifting the QSS-V curve outward. Firing persists until,is

net outward aV,,,, the minimum membrane potential encoung,yqe predictions
tered during an action potential. At this poit) (firing stops,
and V falls to the hyperpolarized equilibrium point (0 nA In this section, we consider several other functionally i
crossing with positive slope) of the Q3S/ curve @). As h portant features of the models’ dynamic behaviors that
gradually deinactivates, the QSSV curve moves inward, predict should be observed experimentally.
depolarizing the cell as the pseudosteady equilibrium pointWhen action potentials are blocked, each model still exhik
drifts rightward. Another burst begins whép,, is net inward activity modes and transitions that are analogous to thos
at all subthreshold potentiala)( and the hyperpolarized equi-our full model. Figure 10 demonstrates the models’ dyna
librium point of the QSS-V curve disappears. responses whef,, = 0. This predicts what we expect i
As the cell is depolarized further (from2 to A3, Fig. 4), the experiments whely, is blocked (e.g., with QX-314 or TTX-
values ofh encountered during one burst cycle are biasesteniscussioN, and cells are depolarized progressively.
toward smaller values, i.e., less inward current frggs_,is both models, a subthreshold oscillation remains, with {H§
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A

=

B o BOIO

shifting E, . In addition, the dynamic range d&f is reduced, ization consistent with those of the more complete mod
from aAhof ~0.1in Fig. /A2to <0.02 in Fig. /A3.Thisisthe (Figs. 4A, 1-4,and 5A, 1-4. Thus in spite of complex inter-| o
essence of the voltage-dependent frequency control in #etions between the spike-generating currents and the @
model: as the cell is depolarized toward higher valueg,gf threshold burst-generating currents, especially at the transition
the cell does not hyperpolarize as far at the end of each buvstween bursting and beating, these figures demonstrate|thg
cycle, and less time is necessary to recover from inactivationtbe subthreshold currents generally control the burst period pnd
Inap.n O begin the following burst. At all values & where burst duration during repetitive bursting.
bursting occursly,p.4is active throughout the burst cycle, and Cells in hyperpolarized silent mode may retain burst exgit-
it is the cyclical variation irh that controls the cycle timing. ability if gy4piS not too small, showing single burst responsgs
With still further depolarization such that the equilibriunto transient inputs. A brief depolarizing input (50 ms)
point of the SS-V is above the action potential threshold, theufficient magnitude is capable of triggering a single sustained
model changes to a state of tonic firing (FilA4 E = —54 burst lasting several hundred milliseconds (FigALL1Similar
mV). For this activity modeh is nearly constant, oscillating atresponses occur across a wide range of valuds @&ndgyp
low amplitude with the action potential frequency about where the model is initially silent, providing thgt.is not too
mean value. The QSISV curve in Fig. ?4, generated for this small. At rest,l\.p., IS relatively deactivatedn{ is low) and
mean value oh (0.315), illustrates that on averatg,, is net deinactivated If is high). A brief depolarization activates
inward at all subthreshold potentials during tonic spiking. lyap., Becausdp.,inactivates slowly |l .p-, remains rela-
In summary, the model may be thought of as having twively deinactivated and a larger conductance QLp.y, is
voltage-dependent thresholds—a threshold for burst initiatieficited, generating sufficient inward current to trigger a single
(approximately—60 mV) and a threshold for action potentiaburst. As analyzed in the companion paper (Butera et al. 1999),
initiation (approximately—45 mV). When the equilibrium such burst triggering is important for recruiting inactive cells
point of the SSI-V curve is below the burst threshold, theand achieving synchronous bursting in a synaptically coupled
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population of these pacemaker cells with heterogeneous prop- abch ¢
erties where a substantial fraction of the population is intrin- R ‘,?',1" *
sically in a silent mode.

A single burst also may be elicited as a form of posthyper-
polarization rebound (Fig. B). A sustained hyperpolarizing
input removes some inactivation frolg,p.(i.€., h increases).
On abrupt release of the hyperpolarizing input, the model
depolarizes. Because inactivation Iaf,p., develops slowly,
Inap.n h@s an increased conductanceVasears its rest value,
and this increased conductance may trigger a single posthyper- B
polarization burst. This response may occur across a wide
range of parameters provided that the stimulus is of sufficient
duration (the inactivation ofy.p., iSs a slow process), the
hyperpolarizing stimulus is of sufficient magnitude (so that
increases sufficiently), and the resting neuron is not too hyper-
polarized (so that sufficieritremains to be deinactivated). For
example, the response of Fig.AWvas generated fdf, = —62
mV. WhenE, = —65 mV, the resting value dfis sufficiently
large (0.92) that even a large hyperpolarization (to bitng
nearly to 1) does not produce an increase in the conductance of C

Inap-h Strong enough to elicit a posthyperpolarization burst, 04
unless an additional depolarizing input is coincident with the -~

. : . > -20 -
release from hyperpolarization. Thus we predict that this re- c

sponse can be elicited by hyperpolarization release only for a ; 40 4
window of membrane potentials that is not too hyperpolarized.

During repetitive bursting, transient inputs can reset the -60
rhythm. A brief (50 ms) hyperpolarizing input (10 pA) is :
capable of resetting the active phase of a burst (Fig. 12). Thisic. 12. Resetting response. Brief but sufficiently strong transient hyg
resetting reduces the duration of the current burst as well as airizing input can reset a burst. Simulations performed itk= —59 mV,

following interburst interval. The duration of the following!/hich corresponds to a burst period-6ft s. Control period shown i, with
’ bursts occurring at times, anda,. Simulations inB andC were started with

identical initial conditions, and a 50-ms, 10-pA hyperpolarizing input wi|

A ol applied early (b) or late (g) in t_he burst cycle. I_n both cases, the_ brief inputg
reset the burst with the following burst occurring earlier. Duration until the
—_ subsequent burst was proportional to how early or late in the burst the tran ig'nt
E —20 - input was applied. >
~ Qo
> 40~ —1s interburst interval varies with the duration of the precedh<
—eol I burst. The duration of the subsequent burst is unaffected. [Far
example, a transient current pulse applied early in the bioyst [ =
= 20 tgrm_inates the burst, and_the following interbprst interval| g
8 oL I i significantly shortened, with the next burst firing lat. A |8
- transient current pulse applied late in the bucg} élso termi- | 3

nates the burst, with the next burst firingat Although the

B 0 poststimulus interburst interval is shortened in bBtand C,
the poststimulus interburst interval Biis shorter. This behav-
_~20 ior would be important for controlling burst cycle timing undg
E 10 conditions where there is dynamic resetting by inhibitory sy
NG aptic mechanisms (see discussions in Smith 1997; Smith €
~ 6o 1995).
-80 DISCUSSION

0 Justification of models

Sl L

= We have developed minimal models for oscillatory bursti

Fic. 11. Transient burst responsds.brief but sufficiently large transient neurops found in _the pre-Bonger complex n V'”Q- AIthoth
depolarizing input can elicit a single sustained burst. Model was atigst(there is strong evidence that neurons with bursting pacema|
—65mV), and depolarizing current pulses (50 ms, 10 and 15 pA) were applidike properties are generating the respiratory rhythm in vitro

B:_ t_ransifent hyperpolarizing i_npu_t of sufficient magnitude and duration mgyas not been proven that the neurons on which our modeld
elicit a single posthyperpolarization rebound burst. Model was at Egst(
—62 mV), and a hyperpolarizing current pulse (500 ms, 60 pA) was applied. . . cep .
In both cases, the paramet&sandgy,.»correspond to points in Fig. 7 to the (€ rhythm. Such causality remains difficult to establish def

left of the bursting regime. itively experimentally. However, these cells are the only i

ased, with the behavior depicted in Fig. 1, actually generfate
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spiratory neurons with intrinsic pacemaker-like properties thgénerating the rapid depolarization associated with the inifia-
have been identified in the pre-Bmger complex from elec- tion of a burst.
trophysiological recording and mapping of neuron activity in The mixed cationic current, also has been implicated i
slice preparations (Johnson et al. 1994; Smith et al. 19%hythmic bursting activity in a variety of neuronal preparatiops
Koshiya and Smith 1998, 1999). They are currently candidatsg., Calabrese and DeSchutter 1992thiand McCormick
for the rhythm-generating cells in vitro (see Smith et al. 1995)998; McCormick and Huguenard 1992). However, lan
Intrinsic conductances responsible for the oscillatory buraturrent is unlikely to be necessary because rhythmic bursfing
ing behavior of these cells have not yet been identified expanay occur even when there is very little hyperpolarizatipn
imentally. Furthermore there is likely to be considerable heduring the interburst interval (Fig. 1). Althoudh may not be
erogeneity in cellular parameters for different neurons in thessential for bursting, this current could be involved in requ-
rhythm-generating cell population, e.g., maximal conductanckesing the time course of membrane depolarization during fhe
of burst-generating currentg,p and baseline membraneinterburst interval and therefore would be important for requ-
potentials E, ); this heterogeneity is treated in the companiolating burst frequency. A relatively flat membrane potentjal
paper (Butera et al. 1999). Figure 1 only provides one examptajectory could occur in the presencelgfif this current was
of voltage-dependent behavior in a bursting inspiratory neurdsalanced by an outward dominated leakage current, as
Variations in properties such as the voltage range for oscillacorporated in our model, or anothef Keak current such ag
tory bursting, oscillatory frequency range, and the extent &m inward rectifier Ig). g has been shown in other preparg-
which a given neuron in the population will exhibit oscillatortions to be a modulatory target that regulates the frequenc
bursting (sed-unctional states of pacemaker neurpmemain bursting (Benson and Levitan 1983; Butera et al. 1995; Dry
to be quantified experimentally. Given the limited experimemaond et al. 1980) and has been proposed to be involved in
tal data, we therefore have postulated a minimum set of cdrequency control of pre-B& pacemaker cells (Smith et a
ductance mechanisms and explored a range of parameter ¥895). More experimental information is required on the n
ues to determine if they can account for the observed behaviofssubthreshold currents controlling the time course of {
as well as to investigate the range of behaviors likely to beterburst interval. Our model was designed to investigat
exhibited by cells with these types of conductances. Besidaiimal set of essential burst-generating conductance me¢
fast Na~ and K" currents responsible for the generation ofisms.
action potentials, ionic mechanisms must be postulated forln light of these observations, a compelling alternative
both the initiation and termination of bursting. Although wdnains for burst initiation: inward cat!onic currents that activg
have assigned specific types of currents to these functions@hgubthreshold membrane potentials. For example, a sl
justified in the following text, the models are general and afgward C&" current has been reported Aplysianeuron R15

designed to provide insights into plausible mechanisms. ~that has voltage-dependent activation and a slowér @e-
g P g P pendent inactivation (Adams and Levitan 1985). Becal

BURST INITIATION. In numerous invertebrate and mamma"abursting persists under Iow-é‘aconditions, another plausiblg
bursting neurons, the onset of bursting is caused by an inwashdidate is the persistent Naurrent (yap0). |nap has been
cationic current that activates at subthreshold potentials. Thvisplicated in bursting behavior in rat hippocampal, hypoth
current is responsible for maintaining the negative-slope regitamic, and cortical neurons (Franceschetti et al. 1995; Li g
of thel-V curve. T-type and persistent €acurrents have been Hatton 1996; Lliia 1988) and identified in a variety of othd
implicated in burst generation in mammalian neurons (e.gnammalian neurons. The voltage dependendg.gfhas been
Llinas 1988). Several types of €acurrents exist in respira- quantitatively characterized in mouse and rat neocortical n
tory neurons (Onimaru et al. 1996); however, inspiratory netens (Brown et al. 1994; Fleidervish et al. 1996; French et
rons have been identified which continue to undergo rhythmi®90). We adopted, - as the current responsible for burs
bursting under low C& conditions (Johnson et al. 1994) (seénitiation in our model. Ongoing experiments in our laborato
also Fig. 1). This evidence suggests thaf Ceurrents are not seek to identify the existence bf,por a similar subthreshold
essential for the generation of bursting behavior. Therefocationic current in pre-Bi€ inspiratory bursting neurons.
although it is known that the pre-B0o oscillatory bursting cells ~ French et al. (1990) and Brown et al. (1994) report valyes
have C&" currents (Koshiya and Smith 1998) and it is likelyfor the parameters of the voltage-dependent activatidg, gf
that C&" currents play a role in modifying a neuron’s firingd,,, = —50 and—48 mV, respectively, and absolute values pf
properties, they are not considered in our formulation of @, in the range of 4-9 mV. Our choice @f, (—40 mV) is
minimal model for bursting activity. depolarized from these values. However, similar voltage-fle-

Calcium-activated nonspecific cation (CAN) currents hayeendent frequency control (at more hyperpolarized potentigls)
been implicated in playing a role in oscillatory bursting nelis obtained from the model #,, is reduced to-48 mV with a
rons inHelix (Swandulla and Lux 1985) andiplysia(Kramer similar shift in 6,.. The formulation ofm.,(V) for Iy.p in our
and Zucker 1985) and are ubiquitous in a variety of neuronalodel is consistent with observations from cortical neurgns
preparations (see Partridge and Swandulla 1988 for reviewhere the threshold fol,p activation is=10 mV hyperpo-
Their role has been postulated to maintain the active phasdarized to the threshold fdi, activation (Brown et al. 1994;
a burst. Because oscillatory pré4®oneurons continue to burstStafstrom et al. 1982) and is present in a voltage range where
in a low C&* medium, we do not consider CAN currentanost other voltage-gated currents are inactive. Thysdom-
necessary to maintain oscillatory bursting. In addition, becausates the excitability of the membrane at subthreshold poten-
CAN currents have conductances that are typically voltagials (Stafstrom et al. 1982). This is evident when comparing
independent, it is unlikely that they could be responsible fon(V) for I, with m_(V) for Iy.ein Fig. 2 (A andB1).
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BURST TERMINATION. Spike-frequency histograms of pre-Comparison of models
BotC bursting neurons in rhythmically active slices (Johnson et o
al. 1994) show that the firing frequency decays throughout theModels 1land2 both demonstrate several qualitative features
burst phase (Fig. 1). Also the initiation and termination of th@f the oscillatory bursting behavior of pre-&b inspiratory
burst are accompanied by a rapid transition between the sil8gtrons. These features include voltage-dependent contrgl o
phase and the firing of action potentials (Fig. 1) and vice verdge model activity: as the neuron is depolarized ljg, or
In light of theoretical studies (Bertram et al. 1995a; Rinzékonic-o OF VaryingE,_ (e.g., by controlling [K,), the neuron
1987) of the mechanisms by which individual neurons m&@" be biased from silence to bursting to beating activity.
exhibit bursting behavior, both of these lines of evidencauring bursting, the spike-frequency decays during the byrst
suggest that a minimal mechanism for bursting requires j%’fd the.bur.stlng frequency is strqngly dependgnton the leval of
one slow recovery process, such as intracelluldF Gacumu- epolarization. Howevemodel lis more consistent with ouf

) : . experimental data in two respects: the membrane potential
lation or a slow voltage-dependent gating mechanism. Bec.altjlsa(?ectory during the interburst interval is much flatter (|n

rhythm|c+ burstlng.pre—Bm: neurons have been identified Mhembrane potential) and the burst duration decreases a$ th
low-C& " preparations (Johnson et al. 1994), we postulate thaf o jine membrane potential is biased toward more depqlar

the recovery process is voltage dependent. This process cqbldy |evels. It is possible that a more complex repertoire|of
be either a slowly inactivating |nward+ current or a slowlyonic currents may allowmodel 2to possess a flatter interburgt
activating outward current (presumably K interval (e.g., see Smith et al. 1995). Also, it is possible that jve
Few inward cationic currents have been identified that haﬁgve not identified a possib|e parameter setnfiodel 2where
voltage-dependent kinetics on the order of seconds that @ie burst duration decreases, rather than increases, with depd
required to produce the bursting dynamics of the piécBoarization. Nevertheless, we have searched parameter spadedd
neurons. Slow voltage-dependent inactivation of &'Geur- all of the parameters of the subthreshold currents (specificalg,

1%

=

rent has been identified in pancreaficcells with a time maximal conductances and parameters responsible for the gy
constant of 2—-6 s (Hopkins et al. 1991), but a similar currenamics of the gating variablegis, Gyap Om Tm O 0 IN | &
has not been identified in neuronal preparations. A persistembdel 2 and have not identified parameter regimes wh¢i®
Na" current is the main candidate, but the slow inactivatiomodel 2exhibits such behavior. g
parameters ofy,p., have not been as well characterized; the We found that by varying additional parametersiof we |3
parameters used in our models are consistent with availabln mathematically transform the ionic current equations| &
measurements. OUr, (V) is similar in shape to the voltagemodel linto a “nearly dynamically equivalent” model tha %
dependency of the slow inactivation &f.p., reported by possess the ionic current equationsnuddel 2 Although the | 2.
Fleidervish et al. (1996). The steady-stkié plots ofly,p.,in  Nature of this transformation is beyond the scope of this papéer,

our model (Fig. B2) are consistent in shape with tHev the nearly equivalennodel 2possesses a relatively flat inte
characteristics estimated by Fleidervish and Gutnick (199B)irst interval, and a burst duration that decreases with dg
during slow (2.33 mV/s) and fast (70 mV/s) voltage rampdarization until near the threshold for beating. However,
When using ramps o35 mV/s, they reported th&, -begins achieve these dynamics using the ionic currentaodlel 2 we
to activate around-60 mV and reaches a peak by25 mV. found it necessary to either make the reversal potenti} of
Fleidervish and Gutnick (1996) reported the time constant fer55 mV or incorporate an additional fast-activating gatif
the onset of slow inactivation of ,»_,as 2.06 s at-20 mV and variable tolcg such thatl.g is only active at membrang
the time constant for recovery from slow inactivationl@f,_, potentials above-55 mV. With either of these manipulation
as 2.31 sat-70 mV and 1.10 s at-90 mV. These points are to model 2 g,, decreases throughout almost the entire sil¢
within the range of our model of,(V) (Fig. 2B1), although phase.
they lie at extreme ends of the bell-shaped cur\@). We The relative flathess ofnodel 1s interburst voltage time
used a value of 10 s fax, to produce burst periods on the timecourse can be understood as follows. During the interburst
scales that are observed experimentally. phase, the subthreshold currents are essentially balanced and
The hypothetical burst termination mechanismniodel 2 they sum to zerol,,, =~ 0. ThusV is essentially at a hyper-
requires a slowly activating voltage-dependent Kurrent. polarized pseudo-steady-state and drifts upwards as the gating
Slow voltage-gated Phe-Met-Arg-Phe-BHFMRF-amide) variable h(t) or k(t)] slowly evolves. By differentiating this
sensitive K -currents () recently have been identified inpseudo-steady-state relation, one can estimate the expgctef
heart interneurons in the leech (Nadim and Calabrese 199#@riations inV as the slow gating variable evolvesy/Ah or
This current has a time constant of several seconds. Howeuky/Ak. For model 1,we find thatAV/Ah is proportional td ,p
K™ currents with similar voltage-dependent kinetics have nite., ly,p., With h = 1), while for model 2AV/Ak is propor-
yet been identified in mammalian neurons. tional togxs(V — Ex) (i.e., Ixs with k = 1). Becauséyp._,iS
Although we have postulated voltage-dependent slow prakmost totally deactivated(~ 0) in the voltage range of theg
cesses for burst termination, it is possible that these processgarburst phase we see th&¥/Ah is much less thaiAV/Ak.
may be CA" dependent as well because &Caradient still This qualitative prediction ofnodel 1s flat interburst voltage
may exist under the low-Ga conditions where bursting be-trajectory was partial motivation for us to develop this medh-
havior has been observed (Johnson et al. 1994). However, anism early in our study. A similar argument shows that the
experiences with the dynamic mechanisms of these classesntdrburst voltage is more sensitive Itg,,in model 1than in
models (seeComparison with other bursting ce)lds that model 2by a factor of=2.
dynamically similar mechanisms for bursting may be obtained Models with a voltage- and time-dependent burst inactiya-
whether the slow process is voltage or*Calependent. tion process will exhibit some depolarizing trajectory of the
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interburst membrane potential, as shownrbgdel 1and to a vidual pacemaker-like cells under low-€aor 6-cyano-7-
greater extent bynodel 2 It has been speculated that postburstitroquinoxaline-2,3-dione conditions (R. Butera, C. Del N-
hyperpolarization and depolarizing drift of interburst memgro, and J. Smith, unpublished data). Similar results to thpse
brane potential may be a signature of pré&®pacemaker cells shown in Fig. 8 formodel 2are obtained a&x 0Of Gignic.e IS
(see Rekling and Feldman 1998). Recordings of the candidatgied.
pre-BaC pacemaker neurons, however, can exhibit nearly flatThe subthreshold mechanisms responsible for oscillatpry
interburst interval trajectories (Fig. 1) (Smith et al. 1991). Thiursting in pre-B&C neurons may be elucidated more eas|ly
may indicate the presence of a more complex mix of subthresixperimentally if the fast Nacurrent is blocked, as in Fig. 10
old currents (e.g., Smith et al. 1995) and/or a nonunifor@ur models predict that a subthreshold oscillation should |re-
spatial distribution of ion channels between the soma anshin under these conditions, allowing differences in the tfa-
proximal dendrites (e.g., Li et al. 1996). jectories and voltage dependence of potential to be distin-
guished for the two model$,,p in SOome mammalian neurong,
is TTX-sensitive (Fleidervish and Gutnick 1996), necessitating
block of fast N& by intracellular QX-314, although TTX-
In light of the differences discussed above and the robustsensitive forms ofy,ralso have been described (Hoehn et al.
ness of the dynamics ahodel 1 we are inclined to present1993; Oka 1996).
model las a more feasible mechanism for oscillatory bursting It also will be necessary for recordings from oscillatofy
in pre-BaC neurons. However, due to the limitations previbursting pre-BtC neurons to possess transient responses gim-|
ously discussed, we must test for both mechanisms in vititar to those shown in Figs. 11 and 12. These tests will pot
One test that could support or refute the ionic currenteodflel provide evidence in favor omodel 1or model 2but will
1 would be to measure the membrane conductance at varigiaply demonstrate that either model is consistent with exgetr
points throughout the silent phase of the cycle (Atwater amhental data. The responses are not unique, however, an& &
Rinzel 1986). Irmodel 1 the membrane conductance increasesore complex bursting neuron with additional slow variables
monotonically asly,p., recovers from inactivation (Fig.B} and ionic currents may possess similar responses (e.g., Byt&r
1-4). The recovery oh and the gradual depolarization of theet al. 1995, 1997a; Demir et al. 1997). Rebound bursting h&s
membrane potential (via the fast activation Iaf,s.) both been proposed as an important mechanism for producing tf&h
contribute to an increase Gy,,.» and thusg,,,. The presence sitions from inactive to active phases in neural oscillat
of additional subthreshold currents with voltage-dependepérticularly when there is phasic inhibition hyperpolarizi
conductances (e.dig or I), however, could alter this trend. burst-generating celld,, andl; have been identified as ioni¢.3
In model 2during the silent phase of the burst cycle, thermechanisms that contribute to rebound bursting, and thege
are two competing effects with respectgq. The deactivation currents may exist in respiratory neurons (Ramirez and Riclt&r
of I«s contributes toward a reduction gf,,, while the mem- 1996; Richter 1996). Our models demonstrate that._, is S
brane’s gradual depolarization activailgge contributing to- another current mechanism promoting posthyperpolarizal @1
ward an increase ig,,. Thus the overall change m,, in model bursting (Fig. 1B). This may be functionally important in the o
2 depends on the relative strengthlQf,andlys. In Fig. 5 it respiratory oscillator under conditions where the pacemajker
is shown thatg,, decreases then increases during the silec¢lls are embedded in the respiratory pattern generation pgt;
phase of the burst cycle. work and receive phasic inhibitory inputs (see discussiong
Another test to differentiate between the two mechanisn®nith 1997).
would be to apply a voltage-clamp prepulse to 0 mV for 10 s
and then hyperpolarize te 75 mV. In model 2 the prepulse Comparison with other bursting cells
would activatel .5, and on hyperpolarization (as long as we
hyperpolarize abovés,) we would expect to see a slowly Voltage-dependent frequency control of oscillatory burstin
decaying outward current. Imodel 1we would not expect to has been described in a variety of neuronal preparations
see the slow decay as long as the clamp potential was below¢heling neuron R15 irAplysia (Mathieu and Roberge 1971
activation threshold fol,p., Therefore the existence of aWilson 1982), neuron AB in stomatogastric ganglion (Abbatt
slow current following a long depolarized prepulse woulét al. 1991), medial mammalian body (MMB) neurons in the
demonstrate sufficiency fanodel 2and would be inconclusive guinea pig hypothalamus (Alonso and Ll;n&992), and mag-
for model 1 nocellular neurons in the rat hypothalamus (Li and Hattpn
Figure 8 quantifies the effect of a mean level of tonicl996). In all of these cases, the frequency of bursting increakes
synaptic drive on the behavior ehodel 1 This cannot be and the baseline membrane potential is depolarizeld, gss
tested directly in vitro, since the act of decoupling excitatoyncreased. Similar effects of,,on burst frequency are exhib
synaptic connections between bursting neurons (e.g., via a ltad by models of R15 (Canavier et al. 1991) and AB (Abbgtt
Ca™" bathing medium) also blocks tonic synaptic input to thesa al. 1991; Epstein and Marder 1990).
cells as well. However, this mechanism could be demonstratedrhe models presented in this paper often are describe@l as
through the use of a dynamic clamp (Sharp et al. 1993) afsguare-wave, or type I, bursters (Bertram et al. 1995a; Rirjzel
synaptic connections have been blocked. Nevertheless th&887). Various models of this type have been used to describe
results illustrate that the depolarizing inputs of extrinsic tonite electrical bursting activity of pancreafiecells (Bertram et
drive have similar effects on the activity ofodel 1las varying al. 1995b; Chay and Keizer 1985; Keizer and Smolen 19p1;
E_ or I 55, Similar results to Fig. 6 are obtainedBg is varied Sherman and Rinzel 1992). In all of these models, burst fer-
(with 1, separated into Naand K" components). We have mination occurs by either a slowly activating"kcurrent or a
found that [K'], regulates the oscillation frequency of indi-slowly inactivating C&" current. Models of electrical bursting

Experiments to test models
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in pancreatig3 cells that rely on either of these slow processes In both models,g, provides a mechanism for controlling
have used time constants with maximal values of 30-50baseline membrane potential and burst frequency-dgmi-
(Bertram et al. 1995a; Keizer and Smolen 1991; Sherman amated conductances that provide a leakage or background|curt
Rinzel 1992). The effect of membrane depolarization in thesent in the subthreshold voltage range, including inward regti-
secretory cells has been studied by modifying a glucose-dging K™ conductances, have been proposed to play |an
pendent conductance and not with}, Thus we reexamined aimportant role in control of pre-BG€ pacemaker cell activity
few of theseB-cell models (Sherman and Rinzel 1992; ShefSmith et al. 1995) as a target for neuromodulation. Our models
man et al. 1990; Smolen and Keizer 1992) to study the effestisow that highg, results in quiescence. Ag, is reduced,
of I,,p,and found that all three demonstrate voltage-dependémntrsting occurs at a frequency dependent on the valug .of
frequency control as described in the preceding text. To oBufficiently low values ofg, cause beating. Thus the K
knowledge, the models that we developed here are among doeninated leak conductance can control the activity mqde
first examples of type | bursting (Bertram et al. 1995a; Rinzéjuiescence, bursting, beating) and provide frequency cortrol
and Lee 1987) in a neuronal preparation. The appearancerothe voltage range for bursting.
type-I like bursting behavior has also been reported in trigem-
inal motoneurons (Del Negro et al. 1998). , Functional states of pacemaker neurons
It is difficult to generalize any principles regarding voltage-
dependent control of burst duration. In some cases, the bursThe model pacemaker neurons have several functional sfate$
duration increases with,,, such as R15 (Canavier et al. 1991as a consequence of the voltage-dependent propertigg ©f
Mathieu and Roberge 1971; Wilson 1982) and MMB neuromgliescence, oscillatory bursting, and beating. Previously [we
(Alonso and Lliria 1992), whereas in other cases burst durhave called these pacemaker cells conditional pacemakers t(
tion decreases (Sherman and Rinzel 1992; Sherman et al. 199@)ify that conditions (appropriate ranges for level of degag
or has very little change (Abbott et al. 1991; Epstein ardrization or magnitude of burst-generating conductances) njigt
Marder 1990). Models with similar general mechanisms faxist for oscillatory bursting to occur (Smith et al. 1991, 1995
burst initiation and termination (e.gmodel 2of this paper) As indicated in Figs. 6 and 7 fanodel 1 the magnitude of| &
(Sherman and Rinzel 1992) yield opposite results with resp@gl,» determines whether the neuron will exhibit oscillatopy&
to the voltage-dependent control of burst duration. These karsting: at low values diy,pthe cells only exhibit quiescencg 5
sults may depend on the interaction of action potential currertsbeating (Fig. 7), but they still (but not necessarily) may p8
with subthreshold processes, a dynamically complex procdmgst capable so that a self-terminating burst can be trigggred

(de Vries and Miura 1998; Pernarowski et al. 1992; Termdwy a brief transient depolarization. AR ,p iS increased, the %
1991) that warrants further theoretical investigation. cells exhibit a voltage regime where intrinsic oscillatory burst2.
ing occurs. In our pacemaker cell population models, as qr&-
Intrinsic control mechanisms lyzed in detail in the companion paper (Butera et al. 1999), |A#
presume that there is ordinarily heterogeneity in valueggf |S
Neuromodulatory afferent inputs to the préiBgacemaker andE,_ within the cell population such that there is a distribpio
cells that regulate maximum conductances or voltage-depéion of cells in the different states; only a fraction of the ce Ié

=3
/D

dent parameters of the intrinsic subthreshold currents wouflshen uncoupled) are in the oscillatory bursting mode. W|
play a major role in burst frequency/duration control (seexcitatory synaptic coupling, synchronous oscillatory bursti
discussions in Smith 1997; Smith et al. 1999pdels 1and2 occurs and this heterogeneity results in a functionally m
offer uniquely different possibilities with respect to the possirobust oscillator than if the cells were homogeneous (e.g., &l
ble role of subthreshold currents as neuromodulatory targetse oscillatory bursting mode). Because of the inactivati
For model 17g,,» may be viewed as a tunable parameter thatoperties ofly . and synaptic interactions, synchronous @
scales the dynamic range of bursting (Figs. 6 and 7)g4g Ccillations can occur in the coupled population even if none (Ipw
is increased, two effects are observed: the range of valugs ofl . or few of the cells exhibit oscillatory bursting. As dig-
where bursting is supported is increased and the range of bustsed earlie,» andg, are parameters potentially tunable
periods possible &5 is varied is increased. The burst duratiofby neuromodulation. We therefore view the range of behaviprs
is primarily a function of E and relatively independent of exhibited by the pacemaker cells as a functional continuym,
values ofgyp and the fraction of cells in the population that are in any state
Model 2 offers two distinct subthreshold conductances farould be tunable by neuromodulatory afferent inputs.
controlling the model’s burst dynamicgy,» anddxs (Fig. 8).
Decreasing@s and/or increasingypincreases burst duration.Summary
Oks and gy.p have complementary roles with respect to con-
trolling the frequency of burstingdy,e controls the minimal ~ The minimal models we have developed provide plausiple
value of E, where bursting is supported and the maximummechanisms for generating the multistate, voltage-depenglen
burst period, where&g s controls the maximal value &, (or behavior observed for the candidate pré&®pacemaker neus-
Gronic-e OF lapp Where bursting is supported and the minimalons. We conclude that a burst-generating mechanism dgmi-
burst period. Althouglg,s appears to set an upper bound onated by the activation-inactivation properties of a single gat-
the range ofE, values that support bursting, Figurd83 ionic conductance, postulated to be a persistent” Na
illustrates thatgcs has a minimal effect on the overall bursttonductance, can account for the voltage-dependent burgting
period, which may be considered to be primarily a function difehavior. The dynamics of the burst cycle are controlled pfin-
E, . Thusgks may serve as a mechanism for varying duty cycleipally by the kinetics of inactivation and recovery from inag-
with minimal effects on the overall burst frequency. tivation of this conductance. Although the actual burst-genger-
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ating current in the pre-BG pacemaker neurons remains to be putational Neuroscience: Trends in Researeldjted by J. Bower. New
identified, our model indicates the essential features that ar&ork: Plenum Press, 1998b, p. 301-306.

; ; ; LABRESE, R. L. AND DESCHUTTER, E. Motor-pattern-generating networks i
LZ?/?érfd to prOduce the eXperlmemaHy observed burstlng bCéAinvertebrates: modeling our way toward understandifrgnds Neurosci.

15: 439-445, 1992.

CANAVIER, C. C., QARK, J. W.,AND BYRNE, J. H. Simulation of the bursting
We thank N. Koshiya, S. Johnson, C. Wilson, and G. de Vries for helpful activity of neuron R15 inAplysia role of ionic currents, calcium balance

discussions and R. Burke and A. Sherman for critical readings of the manuand modulatory transmitters. Neurophysiol66: 2107—-2124, 1991.
script. J. Rinzel thanks the Laboratory of Neural Control, National Institute @fuay, T. R. aND KEIzER, J. Theory of the effect of extracellular *Kon
Neurological Disorders and Stroke, for hosting him in the summer of 1998. oscillations in the pancreatig-cell. Biophys. J48: 815—-827, 1985.

This work was supported by the intramural research programs of th®pen, S. D. anp HiNDMARSH, A. C. Scientific programming CVODE, a|

National Institutes of Health. stiffinonstiff ODE solver in CComput. Phys10: 138143, 1996.
Present address of R. J. Butera, Jr.. School of Electrical and Computgfi Necrg C. A., Hsia0, C. F., GHANDLER, S. H., AND GARFINKEL, A.

Engineering, Georgia Institute of Technology, Atlanta, GA 30332-0250. Evidence for a novel bursting mechanism in rodent trigeminal neurdns.

Address for reprint requests: J. C. Smith, Laboratory of Neural Control, Bijophys. J.75: 174—182, 1998.

NINDS, NIH, Bldg. 49, Room 3A50, 49 Convent Dr., Bethesda, MD 20892pewmir, S. S., BITERA, R. J., DEFRANCESCH] A. A., CLARK, J. W.,AND BYRNE,
4455,

Biophys. J.72: 579-594, 1997.
DEVRIES, G. AND MIURA, R. M. Analysis of a class of models of burstin
electrical activity in pancreatig-cells. SIAM J. Appl. Math58: 607—-635,
REFERENCES 1998. .
DrummonD, A. H., Benson J. A., anD LEviTAN, |. B. Serotonin-induced
ABBOTT, L. F., MARDER, E., AND HooPER S. L. Oscillatory networks: control  hyperpolarization of an identifiedplysia neuron is mediated by cyclic
of burst duration by electrically coupled neuroNeural Comp3: 487—-497, AMP. Proc. Nat. Acad. Sci. USA7: 5013-5017, 1980.
1991. DurrIN, J. A model of respiratory rhythm generatidteuroreport2: 623—-626,
Abams, W. B. anD LEVITAN, |. B. Voltage and ion dependencies of the slow 1991.

Received 23 September 1998; accepted in final form 9 February 1999.

currents which mediate bursting Aplysianeurone R15J. Physiol. (Lond.) EpsTEIN |. R. AND MARDER, E. Multiple modes of a conditional neurona|

360: 69-93, 1985. oscillator.Biol. Cybern.63: 25-34, 1990.

ALONSON, A. AND LLINAS, R. R. Electrophyiology of the mammillary complex FELDMAN, J. L. AND SmiTH, J. C. Cellular mechanisms underlying modulatign

in vitro. Il. Medial mammillary neurons). Neurophysiol68: 1321-1331, of breathing patterns in mammaksnn. NY Acad. Scb63: 114-130, 1989.
1992. FLEIDERVISH, |. A., FRIEDMAN, A., AND GUTNICK, M. J. Slow inactivation of

ATWATER, I. AND RINZEL, J. The B-cell bursting pattern and intracellular Na* current and slow cumulative spike adaptation in mouse and guineal

calcium. In: lonic Channels in Cells and Model Systenaslited by R. neocortical neurones in slices. Physiol. (Lond.}93: 83-97, 1996.
Latorre. New York: Plenum, 1986, chapt. 22, p. 353-362. FLEIDERVISH, |. A. AND GuTtnick, M. J. Kinetics of slow inactivation of

Bauis, U. J., Morris K. F., AND LINDSEY, B. G. Simulations of a ventrolateral  persistent sodium current in layer V neurons of mouse neocortical sli
medullary neural network for respiratory rhythmogenesis inferred from J. Neurophysiol76: 2125-2129, 1996.

spike train cross-correlatioBiol. Cybern.70: 311-327, 1994. FRANCESCHETT} S., QUATTEO, E., PNzIcA, F., SANCING, G., WANKE, E., AND
BensoN J. A.AND LEVITAN, |. B. Serotonin increases an anomalous rectifying Avanzini, G. lonic mechanisms underlying burst firing in pyramidal ne
K* current inAplysianeuron R15Proc. Nat. Acad. Sci. USB0: 3522— rons: intracellular study in rat sensorimotor cortBrain Res696: 127-139,
3525, 1983. 1995.
BERTRAM, R. BUTTE, M. J., KIEMEL, T., AND SHERMAN, A. Topological and FrencH, C. R., $\H, P., BuckeTT, K., AND GAGE, P. W. A voltage-dependent
phenomenological classification of bursting oscillatioBsll. Math. Biol. persistent sodium current in mammalian hippocampal neurdn&en.
57: 413-439, 1995a. Physiol.95: 1139-1157, 1990.

BERTRAM, R., SUOLEN, P., SHERMAN, A., MEARS, D., ATWATER, |., MARTIN, F.,  Funk, G., SwTH, J. C.,AND FELDMAN, J. L. Generation and transmission g

AND SoRIA, B. A role for calcium release-activated current (CRAC) in respiratory oscillations in medullary slices: role of excitatory amino aci
cholinergic modulation of electrical activity in pancreafiecells. Biophys. J. Neurophysiol70: 1497-1515, 1993.

J. 68: 2323-2332, 1995b. Funk, G. D., SaitH, J. C.,AND FELDMAN, J. L. Development of thyrotropin-

Botros S. M. anp Brucg, E. N. Neural network implementation of the releasing hormone and norepinephrine potentiation of inspiratory-reld
three-phase model of respiratory rhythm generatiBiol. Cybern. 63: hypoglossal motoneuron discharge in neonatal and juvenile mice in v
143-153, 1990. J. Neurophysiol72: 2538-2541, 1994.

BrowN, A. M., ScHwInDT, P. C.,AND CRILL, W. E. Different voltage depen- GoLa, M. Neuronesa ondes-salves des mollusquefiiigers Arch352: 17-36,
dence of transient and persistent ‘Neurrents is compatible with model-  1974.
gating hypothesis for sodium channels. Neurophysiol.71: 2562-2565, GoOTTSCHALK, A., OcILVIE, M. D., RCHTER, D. W., AND Pack, A. |. Compu-
1994. tational aspects of the respiratory central pattern genefdéaral Comp6:
BuTeERA, R. J., @QARK, J. W., AND BYRNE, J. H. Transient responses of a 56-68, 1994.
modeled bursting neuron: analysis with equilibrium and averaged nullclinésoenn, K., WaTson, T. W., AND MAcvicARr, B. A. A novel tetrodotoxin
Biol. Cybern.77: 307-322, 1997a. insensitive slow sodium current in striated and hippocampal neuktgs.
BUTERA, R. J., QARK, J. W., QNAVIER, C. C., BAXTER, D. A., AND BYRNE, ron 10: 543-552, 1993.
J. H. Analysis of the effects of modulatory agents on a modeled burstiktprkins, W. F., S\TIN, L. S., anD Cook, D. S. Inactivation kinetics and
neuron: dynamic interactions between voltage and calcium dependent sygpharmacology distinguish two calcium currents in mouse pancrgatels.
tems.J. Comput. NeuroscR: 19-44, 1995. J. Membr. Biol.119: 229-239, 1991.
Butera, R. J., RNzEL, J., AND SmiTH, J. C. Models of respiratory rhythm Jack, J.J.B., MBEL, D., AND TsiEN, R. W. Electric Current Flow in Excitable
generation in the predgzinger complex. Il. Populations of coupled pace- Cells. London: Oxford, 1975.
maker neurons]. Neurophysiol80: 398—-415, 1999. JoHNsON S. M., SaitH, J. C., BNk, G. D., AND FELDMAN, J. L. Pacemaker
BuTERA, R. J., 81TH, J. C.,AND RINZEL, J. Rhythm generation and synchro- behavior of respiratory neurons in medullary slices from neonatal
nization in a population of bursting neurons with excitatory synaptic cou- J. Neurophysiol72: 2598—-2608, 1994.
pling: a model for the respiratory oscillator kern8bc. Neurosci. AbstR3:  KEeizer, J. AND SMOLEN, P. Bursting electrical activity in pancreatg cells
1252, 1997b. caused by CA - and voltage-inactivated &a channelsProc. Nat. Acad.
BuTeERA, R. J., 31TH, J. C.,AND RINZEL, J. Mechanisms for synchronized Sci. USA88: 3897-3901, 1991.
bursting of pacemaker neurons in the pre-botzinger complex: computatioRasHivA, N. AND SmITH, J. C. Real-time visualization of respiratory pacemak
models and experimental observatior®oc. Neurosci. Abstr24: 874, neuron activity with calcium-sensitive dyes in the prétBner complex in
1988a. vitro. Soc. Neurosci. Abst24: 531, 1998.
BuTeERA, R. J., SITH, J. C.,AND RINzZEL, J. Novel frequency control in a KosHiyA, N. AND SmiTH, J. C. Neuronal pacemaker for breathing visualized
population of bursting neurons with excitatory synaptic couplingdom- vitro. Nature In press.

J. H. Phase-sensitivity and entrainment in a modeled bursting neufon.

peojumoq

22 Jaqt_{ﬁé;\oN uo Bio'ABojoisARid ul Eouy pa

r

6002

at.

in



http://jn.physiology.org

RESPIRATORY PACEMAKER NEURONS 397

KRAMER, R. H. AND Zucker, R. S. Calcium-dependent inward current inRinzeL, J. A formal classification of bursting mechanisms in excitable sys-
Aplysia bursting pacemaker neuronds.Physiol. (Lond.)362: 107-130, tems. In:Mathematical Topics in Population Biology, Morphogenesis, apd

1985. Neurosciencesdited by E. Teramoto and M. Yamaguti. Berlin: Springe
KRrinski, V. 1. aND Kokoz, Y. M. Analysis of equations of excitable mem-  verlag, 1987, vol. 71 of.ecture Notes in Biomathematigs, 267—281.
branes. |. Reduction of the Hodgkin-Huxley equations to a second-ord®@fzeL, J. anp Leg, Y. S. Dissection of a model for neuronal parabol
system Biofizika18: 506511, 1973. _ _ bursting.J. Math. Biol.25; 653—675, 1987.
LI, Y.-X., BERTRAM, R., AND RINZEL, J. Modelingn-methylo-aspartate-in- pygax, 1. A., Paton, J.F.R.,AND SCHWABER, J. S. Modeling neural mecha-
duced bursting in dopamine neurofteurosciencg’l: 397-410, 1996. nisms for genesis of respiratory rhythm and pattern. Il. Network modeld

L1, Z. AND HATTON, G. I. Oscillatory bursting of phasically firing rat supraoptic ) : . n
neurones in low-C4 medium: N influx, cytosolic C&* and gap junc- tlhgeg;:entral respiratory pattern generatbrNeurophysiol77: 2007-2026,

tions. J. Physiol. (Lond.}496: 379-394, 1996.

LunAs, R. R. The intrinsic electrophysiological properties of mammalial’?‘H.AO’. Y M. Anp F.E"DMAN’ J- L. Re_splra‘t_ory rhythm gene.rat.lon anq synapc
neurons: insights into central nervous system functmience242: 1654 — |nh|b|t|(_)n of expiratory neurons in prestzinger gor_nplex. dlﬁerent{al roles
1664, 1988. of glycinergic and GABAergic neural transmissioh. Neurophysiol.77:

LUTHI, A. AND McCormick, D. A. H-current: properties of a neuronal and 1853-1860, 1997. )
network pacemakeiNeuron21: 9-12, 1998. SHARP, A. A., O'NEIL, M. B., ABBOTT, L. F., AND MARDER, E. Dynamic clamp:

MATHIEU, P. A.AND ROBERGE, F. A. Characteristics of pacemaker oscillations computer-generated conductances in real neurdnsNeurophysiol.69:
in Aplysia neuronsCan. J. Pharmacol. Physio#i9: 787795, 1971. 992-995, 1993.

McCormick, D. AND HUGUENNARD, J. A model of the electrophysiological SHERMAN, A., KEIZER, J.,AND RINZEL, J. Domain model for C4 inactivation
properties of thalamocortical relay neurords. Neurophysiol.68: 1384 — of C&" channels at low channel densiBiophys. J58: 985-995, 1990.
1400, 1992. SHERMAN, A. AND RINZEL, J. Rhythmogenic effects of weak electronic coy-

Nabim, F. AND CALABRESE, R. A slow outward current activated by FMRF-  pling in neuronal model€?roc. Nat. Acad. Sci. US89: 2471-2474, 1992.

amide in heart interneurons of the medicinal leethNeuroscil7: 4461—- SwmiTH, J. C. Integration of cellular and network mechanisms in mammalfan

4472, 1997. oscillatory motor circuits: Insights from the respiratory oscillator. Ip:
OGILVIE, M. D., GOTTSCHALK, A., ANDERS K., RICHTER, D. W., AND PACK, Neurons, Networks, and Motor Behaviedited by P. Stein, S. Grillner,
A. I. A network model of respiratory rhythmogenesfem. J. Physiol263 A. |. Selverston, and D. G. Stuart. Cambridge, MA: MIT Press, 1997, |:g
(Regulatory Integrative Comp. Physi@2): R962—R975, 1992. 97-104. =
OkA, Y. Characterization of TTX-resistant Riacurrent underlying pacemaker SwitH, J. C., BiLanyl, K., AND RICHTER, D. W. Whole-cell patch-clamp %
potentials of fish gonadotropin- releasing (GnRH) neurdnbleurophysiol. recordings from respiratory neurons in neonatal rat brainstem in vi e
75: 2397-2404, 1996. Neurosci. Lett134: 153-156, 1992. )
ONIMARU, H., BaLLANYI, K., AND RICHTER, D. W. Calcium-dependent re- SwitH, J. C., ELENBERGER H. H., BaLLanyl, K., RiCHTER, D. W., AND 9;
sponses in neurons of the isolated respiratory network of newborn ratsFeLoman, J. L. Pre-Btzinger complex: a brainstem region that may geh-o
J. Physiol. (Lond.}191: 677—695, 1996. erate respiratory rhythm in mammalcience254: 726-729, 1991. 3
PARTRIDGE, L. D. AND SWANDULLA, D. Calcium-activated non-specific cationic SitH, J. C., FONK, G. D., JbHNSON S. M., AND FELDMAN, J. L. Cellular and | 5’
channelsTrend Neuroscill: 69-72, 1988. synaptic mechanisms generating respiratory rhythm: insights from in v|tig
PERNAROWSK), M., MIURA, R. M., AND KEVORKIAN, J. Perturbation techniques  and computational studies. IWentral Brainstem Mechanisms and Contrdl's
for models of bursting electrical activity in pancreggiecells.SIAM J. Appl. of Respiration and Blood Pressuredited by O. Trouth, R. Millis, H. | &
Math. 52: 1627-1650, 1992. Kiwull-Schone, and M. Schlafke. New York: Marcel Dekker, 1995, )g
RAMIREZ, J.-M., QUELLMALZ, U. J. A.,AND RICHTER, D. W. Postnatal changes  463-496. <
in the mammalian respiratory network as revealed by the transverse brewoLEN, P. AnD KEIZER, J. Slow voltage inactivation of & currents and | S
stem slice of mousel. Physiol. (Lond.}491: 799-812, 1996. bursting mechanisms for the mouse pancreatic beta-teNlembr. Biol. ‘g
RamIREZ, J.-M. AND RICHTER, D. W. The neuronal mechanisms of respiratory 127: 9-19, 1992. =
rhythm generationCurr. Opin. Neurobiol.6: 817—825, 1996. StarsTROM, C. E., SHwWINDT, P. C.,AND CrIiLL, W. E. Negative slope con-| Z
RekLING, J. C.AND FeLDMAN, J. L. Prelotzinger complex and pacemaker ductance due to a persistent subthreshold sodium current in cat neoco t8a
neurons: hypothesized site and kernel for respiratory rhythm generationneurons in vitroBrain Res.236: 221-226, 1982. g
Annu. Rev. Physiob0: 385—-405, 1998. SwaNDULLA, D. aND Lux, H. D. Activation of a nonspecific cationic conduct &
RICHTER, D. W. Neural regulation of respiration: Rhythmogenesis and afferenttance by intracellular calcium elevation in bursting pacemaker neurong &f
control. In:Comprehensive Human Physiologglited by R. Gregor and U.  Helix pomata. J. Neurophysiob4: 1430-1443, 1985. >
Windhorst. Heidelberg: Springer, 1996, vol. 2, p. 2079-2095. TerMAN, D. Chaotic spikes arising from a model of bursting in excitab €,
RiCHTER, D. W., BaLLANYI, K., AND SCHWARZACHER, S. Mechanisms of = membranesSIAM J. Appl. Math51: 1418-1450, 1991. o
respiratory rhythm generatio@urr. Opin. Neurobiol.2: 788-793, 1992. WiLson, W. A. Patterned bursting discharge of invertebrate neurons. 1B

RinzeL, J. Excitation dynamics: insights from simplified membrane models. Cellular Pacemakersdited by D. O. Carpenter. New York: J. Wiley, 1984
Fed. Proc.44: 2944-2946, 1985. vol. 1, chapt. 7, p. 219-235.

3

(2]

of



http://jn.physiology.org

