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Nonlinear Behavior of Sinusoidally Forced Pyloric Pacemaker Neurgns
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Szics, Attila, Robert C. Elson, Michail I. Rabinovich, Henry D. I.  coupled group. Using linear and nonlinear analytical teg¢h-
Abarbanel, and Allen I. Selverston.Nonlinear behavior of sinusoi- niques, we uncovered rich dynamical behavior that was pot

dally forced pyloric pacemaker neurons. Neurophysiol 85: nalvzed in orevi i f entrainment (Avers and S
1623-1638, 2001. Periodic current forcing was used to investigate %eay ed previous studies of entrainment (Ayers and

intrinsic dynamics of a small group of electrically coupled neurons i erstqn 1,979)' . . . . .
the pyloric central pattern generator (CPG) of the lobster. This groupPeriodic stimulation of nonlinear biological and physicpl
contains three neurons, namely the two pyloric dilator (PD) motone8ystems offers a natural method for investigating their intrin
rons and the anterior burster (AB) interneuron. Intracellular curredynamics. Stimulation by sinusoidal waveforms of the fo
injection, using sinusoidal waveforms of varying amplitude and frex sin (2aft) with different amplitudesh and frequencie§can
quency, was applied in three configurations of the pacemaker neuriigye the system into a wide repertoire of responses includj

1) the complete pacemaker groapthe two PDs without the AB, and periodic or chaotic temporal patterns (Tomita 1986). Perio

3) the AB neuron isolated from the PDs. Depending on the frequen t iniection has b dt the d ical beh
and amplitude of the injected current, the intact pacemaker grogérren Injection has been used to map the dynamical be

exhibited a wide variety of nonlinear behaviors, including synchronf Squid giant axons (Aihara 1984; Kaplan et al. 1996), s
zation to the forcing, quasiperiodicity, and complex dynamics. Ieurons (Chillemi et al. 1997), and embryonic chick heart ¢
contrast, a single, broad 1:1 entrainment zone characterized the(@8lass et al. 1986), as well as mathematical models of neu
sponse of the PD neurons when isolated from the main pacemaieratsugu et al. 1998; Wang et al. 2000). Frequency- §
neuron AB. The isolated AB responded to periodic forcing in mtensity-dependent responses characteristic of determin

manner similar to the complete pacemaker group, but with widgpnlinear oscillators have been demonstrated in these ex
zones of synchronization. We have built an analog electronic circuit nts and models. Periodic stimulation of nerve fibers
an implementation of a modified Hindmarsh-Rose model for simuI%T )

ing the membrane potential activity of pyloric neurons. We subject anglg neurons has al_so proven _to be an foectlve tool
this electronic model neuron to the same periodic forcing as used§famining the information processing strategies of the nerv
the biological experiments. This four-dimensional electronic modgyStem at cellular level (Hooper 1998; Segundo et al. 19¢
neuron reproduced the autonomous oscillatory firing patterns of bidtrong evidence of chaotic activity has been found in h
logical pyloric pacemaker neurons, and it expressed the same statippcampal CA3 neurons receiving periodic inputs via mos
ary nonlinear responses to periodic forcing as its biological countdiber stimulation (Hayashi and Ishizuka 1995). This indica
parts. This adds to our confidence in the model. These results strongterministic dynamical behavior in complex multicompon
support the idea that the intact pyloric pacemaker group acts agéyral assemblies. S
uniform low-dimensional deterministic nonlinear oscillator, and the preyjous work on sinusoidal stimulation of biological neuraP
regular pyloric oscillation is the outcome of cooperative behavior ?{(Ftworks has focused either on single neurons or very ldrge
strongly coupled neurons, having different dynamical and blophysmﬁx lati fint ted In thi .
properiies when isolated. Populations of interconnected neurons. In this paper we exam
ine the response to periodic forcing of a small subset of the

very well characterized pyloric central pattern generator (CRG)
network of lobster. Our experimental preparation, the pylofic
CPG in the stomatogastric ganglion (STG) of the lobster, has
The voltage behavior of bursting neurons typically ariseserved as an experimental model of cellular plasticity gnd

from the interplay of many ionic currents, synaptic and intratynamic network organization (Harris-Warrick et al. 199p;
cellular processes (Calabrese 1998; Canavier et al. 1991; Stdarder 1997; Selverston and Moulins 1987). The STG c¢n-
et al. 1997). The neurons can cooperate to generate cootdins three electrically coupled neurons that form the pake-
nated, synchronized activity as a result of their synaptic comaker group of the pyloric CPG. These neurons [the antefior
pling or in response to external driving inputs. To investigataurster (AB) and 2 pyloric dilators (PD)] receive inhibitory
these properties further, we have studied the responsesctiemical synapses from other pyloric motor neurons and den-
sinusoidal current injection of a small circuit of motor pattererate a regular oscillatory pattern with a cycle period=df s.
generating neurons, both as individuals and as an electricallye ventricular dilator neuron (VD) is weakly connected to the
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is a composite of several nonlinear, complex oscillators; hd

W_
ever, the pacemaker group displays zones of synchronizgtion

The pyloric CPG

and Arnol'd tongues at frequencies near the harmonics
subharmonics of the intrinsic pyloric frequency.

In addition to neurophysiological experiments, we pe

formed sinusoidal forcing experiments with an analog el

and

r-
C-
el

tronic implementation of the modified Hindmarsh-Rose mo
of bursting neurons (Hindmarsh and Rose 1984; Pinto et
2000). The electronic model neuron (EN) was based on n
linear analysis of membrane voltage time series, which sh

al.
on-
ow

that only three to five degrees of freedom are operating in

B compared the EN’s response to periodic current forcing wjith
that in living neurons, and we show them to be substantially he
same.

METHODS
Glutamatergic
synapses blocked We performed experiments on adult intermolt California spipy
lobstersPanulirus interruptus The animals were obtained from a
local fisherman and kept in large tanks of running, aerated seaw. 1t8r
Q
. S
Preparation =
QD
Pacemaker group The preparation has been described previously (Mulloney il
T _ Selverston 1974). Briefly, the complete stomatogastric nervous $3-
Fic. 1. Circuit diagram of pyloric central pattern generator (CABand  tem containing the STG, the esophageal ganglion (OG), and the [0
partial isolation of the pacemaker group with picrotoxin (PBX; PTX blocks  commissural ganglia (COG) was separated from the stomach aﬁd
fast ?'“tsmater%'clsy”apse‘) fwhile not afffeCt'”ghCho“”erg'CCO”és’X' Lhere inned in a silicone elastomer (Sylgard)-lined Petri dish. Dissectjch
are further modulatory inputs arriving from the gastric CPG and anterigr - : : - - L - il
ganglia not shown here. The pacemaker group AB/PD(2) is highlighted. as performed iPanulirusphysiological saline containing (in m/l) 3

83 NaCl, 12.7 KCI, 13.7 CaGl10 MgSQ, 4 NaSQ, 5 HEPES, and

forced the neurons of the pacemaker group Witt{t) = A sin (2aft). Simuk :
P group Wik (2rf) 5 TES; pH was set to 7.40. The STG was desheathed using s

taneously, we measured the membrane potentials of the Welisand Vpp,

respectively. AB, anterior burster; VD, ventricular dilator; IC, inferior cardiacforceps to facilitate access to the somata of the cells. The stom

PD, pyloric dilator; LP, lateral pyloric; PY, pyloric. gastric ganglion was enclosed in a small petroleum jelly (Vaseli
well for separate perfusion. The STG was superfused with sa
PD and AB neurons by a rectifying electrotonic synapse (Johtpntaining 7.5uM picrotoxin (PTX) for a minimum of 30 min. This
son et al. 1993), but it is not commonly considered as part ggatment effectively blocked glutamatergic synaptic inputs to
the pacemaker group. We show in Fig. 1 the circuit layout f

the pyloric CPG with the pacemaker group highlighted. T%). Anterior centers of the nervous system (COGs, OG, and in

pyloric neurons also receive tonic neuromodulatory iNPuggnnecting nerves) were always bathed in normal saline. The tem

from anterior centers of the stomatogastric nervous systemature of the bathing solution was held at 16—18°C using a ther
Using pharmacological tools, one can isolate the pyloriectric Peltier-device attached to the bottom surface of

pacemaker group from fast synaptic inputs coming from otheieparation chamber. Reduced configurations of the pacemaker g

pyloric neurons (Fig. B). This small functional group of were obtained by photoinactivating selected neurons by filling th

neurons still produces the main pyloric rhythm, often mogtq 5,6-carbo>éyfl\l/|q|(|)reslc;8ir(1) and exposing them to bright blue lig
regular than in intact preparations. This rhythm, however, c R verston and Miller )

be observed only if neuromodulatory inputs from anterior )

ganglia are left intact (Bal et al. 1988). Besides the pylorfelectrophysiology

CPG, the stomatogastric nervous system contains other motQfemprane potentials of the neurons were recorded using g
pattern generating networks, which typically run at a lowejcroelectrodes of 10-15 i filled with 3 M K-acetate plus 0.1 M
frequency. The interaction of the pyloric circuit with the gastrigci solution. Membrane potentials of the cells were measured W
network has already been studied (Bartos and Nusbaum 19Q&uroprobe 1600 current-clamp amplifiers (AM-Systems). Sinuso
Clemens et al. 1998). The periodic forcing of the pacemakarmnrent command signals were generated either by a Tektrg

neurons at low frequencies offers a way to simulate, in sorfi& G250 waveform generator or by computer running LabView $.

software and equipped with a National Instruments PCI-MIO-16
The periodic forcing of oscillators is a familiar topic inAD/DA converter. The amplitude of the sinusoidal current was &

physical systems. The behavior of such oscillators is descrit{fv:"}q&en 0.5 and 2.5 nA, while the frequency ranged from 0.2 10 4.0

: . - : e current was injected into one of the neurons while recording fr
in the parameter plane with coordinatés {) (amplitude and both the injected cell and the cells coupled to it. The extra- g

frequency of the forcing) (Glass and Mackey 1988). In thigyacellular signals were acquired at a 5- to 10-kS/s rate using

plane different regions of synchronization form domains nafyoscope 7 program (Axon Instruments) running on a Pentium-2
rowing to a point on theéd = 0 axis; these regions are knowncomputer.

as “Arnol'd tongues.” In our experiments the overall oscillator Care was taken to monitor the stationarity of the intrinsic pylo

respects, the effects of this intercircuit interaction.

membrane voltage activity of the pacemaker neurons. We h

&ells resulting in near complete pharmacological isolation of f{
loric pacemaker group (Bidaut 1980; Marder and Eisen 1984) (F
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FIG. 2. PD neurons in intact pacemaker group express regular oscillatory firing patterns, and they are able to maintain the
pyloric oscillation during periodic forcingA: membrane potential of the PD neuron in intact pacemaker grougufV.BPTX in
bath).B: spike density function calculated from the time serieAdfvindow half-width: 0.2 s, Gaussian kerne@: interspike
interval (SI) return map of the same neurdd: Fourier spectrum calculated from a longer section of the spike density function
(SDF) in B. The prominent peak at 1.8 Hz marks the frequency of the pyloric oscilldEoguasiperiodic burst pattern of the PD
neuron in response to sinusoidal forciry € 1.0 nA). F: the SDF for the time series irE. This displays peaks with different
amplitude due to local variations in the firing ra: the ISI return map of the forced PD neuron. Long intervals are scattered
between 0.15 and 0.5 bl: the Fourier spectrum of th8DF with multiple peaks. Asterisk marks the forcing frequency.

bursting during the whole duration of the recording. We excluded datdnere (t) is the Dirac delta function, anfK(t')dt’ = 1. The half-
from our analysis when the pyloric firing patterns were occasionalyidth of the Gaussian was set to 0.2 s. Pyloric bursts of a regul
disrupted by cardiac sac events or other potent synaptic inputs arrivingsting PD neuron appeared as separated peaks 8DXA¢Fig. 2B).

from other extraganglionic sources. The schedule of the experimemtse sampling resolution of theDFwas 0.02 s, providing at least 2
was as follows: we recorded the control activity of the neurons fejints per burst. Fourier analysis was used to detect and charact
40-60 s, then applied the stimuli in separated 80- to 120-s trigl§y periodicities in the firing patterns. Fourier amplitude spectra w
allowing the cells to generate at least 100 bursts,000 spikes) per cajcylated from stationary parts of tH&DFs before (control) and

stimulatiocr;. The frequlency and amplitude of the waveform was el ing sinusoidal forcing (trial). The amplitude of harmonics up to .
constant during a trial. Hz was calculated using 0.005-Hz resolution (rectangular windo{p

. To characterize the relative efficiency of the forcing current in mg
Data analysis ulating the firing patterns, we used the Fourier amplitude ratio. T|

Raw membrane potential data were visually inspected, while qaarameter was computed as the ratio of the area under the prin

tailed quantitative analysis was performed using series of spike arriZ@ak of the forcing frequency to the area under the total spect

times. Establishing the arrival times of action potential occurrenc |char(_1Is et al. 1999). . .
and constructing the spike traing = {t5, 5, 5, . . .} wasachieved Pyloric pacemaker neurons of the intact network exhibit shg

using the first time-derivative of the membrane potendg(t) time periodic bl.”St.S of action potentials separa‘ged by silent pe”.OdE
series to determine its local maxima. hyperpolarlza_ltlpn._ Hence bur_sts can be conS|dered_as the b_as_lc e
%f[_neural activity in the pyloric CPG. To characterize the timing

To characterize the spontaneous and stimulus-induced firing gtﬁHrsts we located the onset of each burst and aenerated a subse
terns, a number of functions and distributions were calculated fr P : - . 9 BB
discrete time series containing burst arrival time8}{= {t5, t,

the spike time data. The spike density functi@iDf) was used as a Eﬂ? ...}. Here, the times of intraburst spike events were not taken i

igg?t |\ée2”£efsg$ ?JEDOFHS%C%QS lg%gﬂtiiztgﬂ;y éthli(r::gt]g r:)(?c fhtegccount. The burst onset tini was defined as the arrival time of th

instantaneous firing rate and allows one to detect even slight mo {ﬁ'rt f‘p'k? n tnedsu%:esslvevb?rsiisr.] V;/ﬁ fg:nmué?ft]ce? &nl t'm% S’S\:'e
lations of the firing pattern (Paulin 1992). TE®F is calculated by bu st 'Cy'(t:' et.pe 'OBSE{ : P)i ¥Be a_u?B gh ed e die eftﬁesb € t_ee
convolving the time of each spike with a Gaussian-functi<(t), urst initiations:BCH() =t i - (e dynamics of the bursting

called a kemnel 1996). As “proxy” coordinates for the state space of those dynam|

we may use the values BfCH(i) themselves. The process is assum
SDFt) = E f Kt —1)8(t’ — tHdt’ = E Kt —t9) to occur in ad-dimensional space with vector coordinatdsC(i),
i i BCR(i + k), BCR(i + 2k),...,BCHI + (d — 1)k]} at “tim€’ i. The

process is retained in the burst cycle period time series (Abarbanel
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time delayk is often taken to be unity, and while the dimenstomay neuromodulatory inputs from anterior ganglia through the main
be larger than 2, for display purposds= 2 is often selected. Data stomatogastric nerve. The bursting frequency was+1063 Hz
vectors such as this provide a state space in which many of gﬁeani SD,n = 25). The two PD neurons and the AB neurgn
I
e

impoga\f;& dy”amiga' gmpemes of thl undelrlly(ijng dy”amics)?re egan and ended their bursts in synchrony, although individual
tained. We created = 2 state spaces (also called return maps) for t : : : '
BCH(i) time series by plotting pointsBCR(), BCR(i + 1)] in a héaplkes were not precisely synchronized (Elson et al. 1998). The

two-dimensional plane. Equilibrium or stable fixed points are seen notomc_bur_stlng Pa“e”_‘ was occaS|o_naIIy |nterrupted t_)y
points in this plane along the 45° line. Period two orbits of thiitense activation of synaptic inputs associated with the cardiac
dynamics are seen as pairs of points in the plane, and more comgié€ rhythm. The frequency of these cardiac sac events tefded
trajectories, higher order periodic orbits, or chaotic behavior produt decrease during the recording sessions, thus allowing Us tg
more complex patterns. For comparison, we also constructed e®tain long stationary sections of pyloric activity. Furthermore,
quences and return maps of the interspike intervagi(i), ISI(i + as we show below, a low-frequency modulation of the pylofic
1], 1SI(i) = t7; — t ThelSI return maps were used to demonstratgscillation was also routinely observed, as a consequencg of
any changes in the dynamics of spike generation due to the periogiferactions between the pyloric pacemaker neurons and|thd
forping. These graphs are effective tools for characterizing the timiggower gastric (and/or esophageal) network.
of intrabursts spikes. The spike density function of the regularly bursting PD

. neuron is shown in Fig. 2 The SDF consists of separatg
Electronic model neuron equidistant peaks of similar amplitude and shape reflecting|the

The electronic model neuron (EN) is an analog circuit implemefriodicity and precision of the repetitive firing pattern. The
tation of a four-dimensional neuron model using ordinary differentigfourier transform of a longer section of tS®F is shown in
equations with vector fields taken to be polynomials in the dynamicaig. 2D (linear amplitude scale). A large peak at 1.75 Hiz
variables k(t), y(t), z(t), w(t)]. The model takes the form indicates the frequency of the intrinsic pyloric bursting rhyth

fp; the second harmonic af2= 3.5 Hz appears as a mino|

= ay(t) + bX(t) — () — dz(t) + | peak. This is a typical example of Fourier spectra obtair

from pacemaker neurons in stable pyloric oscillation.

dy(t) , The interspike intervall§l) return map of the PD neuron ir

el () — y(t) — gwt) the intact pacemaker group contains three separated clus

which is a clear consequence of the repetitive bursting (H

2C). ShortISlIs associated with intraburst spikes are follow¢d

by a longISI associated with the relatively longer interbur

e duration. A compact V-_shaped clust_e_r (at _short_ intervg

el w{—kw(t) + r[y() + T} 1 ~0.025 S) indicates precise and repetitive spiking in the spie-

cessive bursts of the PD neuron. <

wherea, b, ¢, d, |, e, f, gu, S, h,, k, r,andl are adjustable parameters Photoinactivation of the main pacemaker cell AB led [@

dependent on the underlying conductance based dynax(icss the ~ disruption of this regular activity and irregular spiking-burstirg

membrane potential of the model neurg(t) is a fast currentz(t), a patterns in both the PD and other postsynaptic pyloric neurpgs
slow current o < 1), w(t) represents the very slow (< u < 1) (n = 11). Immediately after photoinactivation of AB, the PP2

intracellular exchange of calcium between its store and the cytoplagipressed irregular spiking behavior that evolved into m

(Falcke et al. 2000; Pinto et al. 2000), ahé the external current, reqylar bursting activity over a time scale of hours. The me

sinusoidal in our case. The EN consists of four integrators, Mg.ane notential of the irregularly bursting PD is shown in F

multipliers, two adders, and two inverters and performs real-ti fA’ with the correspondingSDF in Fig. 38. The Fourier |

computation of the differential equations (see Pinto et al. 2000 f . - .
details). We adjusted the internal parameters of the model (pote {gnsform of theSDF (Fig. 3D) is now predominantly broad-

N

o

ometers) to obtain membrane potential oscillations closely resemblgnd- As the firing pattern of these PD neurons tended tg e
those of real biological neurons in intact pacemaker group, i.&nore “bursty” over a longer time scale, the resulting Fourler
periodic bursting with 1- to 2-Hz frequency and 5-10 spikes per buispectra became more sharp and peaked. However, the prgcise
(see Fig. 1A). Unlike the intact pyloric neurons, the four-dimensionaperiodic bursting seen in the intact pacemaker group was nevel
model produces spikes with larger amplitude than the depth of thestored.
interburst hyperpolarization. To obtain oscillations with realistic spike |n the low-frequency range of the spectrum, a single pgak
amplitude/hyperpolarization depth ratio, we reshaped the output of thgpears at 0.2 Hz, indicating some remaining periodicity in fhe
circuit using an additional amplifier. We used two different gals, ik train of the PD. This low-frequency rhythm was found in
andGy, for the spikes and the hyperpolarized parts, respectivay, the majority of our preparations, and it is considered to b¢ a
being larger tharG.. synaptic modulatory effect from the gastric and/or esophadeal
network (Clemens et al. 1998; Russell and Hartline 1982).

it
dt

dlimod

[@idJ} pape

dzt)

& p{=2(t) + Ix(t) + h}

—UT (D

RESULTS ISl return maps of the PD neuron before (Fig)2nd after
Spontaneous firing patterns of neurons in the pyloric killing AB (Fig. 3C) show major differences. In the latter cage
pacemaker group no three-clustered structure is present, rather a scattered dlougl

of points appears. Here, we observe a mixture of short and Ipng

Neurons of the intact pacemaker group (AB and 2 PD#$ls with no well-defined clusters.
exhibited a regular oscillatory firing pattern (Figh)2vhen the  The firing pattern of the isolated AB neuron is shown in Fig.
fast glutamatergic inhibition was blocked (with PTX in salineA. Here both PD neurons were killed. The membrane potgen-
The pacemaker neurons were therefore synaptically isolated trace of AB is similar to that of the PD in the intaqt
from other pyloric neurons, but still continuously receivingpacemaker group but with smaller spikes. The AB retained|its
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PD control, AB killed PD forced, AB killed
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Fic. 3. PD neurons without AB exhibit irregular spiking/bursting patterns and can be regularized with sinusoidal farcing.
irregular firing of a PD neuron shortly after the photoinactivation of BBthe correspondin@DF is aperiodic and random-like.
C: diffuselSlI return map from the same neurd@r.broadband and “noisy” Fourier spectrum calculated from3B&. The diamond
symbol indicates a peak at 0.2 Hz, which appears to be the frequency of the intrinsic gastric Exytiembrane potential of the
forced PD neuron/A = 1.0 nA). F: the correspondin@DF reveals a nearly periodic pattern with a low-frequency envel@pe.
triangularlSl return map of the spike train &. H: Fourier transform of th&DF. The peak of the forcing frequency appears the
largest (1.2 Hz). At 0.2 Hz the intrinsic low-frequency modulation is still clearly distinguishable and is marked by a diamond.

periodic bursting after photoinactivating the coupled PD ne@b) and forced (Fig. Bl) PD neurons, we find both similaritieg
rons fi = 4), showing its fundamental role as a pacemaker and differences. In this exampleyas 1.2 Hz, less thaky,. The

the pyloric rhythm. The frequency of the oscillation increasestiginal peak indicating the frequency of the intrinsic bursti
to ~2.6 Hz from the normafy, ~ 1.8 Hz as shown by the frequencyfy, ~ 1.9 Hz is still evident, but additional peak
Fourier-spectrum (Fig.[). A small peak indicating the mod- appear marking the frequency of the forcing current (1.2
ulatory influence of the gastric rhythm is present at 0.3 Hz @gterisk) and its harmonics. Furthermore, linear combinati
well as accompanying peaks on each side of the fundamefine intrinsic and forcing frequencies appear as minor pe
peak. These appear as the sum and difference of the pyloric ?@% 0.7 Hz, or 3.1 H4,, = f) in the Fourier spectrum. Thes
gastric frequencyff, £ fasyid. ThelSl return map has three o4t res are familiar characteristics of forced nonlinear os
separate clusters (Fig.C} as that in the intact pacemakelyiqrs Theis| return map of the same neuron is shown in F

group. 2G. Long interspike intervals (e.g., those between succes

bursts) now range from 0.15 to 0.5 s, resulting in long ba

Effects of periodic forcing on various configurations of the parallel with the axes. However, a compact cluster associ

pacemaker group with the intraburst spikes is still visible near the origin of t

map. The periodic forcing had only a minor effect on t

Sinusoidal currents;(t) = A sin (2#ft) with A of order intraburst spike pattern while strongly affecting the burst cy
0.5-2.5 nA had marked effects on the firing patterns and bupgriods.

002 zaaqlwa/@\j uo 610'ABojoisAyd-ul woly papeojumoq

timing in all the neurons tested. The effect of the forcing The PD neuron was found to be far more flexible in respofse

current was most evident and clear on the neuron being o-the sinusoidal current injection when the AB was killadq
jected. The other electrically coupled neurons followed tHELO (3)]. Bursts of action potentials appeared during the de
induced rhythm, but usually with smaller amplitude ratio at thiarizing parts of the current stimulus; thus the firing pattern
forcing frequency. the neuron became synchronized with(t) (Fig. 3E), corre
Figure ZE shows the effect of;,(t) with A = 1 nA andf = sponding to 1:1 phase locking of activity. This entrainmg
1.2 Hz on the bursting activity of the PD neuron in intacbccurred over a wide range of forcing frequencies (0.2—
pacemaker group. The interaction between the periodic forcikig). Fourier spectra calculated from tl8DFs consist of a
and the intrinsic pyloric oscillation resulted in a wide repertoiriarge peak at the position of the forcing frequency with a f
of burst patterns = 174 (8); number of trials (preparations)].higher harmonics (Fig.13). Interestingly, the minor peak at th
Comparing the Fourier spectra of spontaneously active (Fpsition of the gastric frequency (0.2 Hz) is still observab
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A AB control, PD killed E AB forced, PD killed
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FIc. 4. The AB neuron maintains an oscillatory pattern in preparations with both PDs killed even in the presence of external
periodic forcing.A: membrane potential of the isolated AB neur8nspike density function of. C: ISl return map of the same
neuron.D: Fourier spectrum calculated from a longer section of3B¥-in B. The frequency of the pyloric oscillation was high,

2.6 Hz in this case. The low-frequency (gastric) peak is indicated by a diarBondmplex burst pattern of the AB neuron during
sinusoidal forcing at 1.4 HZX(= 2.0 nA).F: the SDFfor the time series ifE. G: ISI return mapH: Fourier spectrum of the forced
AB neuron. Linear combinations of the forcing frequency and the intrinsic rhythm appear as minor peaks.

demonstrating that neither killing the AB neuron nor the sinug;(t) on the burst/spike timing of a PD neuron in the inta
soidal forcing eliminated or altered the gastric mill modulatiorpacemaker group is shown in Figd3n control periodsi(t) =
The return map constructed from tih®ls of this forced PD 0, the long interspike intervals show minor variations as
neuron is now three-clustered (FigGR similar to that seen result of regular pyloric rhythm and stable burst cycle perio
with spontaneously bursting PDs in the intact pacemakeh the contrary, complebSl patterns arise when the neuron
group. The cluster associated with the int(aburst SpikeS,_hQWsponding td;(t) (gray sections of Fig. &). The resulting
ever, is more spread (0.04—-0.15 s), showing that spike timifg} sequences have multimodal distributions. For lafgdr1

is less precise in this situation. hase locking occurs when the neuron receives currents
The firing pattern of the forced isolated AB neuron resenF—% f,, at 1.0 and 1.2 Hz here. As the precision of the bu

. . 1
?:Igrsn glhei[ bcjr;{]ga{?erfrfsdezgrg;ré(;r(;ielr;:)afr:eri)gtiﬁ?c?ili)er: b%mg?rg]ing increases, variations in the interburst intervals beco
the forcing and the intrinsic oscillation [FigE4n = 99 (2)]. aller. The timing of intraburst spikes is far less affected

The periodic forcing affected the timing of bursts more thajﬁ‘”(t) than that of the bursts. Atigher tharf;,, a characteristic

that of the individual spikes within the bursts. TH&l return skipping” behavior takes place. Many of the bursts of the |

map is clearly three-clustered with a compact cluster at O-Oir synchronized with the forcing current, being generateq
(Fig. 4G). Interburst intervals are spread between 0.2 and 0.4 y , ) . VeI

The Fourier-amplitude spectrum of the forced AB neuron [§ittently, a single burst is skipped, resulting in a lengthen
quite rich with several peaks appearing at the position of tiéerburst period (Fig. 8, f = 1.6 Hz).

intrinsic pyloric rhythm, the forcing frequency, and their linear N contrast to the intact pacemaker group, when AB w
combinations (Fig. H). killed, the PD neurons responded to periodic forcing with Ig

precise and reproducible burst timing (FigB)5 In control

Spike timing of forced pacemaker neurons: effect of varyin

stimulus frequency odal distribution characteristic of normal bursting neurg

(Fig. 5B). Definition of bursts is troublesome in such neuro
We surveyed the firing patterns of the pacemaker neuronsliyusing interspike data onlyg;(t) injection altered the firing

changing the frequency and amplitude of the forcing current jpattern of the PD neuron and induced nearly periodic bursting

small steps of 0.1 Hz and 0.5 nA, respectively. As part of thresembling normal pyloric activity. However, the burst timir
analysis, we calculated and compark®l sequences from of forced PD neurons was far less precise in preparati
spontaneously active and from forced neurons. The effectwithout AB than in the intact pacemaker group. This is clea

e depolarized part of the sinusoidal waveform. Then, inter-

eriods, thelSl values are scattered, in contrast with the Ii-
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1.0Hz 12Hz 1.6 Hz

SR SO precrenteremmmmnnd SN s

ISI [g]

FIG. 5. The responses of the pacemak
neurons are strongly determined by the Al
neuron and depend on the frequency of t

T T T T T T T T T forcing. A: ISI sequence of the spike train of g

0 100 200 300 400 500 600 700 800 %0 pD neuron in the intact pacemaker group. Du
ing the 900 s of experiment, 5 different forcing

B frequencies were used. These are indicat
1.0Hz 1.2 Hz 1.4Hz 1.6 Hz 1.8 Hz above the graphX = 1 nA). A dense horizontal

band of points indicates shoi$ls during the

Phase locking (1:1) appears at 1.0- and 1.2-}
frequenciesB: ISI sequence of the PD spikg
train when AB was photoinactivated. There a
large variations both in short and long inter,
spike intervals indicating irregular bursting
Five different forcing frequencies between 1.
and 1.8 Hz were used in separate tempo
trials. C: similar to the above, but here the AB
neuron was stimulated while the PDs wer

C 12Hz 1.8Hz 2.4Hz 3.0Hz 3.6 Hz killed. The overall behavior of the AB neuron i
; similar to that of the PD in intact pacemake

group, but the variations in the values are som
how larger. CS indicates a cardiac sac bur
which temporarily disrupted the bursting paf
tern of the neuron during the 1.8-Hz trial.

C A

0.024 ot R S T
Tensieniiiiiiaaiion I O

T T T T T 1 T T T
0 50 100 150 200 250 300 350 400 450 500

Time [s]

shown in Fig. B, where long interspike intervals are randomlyntrinsic noise present in the pyloric neurons, various phal
distributed in a wide (0.2 s) region. locking regimes can develop, and the burst pattern of the

The ISI pattern of the isolated AB neuron was frequencygften jumps from one to another, e.g., from a 3:4 to a 4:5 mq
dependent and multimodal, similar to that of the PD in intagind back. One-to-one phase locking is characterized by a

pacemaker group, but more “noisy.” TH&l values of Fig. £ compact single fixed point on the diagonal of the graph wH
are rather scattered; however, the different modes of synchjgs setf = 1.2 Hz, close to that of the intrinsic oscillation

guishable.

nization and the skipping behavior (at 3.6 Hz) is still distingkipping or intermittent behavior results in a three—cluste;l‘?]

return map at higher stimulus frequencies (1.6 Hz), and t

Dynamics of burst timing and Fourier analysis of spike

density data observed at yet higher stimulus frequenciés>( 3 Hz). A

Frequency-dependent effects on burst patterns were studiganarkable feature of all oUBCP return maps is that each

using BCP return maps as well as Fourier transforms of thdisplays well-defined and compact forms (attractors), and pas

spike density functions. A wide variety of responses occurrétbrbidden areas” with no points inside.

in pacemaker neurons forced at different frequencies. A typicalFourier spectra from the correspondil@DF data are
example of the effects is shown in Fig. 6, where a PD neurainsplayed in Fig. 8. At f below f,, the spectra are domi
in the intact pacemaker group was stimulated usifgt) at nated by a number of distinct harmonics. In all cases we f
seven different frequencies. The patterns in tBCHRi), a major peak close to the position fjf and another one af

BCH(i + 1)] plane display a gradual transformation fas f. The positions of the smaller peaks appear as linear com-
increased. At < f,,, loops and fixed points are observed (0.3inations of these two fundamental frequencies. Pegks

0.4 Hz). The loops are indicators of quasiperiodic behavior. Awvenly distributed along the frequency axis indicate prec
f = Yaf,,, 1:2 phase locking occurs, i.e., two bursts are gener.m phase locking, e.g., at 0.4, 0.5, or 1.2 Hz. “Noisy

ated during one period of the forcing waveform. Here a shdstoadband Fourier-spectra (indicators of aperiodic or cha-
burst cycle period is followed by a longer one, resulting in twotic response) are obtained in the region below the 1:1

compact densities on the return map, symmetrical to the 4&liase-locked mode (e.g., at 0.8 Hz here).
axis. Asymmetric return maps appear at moderate forcingWithout AB the response of PD tl;(t) was far less rich
frequencies (0.7, 0.8 Hz), slightly below that of the intrinsiand complex than that of the intact pacemaker grdup(t)

bursting. Here a complex, possibly chaotic behavior emerg@sduced periodic changes in the firing rate of the neurons rather
However, the shapes appearing on the return map are still wbkn altering the timing of well-defined bursts (Fig. 7). At loyw

defined and compact. As a result of the slight irregularities afdhe arrival times of the irregular bursts show large, irregu

episodes of high-frequency intraburst firing.

2:1 phase-locking bursting can be observed (not shown). DS-
velopment of irregular, possibly chaotic responses was 318
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PD forced, AB intact

A
1.5 control ] - 0.3Hz ] 0.4Hz ] t 0.5 Hz
RARE - 1 7 N T n
8 * i". . e
0sd K T A - y -
T T T T ——————— SRIRERER T FIc. 6. PD neurons in intact pacemakey
05 1.0 15 05 1.0 1.5 05 1.0 1.5 05 1.0 1.5 group show wide variety of responses to sf-
nusoidal forcing. Burst cycle perioBCP)
157 . 0.7Hz 4 O,'8 Hz 1 1,'2 Hz 1 1,'6 HZ et mapsA) and Fourier spectreBj of a
= ) i o 1 e 1 ’ PD neuron are shown in control and whep
10 1 M 1 g 1 s yd forced at 7 different values df Each graph
S . N ] v ] - E in A was constructed by plottingBCH(i),
g s Ry /_' 1 S BCR(i + 1)]. The forms show a strong de
05.] LY 1. 4 i 1 s pendence of Two fixed points appear at 0.5
R — - ; : < . : - . ' Hz as a consequence of 1:2 phase locking.
05 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5 Phase locking (1:1) is obtained at 1.2 Hf
BCP resulting in a single fixed point on the 45
B i (8] line in the BCR(i), BCH(i + 1)] plane. Forf
below f ~ 1.0 Hz, we see rather comple
30000 ~ control 03Hz 04Hz ] 0.5Hz Patterns in theBCH(i), BCR(i + 1)] plane. o
] ] 1 * For largerf, we see more regular forced os} §
2 500004 ] cillations. B: the Fourier spectra calculateg :E;
2 1% 7 o* 7 from various sections of the same spike traif.5-
g— b J d Equidistant peaks in the diagrams at 0.4 2
& 100004 ] 1 0.5-, and 1.2-Hz frequencies indicate variofs®
1 } ] n:m phase-locked patterns. The asterisk indi-;,,
04 4 L 4 catesf. Another large peak near 1.6 Hz ap} ©
o 1t 2 3 4 o 1 2 3 4 o 1 2 3 4 o 1t 2 3 4 pears in several of the graphs indicating thei;.
_ _ _ frequency of the intrinsic pyloric rhythm. >
40000 07Hz ] 08Hz ] % 12Hz & 16Hz o oaueney by v 3
o 300004 ] ] k S
g ] ] ] o
é‘ 20000 - ] ] E §
< 10000 -| ] 3 ] )
1 ! 1 ] )
0 4 R g o
o 1 2 3 4 o 1 2 3 4 0 1 2 3 4 0o 1 2 3 4 ;
foor [HZ) o)
S
variations resulting in dispersed point clouds onBi@&Preturn as the frequency of the injected current increases. One |c@r

maps (Fig. A, 0.5-0.7 Hz). A single fixed point appears foidentify quasiperiodic responses (0.5, 0.9 Hz), a near
f = 0.8 Hz. The Fourier spectra calculated from the corr@hase-locked pattern, the complex dynamics at 2.0 Hz and
spondingSDFs show a similar tendency: a noisy baseline ighase-locked behavior at 3.5 and 4.0 Hz. Here the intrin
present at lower frequencies (Fig3,70.5—-0.7 Hz), then clear rhythm was unusually fast, close to 3 Hz (Fid3,&ontrol).
synchronization is indicated by a large peak (asterisk). Oneeurier spectra show complex multiplets of peaks appearin
to-one phase locking is clearly seen in each graph, and {hesitions of the pyloric rhythm, the forcing frequency, af
dominant peak always appears fatMinor peaks appear astheir linear combinations. The low-frequency gastric/esop
higher harmonics. As noted above, a small peak appears at@e2l modulation is also detectable (diamond).
Hz in each panel (diamond). This latter component is a result
of the intrinsic gastric or esophageal modulation. Effects of changing the amplitude of the forcing current
The autonomous firing pattern of the isolated PD neurons
developed from nearly tonic spiking immediately after photo- To examine how the synchronization effect depended
inactivation of the AB to more bursty activity. Neverthelesghe intensity of the periodic forcing, we changed the amqg
the observed synchronization effect was virtually independenide A of the injected current while holding the frequenicy
of the spontaneous firing pattern of the isolated PD. The 1al constant values. We varied the amplitudel gf(t) be-
phase locking was achieved equally when the PD neurbmeen 0.5 and 2.5 nA. The firing patterns exhibited a strg
exhibited nearly tonic spiking or more regular bursting. Théependence on the amplitude of the forcing both in H
BCPgraphs and Fourier analysis revealed flexible responseselurons in the intact pacemaker group and in isolated A
isolated PDs in a wide range of frequencies and amplitudeskfure A shows the effect of differenA and f on the
the applied current. amplitude ratio of a forced PD neuron (AB intact). At=
The response of the isolated AB neuron to chan@iwgs in 0.5 nA, only a slight modulatory effect is observed. In th
several aspects similar to that of the intact pacemaker grotgse the bursting of the pyloric cells remains quite regul
(Fig. 8). TheBCP return maps show a gradual transformatiothe position of the peak of intrinsic bursting is unchang

Loy
2" 58y

608

) at
d

on
li-

ng
PD
B.

is
ar;
bd



http://jn.physiology.org

SINUSOIDAL FORCING OF PYLORIC NEURONS 1631

PD forced, AB killed
A

259 control ] - 05Hz ] . 0.6Hz ] 0.7 Hz

2.0+ . 41 . S 1
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1.5 4 .. 4 e b
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FIG. 7. The PDs respond to sinusoidg
forcing in a flexible manner when the AB ig
killed. Burst cycle period maps and Fourie

0.0 ¥+———7—T1— T T T T T T
0.0 0510 15 20 25 00 0510152025 000510152025 000510152025

251 08Hz ] 10Hz ] 14Hz ] 1.8Hz spectra are shown similar to that in Fig. 6, by
2.0 . 4 . 4 ‘ 4 AB was Kkilled in this preparationA: BCP
—_ 1 o i o ) return maps display a continuous transform
2 51 #r ] : ] o ] 7 tion as the frequency of the forcing is in
ot 1.0 s 4 ¥ 4 B s creased: irregular scattered forms developi
Q 051 . d 1 1 * ] & into a compact fixed point. Lack of additiona|
Tl 1.7 1.7 {7 point densities results from simple 1:1 phag
0.0+ locking and synchronized bursting. Fbless

T T T T T 1 —T T T T T T T T T T T 1
00 0510152025 000510 152025 000510 152025 000510 1520 25 thanf ~ 0.7 Hz, we have genera”y Comple

BCP [s] and irregular behavior in théBCR(i), BCHi +

B ' 1)] plane. Forf above this, the 2 PD neurons
can lock perfectly with the forcingB: the

1 * 0.7 Hz corresponding Fourier spectra. All the grapl
contain a large single peak ftwhich is des-
ignated with an asterisk. The diamond marH
i the frequency 0.2 Hz of the intrinsic gastri
modulation present in this preparation. Thi
e gastric modulation peak shows no dependen

3000 control ] * 0.5Hz

Amplitude

above 0.7 Hz, when the forcing frequenc
becomes comparable with that of the origing
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and no phase-locking behavior is observed throughout theThe behavior of the isolated AB was similar to that of P
range of applied. Consequently, the Fourier amplitude ratiavith intact AB (Fig. B). The amplitude ratio of the stimulug
of the forcing peak at all scanned frequencies is far less thiaquency increased with the intensity of the forcing, while th
that of the intrinsic oscillation. The Fourier ratio of theof the intrinsic frequency changed in an opposite manr
forcing is virtually independent of the applied frequency. Ahase-locking (1:1) occurred &= 2.4 Hz withA = 0.5 nA
slight increase in the amplitude ratio is observed whdist, then at 3.0 Hz, wheA = 1.5 nA. The amplitude ratio of
setting the forcing frequency close to that of the pylorithe forcing was a monotonously increasing function of t
bursting § = 1.6 Hz,f, = 1.7 Hz here, arrow). In general,current amplitude at all frequencies.

the Fourier spectra calculated from t8®Fs of PD neurons  This kind of analysis was performed using the data from P
receiving low-amplitude current forcing resembled thosef the intact pacemaker group and isolated AB neurons. Si

obtained from spontaneously active pacemaker neurons tige isolated PD neurons showed no autonomous bursting afte

ceiving the intrinsic gastric/esophageal modulation (at 0.Ziling the AB, no pyloric peak appeared in the Fourier spect
0.3 Hz). Next, asA is increased to 1.0 nA, the amplitudePhase-locking behavior (1:1) developed in a wide range
ratio of the forcing becomes larger, and 1:1 phase-lockidigequencies (0.2—-3.0 Hz). This phenomenon was virtually
appears af = 1.6 Hz. Phase locking is indicated by thelependent of the amplitude of the injected current. The isolg
prominently high value seen in the panels (Fig, 2.0-2.0 PD neurons developed an irregular bursting behavior sq
nA). Simultaneously, the amplitude ratio of the intrinsidime after killing the AB (=1 h). The Fourier spectra of thq
peak vanishes. What we observe here is the merging of tBBFs of such neurons contained a wide and “noisy” peak §
peak of the intrinsic rhythm with that of the forcing, and théroadband baseline. Nevertheless, the injection of sinuso
two distinct peaks are replaced by a single large peaturrent removed the wide intrinsic peak and resulted in spe
Moreover, as the amplitude of the injected current is irsimilar to those in Fig. 7.

creased, the amplitude ratio of the forcing becomes larger atlvarious modes of activity of the PD/AB neurons a
all applied frequencies, while that of the intrinsic peakisplayed on the frequency-current amplitude map of H
becomes smaller. 10. Here, the frequency of the sinusoidal current was n

wouy p%poém

on f. The spectra are remarkably “smoothf
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AB forced, PD killed
A
064 control 0.5Hz 09Hz
by . g B P '
% 0.4+ . iwﬁ.. T
o % e
Q i )
il .
024 A
T T T 1 T T 1 T T 1 T T 1
0.2 0.4 0.6 0.2 0.4 06 00 02 04 06 0.2 0.4 0.6
0.6 - - - FIG. 8. The isolated AB neuron exhibitg
35Hz 40Hz  yobust responses to sinusoidal forciBLP
& - 4 return maps A) and Fourier spectraBj of
. 0.4 4 P 4 AB are displayed when both PDs were elim¢
o e inated. A: gradual transformation of the
Q » - forms of the return maps can be seerf &
0.2+ 4 4 7 increased. Two dense clusters appear at 1.2
Hz, close to the position of 1:2 phase-lock}
02 04 06 02 04 06 02 04 06 02 04 o0s Ing. Phase locking (1:1) is obtained at 3.5
and 4.0-Hz frequencies, due to the fast ayi-
BCP, [s] tonomous oscillations in this AB¥3 Hz). B:
B the Fourier spectra calculated from t8®F
_ data. At 0.5 Hz we obtain 1:6 phase-lockef
15000 control 05Hz ] 0.9 Hz 12Hz  patterns indicated by the equidistant peakso
o ] 4 and the ratio between the forcing frequency%>
S 10000 7 1 = and the intrinsic one. Noninteger relationship 2.
= 1 %
= | * b between the fundamental peaks sugge tg
€ 5000 J quasiperiodic or irregular behavior as seen b
< ) 7] 0.9-2.0 Hz. Above, 1:1 phase-locking apt &
ol * | ] b 12 pears. The intrinsic gastric modulation is ol é"
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malized to the frequency of the intrinsic (pyloric) burstingResponses of the electronic model neuron to periodic forc|rg
Each symbol represents a single experimental trial and »

corresponds to the different modes of operation. This pre-The electronic model neuron was subjected to the same |

sentation of the responses is called a phase_diagramo(f)periodic forcing, as the biological neurons. The autonomg
Arnol'd-map (Glass et al. 1986; Hayashi and Ishizukgeriodic bursting pattern of the four-dimensional EN is sho
1995). The zones of 1:1 and 1:2 phase locking have iy Fig. 11A. The frequency of the pyloric-like oscillation wa
conelike shape, the Arnol'd tongue. Each phase-lockigt close to 2 Hz (Fig. 1). Due to the precisely periodig
zone possesses its own Arnol'd tongue, but here, for pragharacter of the pattern, th8l return map consists of only six
tical reasons, only two are displayed. Complex dynami@9ints, equal to the number of spikes emitted per burst (f
and aperiodic patterns occur between the tongues. 11C). Actually, the six “points” are clusters of overlappin
The Arnol'd map of the isolated AB neuron is shown in FigPoints. When driving the EN with,;(t) with A= 2nA,f = 1.4
10B. The overall response of the isolated AB neuron is simil&fZ, the burst pattern became slightly irregular and both
to that of the whole pacemaker group, but the zones of syiining of the bursts and the number of emitted spikes w
chronization are slightly wider here. Although the indicatethfluenced. This is clearly seen as variations of $fié-in Fig.
frequencies are normalized values, i.e., frequency of the intrihlF. ThelSI return map of the forced EN is similar to that g
sic bursting of each neuron was taken into account, the currét forced PDs or AB, i.e., the variations in the long interbu
values are not normalized. Since the same amount of currgatues increased, but the sho@l cluster remained more o
can evoke slightly different responses in neurons of the safess unaltered (Fig. 13). The Fourier amplitude spectrum o
type (e.g., PD) but from different animals, it is difficult tothe forced EN has a broadband baseline and several peaks

define the exact shape of the tongues in the averaged gragmnsequence of the interplay between the intrinsic rhythm and

However, these maps show similarities to those obtained frahe forcing (Fig. 1H).
“noiseless” theoretical models (Aihara et al. 1984; Stiber et al. The frequency dependence of the forcing effect is shown
1997). the Fig. 12.BCP return maps (Fig. 1&) reveal subharmonic
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—a— forcing

. O Intringic .
A PD forced, AB intact B AB forced, PD killed

0.6
0.4
0.5nA
0.2
0.0 ) ) .
FIG. 9. The amplitude ratio (a.r.) of the forcing
0.6 shows a plain monotonous dependence on the mag-
1 nitude of the injected current and has a reverge
0.4 relationship with the a.r. of the intrinsic oscillation
1.0 nA ) A: here, the PD neuron was sinusoidally forced with
0.24 AB intact in the preparation. The magnitude of thp
K] | sinusoidal current is indicated between the pane]s.
© 0.04 Squares, a.r. of the forcing; open circles, a.r. of thhe
g ’ intrinsic oscillation. Increasing the current amplitude
2 0.6 leads to 1:1 phase locking, resulting in a single pegk
a at the position of the forcing frequency (at 1.0 nA
E 0.4 and above)B: same asA, but here the AB was
1.5nA forced and both PDs eliminated. The zone of the 1f1
0.2 phase locking is wider here. Arrows indicate thp
| frequency of the intrinsic pyloric oscillationf). | 5
00 Clearly, the 1:1 phase-locking zone appears near {he
.0 o) (Y , . s
T T T T T position offj,. 5
0.6 o
D
1 o
0.4 3
2.0nA g
0.2 3
0.0+ T T T T - rl\ '17’ T T d -g'
1.2 1.8 2.4 3.0 3.6 S
Forcing frequency [Hz] Forcing frequency [Hz] ?_)
Q
<
and superharmonic synchronization (0.5, 1.0, and 2.0 Hz) @irbehavior including synchronization of bursts/spikes, hag
chaos (0.4 and 1.4 Hz), depending on the ratio betweeffi thenonic or subharmonic synchronization, quasiperiodicifys
and the intrinsic frequency. Accordingly, Fourier spectra coand chaotic oscillations (Aihara et al. 1984; Hayashi et ag
tain either equidistant peaks or linear combinations of the twi®82). Entrainment and chaotic responses have also Hezn
fundamental frequencies with brqad_band basellne. The t=monstrated in very complex systems such as large pq R
sponse at 2.6 Hz resembles the skipping behavior of the forggflons of neurons with complex interconnections (Hayas$&g
PD neuron in the intact pacemaker group to the extent thglq |shizuka 1995). ~
ther:e aLe three" gen3|t|(jes O(‘; points; hgwelver, thesle areé arth this paper we have experimentally investigated syn-
rather than well-defined and separated clusters. Clear Quagjionization phenomena in a small network of electricall@
periodic or skipping (escape) responses were not observeqij, jjaq neurons. Detailed understanding of synchrony &ffi

the EN; instead, high-orderm synchronization with very long re
periods or chaotic responses were found. We explain th) . . . ; )
observation as a consequence of the low amount of intrin&ggsirr?qt;::esduéﬁ Ir:]é?vrv%rrits n;ic\:zlr:'Sa?ﬁnofa'rnfg:rgﬁgzn Spi
noise and high stationarity of the EN. Switching betwee 9 9 :

different n:\m modes and skipping behavior were frequentl PGs_pIay_a _sut_)stantial role in homeostatip regulation offan
seen in lobster pacemaker neurons, while the dynamics of f#fganism, it is important to explore and interpret the re-

EN often evolved along a chaotic attractor. sponses of such networks to external perturbations or
dogenous rhythmic drives.
The pyloric pacemaker group of the stomatogastric nerv

DISCUSSION

ferent levels of complexity can operate in a coherent fashidfedeling of the circuit is possible both in numerical simul

as a result of synchronization (Destexhe et al. 1996; GolorfiBns and in analog electrical circuitry (Pinto et al. 20007 &zy

et al. 1994; Gray et al. 1989; MacLeod et al. 1998). Even gt al. 2000). Furthermore, as these networks and their abilit

individually irregular neurons, synchrony and entrainmerroduce rhythmic output from a collection of component ngu-

have been observed (Elson et al. 1998, 1999; Rabinovichrens with complex dynamics becomes understood, similar

al. 1997). Experimental studies as well as computationgloaches can be carried out in realistic interpretations of langer

models show that single neurons can exhibit a wide variemgtworks in vertebrates.

ularity in oscillations of this kind of network is importarjt

system offers an especially propitious opportunity for studyihg
synchronization phenomena, since the architecture and ffinc
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A PD forced, AB intact In a few experiments we compared the effect of sinusoiflal
current waveforms to that of rectangular pulse trains used in
earlier studies. We took the frequency and amplitude of the
L rectangular pulses to be equivalent to those of the sinusdids
’ We found that the extent and precision of the effect on byrst
timing and spike density was significantly greater with sinu-
soidal waveforms than with rectangular pulse trains. Foufier
spectra of pyloric neurons under stimulation with rectangular
waveforms were more broadband and the harmonics less vel
defined. It is known that synaptic neurotransmission betwgen
, stomatogastric neurons is of a graded type (Graubard et al,
2.0 1980), thus the synaptic currents received by the nerve gells
contain slowly varying components (Manor et al. 1997). The
main feature of the sinusoidal current waveform may well
its lack of the high-frequency components found in the reft-
angular pulses.
In about half of our preparations we detected a characteriptic
low-frequency component in the firing patterns of pylorjc
pacemaker neurons. This modulation possibly originates from
an inhibitory coupling from the gastric MG neuron to the
AB/PD assembly (Clemens et al. 1998). Since PTX a
y blocker of fast inhibitory connections was used in all of o
experiments, and the gastric modulation was present, thi
—— hibitory synapse is probably not of the fast glutamatergic t

Current [nA]

Current [nA]

0.0 T I T T T T
00 02 04 06 08 ?.o 12 14 16 18 20 22 (Cleland and Selverston 1998).
Normalized frequency Our results also raise an issue regarding the interac
Fic. 10.  The Arnol'd maps of the forced intact pacemaker group and tigetween distinct periodic oscillatory pattern generators.
isolated AB show zones of synchronization and complex behaAiatability/  geen in many experiments, the low-frequency and low-am

T

instability in the @, f) plane for the bursting modes of the pacemaker neuro : : : [
when forced byl {(t). Thef is normalized to the intrinsic bursting frequency.liade sinusoidal current did not worsen the precision of

Symbols represent various bursting/firing modes: filled circles, 1:1 phal¥rinsic F?y|0_fiC oscillation; rather, a subharmonic (e.g., 1:
locking; filled squares, 1:2 phase locking; filled triangles, otiien phase- Synchronization took place. Analogously, the low-freque

locked patterns; open triangles, quasiperiodic responses; stars, irregular/g‘@stric modulation can act as a regularizing factor on

otic patterns. Two zones of synchronization are depicted in each panel: the ; ; oAt
phase-locking and 1:2 phase-locking zon@sresponses of the isolated AB oric rhythm. The reverse effect, i.e., the regularization @

neuron. When both PDs were killed, the responses of the AB neuron alonqué3 gastric rhythm by the faSt. pyloric oscillation has alre g
to wider zones of synchronizations than with all pacemaker neurons intac?€en elegantly demonstrated in crabs (Bartos et al. 1999)] >
Variations in the timing of pyloric bursts as well as in thHe2
alterations in the number of emitted spikes are possible ways$f
information processing in the pyloric CPG. The various te
There have been earlier studies on the stomatogastric naosral patterns of burst activity revealed by return maps s
vous system involving periodic stimulation of nerve cellsstable frequency-dependent output responses to periodic fort
Ayers and Selverston (1979) used existing synaptic inputsiof). These temporal forms displayed notable long-term sta ‘?op’
both excitatory and inhibitory type to stimulate the pacemakiy and consistency during the periodic forcing, especially [iP
neurons in a periodic manner (the pacemaker group was e intact pacemaker group. In this respect, the temporal foyms|
pharmacologically isolated). The synaptic stimulation eliciteand various entrainment zones were similar to those found in
large variations in the arrival times of the pyloric bursts, andgeriodically driven PY neurons described by Hooper (199B).
relatively narrow 1:1 synchronization zone was found. Othdihe pyloric pacemaker neurons transduce incoming tempgral
studies involved intracellular current injection of rectangulgratterns (here, sinusoidal waveforms) into stationary nedral
waveforms. Hooper (1998) revealed a clear graded relationshgues, thus representing a form of information storage (Gaglo-
between the burst delay of pyloric PY neurons (in 1:1 synchrerash et al. 1999; Matsugu et al. 1998).
nized mode) and the temporal parameters of the waveformin our experiments, intermittent or chaotic responses wgre
defining the rectangular waveform. These results suggest thhserved only in a narrow range of stimulus parameters shpw-
the PY neurons can transduce temporal patterns into neung that the intact pyloric pacemaker can maintain a long-tgrm
code. Elson and coauthors (Elson et al. 1999) used synapticaligble oscillation and has a tendency to express periodic pat-
isolated lateral pyloric neurons and examined the dependetems even in the presence of such external perturbatipns
of the regularization effect on the polarity and temporal chafermination of the current injection quickly led to restoratign
acteristics of the injected rectangular waveform. To our knowdf the original pyloric rhythm in the intact circuit, i.e., the burgt
edge, various types of entrainment of neuronal bursting activipatterns were virtually indistinguishable before and after
by sinusoidal current injection have not previously been derfercing. Even extended (up to 15 min) periodic forcing did npot
onstrated either in the crustacean pyloric pacemaker networkimfuce any aftereffects in the firing patterns, phase shifts] or
in any other similar small group of electrically coupled neueconfiguration of the intact pyloric network. It is indeed one jof
rons. the important observations of the current work that the rhyth-

Intrinsic oscillations and periodic inputs
in neuronal networks
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Fic. 11. The electronic model neuron (EN) mimics several aspects of the voltage activity of real pyloric néutbautput
of the 4-dimensional model neuron, with thg) variable reshaped by a nonlinear amplifier. The pattern is similar to that seen in
real bursting pacemaker neurois.SDF of A. C: ISI return map of the periodically bursting EN,{ = 2.1 Hz).D: the Fourier
spectrum calculated from tH&DF. E the firing pattern of the sinusoidally forced EN= 1.4 Hz). The bursts are not uniform and
burst cycle periods show variatioris. correspondingDF. G: ISI return map of the forced EN. Lon&Is (i.e., interburst intervals)
range from 0.3 to 0.6 s. The Fourier spectruntHofias both narrow peaks and a broadband component—indication of a complex
or chaotic response.

micity and stationarity of the pyloric oscillation is well pre-uli. On the other hand, when the PDs are killed, AB retai
served under the influence of long-term external periodic pestrong oscillatory properties (although with less stability a|
turbations. In these circumstances the pyloric network shosftionary than the intact pacemaker). Compared with the
no signs of plasticity induced by the forcing. lated PDs, AB shows a narrower range of phase locking. T
combination of rich dynamical function and flexibility there
fore depends on the cooperative behavior of the three neur
AB is the robust part of the pacemaker, while the two H

The spontaneous behavior of the pyloric pacemaker groupreirons are clearly the flexible ones.
well as its response to periodic forcing were completely dif- Taken together, the intact pyloric pacemaker group of ng
ferent when the main pacemaker neuron AB was present d@8s is functioning as an optimized, single, low-dimensiof
when it was removed by photoinactivation. It appears then tHecillator capable of both initiating a stable motor pattern g
rich dynamical behavior, phase-locking, numerous zones f€sponding to time-varying signals. The intact group exceg

O

Intact pacemaker group versus reduced configurations

synchronization, and quasiperiodicity are characteristics of tifeperformance all other reduced configurations of the pace-

intact pyloric pacemaker group only. When AB is killed, thénaker neurons.

PD neurons remain able to spike and burst, but in a more

irregular manner than in the intact pacemaker group (Bal et glotivations and benefits of the spike density

1988; Elson et al. 1998). Their activity can evolve from tonig,nction technique

firing, through irregular spike generation, to clear (but still

irregular) bursting. The basis for this change in activity is In our study we analyzed in detail spike time data, while r

unclear. It may reflect recovery from nonspecific damage (withembrane potential time series were only visually inspected.
increased leakage currents) following the death of the coupl€lis approach is supported by several arguments. First, spikes
AB cell; alternatively, it could also result from an intrinsicrather than slow-wave membrane oscillations control the qut-
activity-dependent modulation of membrane conductancest of pyloric muscles. The evolution of the membrane potén-

(Turrigiano et al. 1995). The time course of the transformatidial of single neurons is of small significance in controlling

of firing patterns in isolated PD neurons (hours) is faster thamuscle activity. The motor response depends on the nunpber
that in cultured stomatogastric neurons (days). Regardlessaofl temporal patterns of spikes of the presynaptic neurpns
their activity pattern, however, the remaining PD neurons shaqMorris and Hooper 1997). Second, there is a roughly morfot-
simplified, flexible responses (phase locking) to external stirmnous relationship between the instantaneous firing rate offthe
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EN forced
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neuron and the actual membrane potential meaning that theoric oscillation offered a reference value for each measy
active depolarized periods of bursts can be clearly identified yent. Similar simple normalization technique for the curre
knowing the arrival times of spikes or equivalently, the instammplitude (or current density) could not be performed.
taneous firing rate. Spike density therefore suitably represents

the bursting activity of pyloric cells or other types of neuronggyy dimensional oscillatory dynamics in models and
displaying plateau potentlals. . ' . biological neurons
The computed&DFfunction reveals fine modulations in the

firing pattern, which are not easily recognizable in the original Despite the enormous biophysical and biochemical ca
time series (e.g., gastro-pyloric interaction). Fourier analysis plexity of living neurons, they can express low-dimensior
the SDFs provides a further efficient way to characterize thieehavior. In this case the evolution of the membrane poten
spike trains and interactions between rhythmic networks. THee most commonly measured state variable of the neu
amplitude and width of the peaks as well as the overall shagiepends on the interaction of a small number (3-5) dynam
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of the spectrum clearly shows the most important temponeriables (Falcke et al. 2000; Rabinovich et al. 1997). Equ

Variations in the input resistance and size of the pacemalaher variables can be described using the same numb
neurons as well as the relative position of the current injectinlifferential equations; however, the exact form of the equati
electrode made it somehow difficult to average and statisticattyight be unknown. The behavior and interactions of individy
analyze data obtained from different animals. Zones of syneurons are still determined by a large number of coopera
chronization and irregular dynamical behavior were evidehtophysical and metabolic processes. These processes,
and well defined when altering the frequency and amplitude @¥er, can be combined into a small number of abstract dyn

features of the firing patterns. alently, the time evolution of the membrane potential and(ihe

lin(t) using the same preparation and configuration. Howevéral variables, like those appearing in the Hindmarsh-R¢se

the magnitude of the effects varied among different preparaodel. Bursting activity of motor pattern generating neuro
tions. Normalization of the current frequency was straightfocan well be described using the simplistic polynomial modg
ward across preparations as the frequency of the intringithough the cooperative behavior of the network is a perio
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oscillation, some of the individual neurons, when isolated froftLcke M, HUERTA R, RasiNovicH MI, ABARBANEL HDI, ELsoN RC, AND

their counterparts, can display chaotic firing patterns (Elson efELVERSTONAI. Modeling observed chaotic oscillations in bursting neurorys:
al. 1998: Rabinov’ich et al 1997) the role of calcium dynamics and IPBiol Cybern82: 517-527, 2000.

. . . GLass L AND Mackey MC (Editors).From Clocks to Chaos: The Rhythms g
Our earlier results have shown that a simple four-dimen-|te. princeton, NJ: Princeton Univ. Press, 1988.

sional model reproduced significant functional aspects of inditass L, SHRIER A, anD BELAIR J. Chaotic cardiac rhythms. I@haos edited
vidual pyloric neurons with regard to membrane voltage ac-by Holden AV. Princeton, NJ: Princeton Uni_v. F_’ress, 1986, p. 237—-256.
tivity. Depending on the setting of internal coefficients an&OLOMB D, WANG XJ, AND RINzZEL J. Synchronization properties of spindl¢

L . oscillations in a thalamic reticular nucleus modél.Neurophysiol72:
current offsets, the EN can generate periodic or chaotic burs 1109-1126, 1994.

ing or tonic spiking. In further experiments this EN displaye@oiowast J, Manor Y, anp Nabim F. Recognition of slow processes i
a remarkable ability to interact cooperatively with living py- rhythmic networksTrends Neurosc22: 375-377, 1999.
loric CPG neurons: the electronic model neuron was connecfe®tusArp K, RAPER JA, AND HARTLINE DK. Graded synaptic transmissio

to synaptically isolated PD neurons via dynamic clamp al%dbetween spiking neuron®roc Natl Acad Sci USA7: 3733-3735, 1980.
! R
Q,

=

h h d d | il imil Ay CM, KoniG P, ENGEL AK, AND SINGER W. Oscillatory responses in ca
together they produced regular oscillatory patterns similar isual cortex exhibit inter-columnar synchronization which reflects glohal

those in intact pyloric networks (Sesl et al. 2000). The eX-  stimulus propertiesNature 338: 334337, 1989.
periments reported here give further support to the use tdfRris-WaRrrick RM, MARDER E, SELVERSTONAI, AND MouLiNs M (Editors).
low-dimensional polynomial models to simulate networks of bDYSamicMiiO':/‘?I?riCs' Net"‘l’ggzs- The Stomatogastric Nervous Systam.-
: : ridge, : ress, .
biological neurons. HavasHI H AND IsHIzuka S. Chaotic responses of the hippocampal CA3 regipn
to a mossy fiber stimulation in vitr@drain Res686: 194-206, 1995.
We thank R. Pinto and G. Stiesberg for constructing and calibrating thi\YASHI H, ISHIZUKA S, GHTA M, AND HiRakAWA K. Chaotic behavior in the
electronic neuron model. Onchidium giant neuron under sinusoidal stimulatiéthys Lett A88:
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Office of Basic Energy Sciences, Division of Engineering and GeosciencE4)NPMARSH JL AND Rose RM. A model of neuronal bursting using threg
under Grants DE-FG03-90ER14138 and DE-FG03-96ER14592, and from th&oupled first order differential equatiorfBroc R Soc Lond B Biol S@21:
Office of Naval Research under Grant ONR N00014-00-1-0181. 87-102, 1984.
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