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Dynamic Control of Irregular Bursting in an Identified Neuron of gn

Oscillatory Circuit

ROBERT C. ELSON,® RAMON HUERTA2 HENRY D. |. ABARBANEL,>* MIKHAIL |. RABINOVICH, ? AND
ALLEN |. SELVERSTON

Department of Biology?Department of PhysicS)nstitute for Nonlinear Science, arftflarine Physical Laboratory, Scripps
Institution of Oceanography, University of California, San Diego, California 92093-0402

Elson, Robert C., Ramon Huerta, Henry D. |. Abarbanel, Mikhail  this type of analysis. CPGs generate stereotyped patterns o

I. Rabinovich, and Allen I. Selverston.Dynamic control of irregular rhythmic activity, and their component neurons and synay

bursting in an identified neuron of an oscillatory circult. Neuro- nnection n identifi Much il mainl
physiol. 82: 115-122, 1999. In the oscillatory circuits known aCO ections can be identified. Much detailed study (mainly

central pattern generators (CPGs), most synaptic connectionsj%\éertemates) 'has' yielded 6.1 quallt.atlve understanding
inhibitory. We have assessed the effects of inhibitory synaptic inptitythm generation in terms of interacting cellular and synag

on the dynamic behavior of a component neuron of the pyloric CR@operties (Arshavsky et al. 1993; Getting 1989; Grillner et
in the lobster stomatogastric ganglion. Experimental perturbatioh®95; Harris-Warrick et al. 1992; Marder and Calabrese 19

resulting voltage time series were analyzed using an entropy meagyiféstions remain unresolved. For example, although most ¢
obtained from power spectra. When isolated from phasic |nh|b|t05{rcuitS are dominated by inhibitory synaptic connections (G

input, LP generates irregular spiking-bursting activity. Each bur . .
begins in a relatively stereotyped manner but then evolves wi g 1989; Marder and Calabrese 1996; Selverston and Moy

exponentially increasing variability. Periodic, depolarizing currerqt95_35)a. t_h? functional advantage Of. connecting bUfStY neur
pulses are poor regulators of this activity, whereas hyperpolariziy inhibition rather than by alternative patterns of excitation

A
o6,
were applied to the single, lateral pyloric neuron (LP), and th8elverston and Moulins 1985). However, more fundame t%
ek

pulses exert a strong, frequency-dependent regularizing action. Rhyibt clear. Further analysis requires the use of quantitaligé

mic.inhibitory inputs from presynaptic pacemak.er.neurons also regrethods. Applying these techniques in appropriate experiny
ularize the bursting. These |nput_)s_reset LPtoa S|m|Ia_1r state at eachyy) systems, we can start to dissect the effects of syna
cycle,2) extend and further stabilize the initial, quasi-stable phase8 nnectivity on the dynamics of neurons within circuits. In tH

its bursts, and) at sufficiently high frequencies terminate Ong()in%%ﬁ‘ lvsis of the d ic behavi f
bursts before they become unstable. The dynamic time frame RFPE’ W€ report an analysis of the dynamic behavior o

stabilization overlaps the normal frequency range of oscillations of tigentified neuron within a well-characterized CPG-_ _
pyloric CPG. Thus, in this oscillatory circuit, the interaction of rhyth- The pyloric network of the lobster stomatogastric gangli

mic inhibitory input with intrinsic burst properties affects not only thSTG) comprises 14 neurons whose identity and connectiy

phasing, but also the dynamic stability of neural activity. are completely established (Harris-Warrick et al. 1992; Mill
1987). Under normal modulatory influences, the circuit osq
lates at 0.5-2 Hz. A set of three, electrically coupled, “pa
maker” neurons [anterior burster cell (AB) and 2 pyloric dilat
Coordinated, oscillatory activity occurs in neural assemblieglls (PDs)] burst rhythmically and inhibit all the other circu
in many parts of the nervous system, including sensory circuiteurons (Fig. Al). These rebound to fire regular bursts
(Laurent 1996, Singer 1993), thalamic and cortical networkpikes at phases set by their own active membrane prope|
(Steriade et al. 1993), and motor centers (Grillner et al. 199d inhibitory synaptic interactions (Miller 1987).
Marder and Calabrese 1996). How can such networks producerhe lateral pyloric neuron (LP) sits at an important node
reliable, rhythmic bursting when the intrinsic activity of indithe circuit. It interacts with several other pyloric neurons a
vidual neurons may be irregular (Mainen and Sejnowski 1998y5vides strong synaptic feedback to the pacemaker group
van Steveninck et al. 1997) or chaotic (Abarbanel et al. 199t receives phasic inhibition from the pacemakers and fr
Hayashi and Ishizuka 1992)7 We suggest that the intringlgyeral other circuit neurons (FigAl). In this setting, LP
instabilities of circuit neurons may be regulated by their syny;oquces regular bursts of spikes within the pyloric rhyth
aptic interactions. To begin testing this hypothesis, we haygyever, when isolated from the phasic inhibition provided
studied an identified, irregularly bursting neuron of an oscillz&her pyloric neurons (Fig. A3), it bursts in an irregular
tory network, characterizing its dynamic response to periOd]b‘éttern (Bal et al. 1988).
current pulses and to phasic inhibitory input from presynaptic, \we term this irregular bursting of LP ifsee-runningactiv-
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pacemaker neurons. ity. The bursting persists in the absence of obvious pha
and control rhythmic movements) are favorable subjects ?gﬁ‘
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aptic inputs, although its expression requires continlfied
odulatory input from the anterior ganglia of the stomatoggs-
¢ nervous system (Bal et al. 1988). The detailed origin of the

of page charges. The article must therefore be hereby maskhaftisemerit  Iffegularity is not examined here. Instead, we study the repu-
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.  latory effects of different polarities and frequencies of phagic
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sis shows that rhythmic inhibition does not simply interrupt pr
“entrain” the irregular bursting, but produces dynamic stablli-
zation. Thus inhibitory coupling can promote ordered bursting
in irregular neurons of oscillatory circuits.

A preliminary account of this work appeared as an abstrpct
(Elson et al. 1997).

METHODS
Experimental methods

Adult spiny lobstersPanulirus interruptusyvere caught locally and
kept in running seawater until use. The stomatogastric nervous pys-|
tem, consisting of the STG and anterior (commissural and oesopha-|
geal) ganglia and their connecting and motor nerves, was remdved
from the foregut (Mulloney and Selverston 1974) and pinned out ip a
silicone elastomer (Sylgard)—lined dish, filled with normal saline {in
mM: 479 NaCl, 13 KClI, 14 CaG| 6 MgSQ,, 4 Na,SO,, 5 HEPES,
and 5 TES; pH 7.4). The STG was separately superfused by a

2 T continuous flow of chilled saline (14—17°C; temperature variation was
o1 IK\A i i spkes1-2 kept within 1°C during each recording session), to which drugs wgre
02 [ S N added as needed. The ganglion was desheathed and the somata
10| 0.1 : [\_ i1 spkes3-4 4 pyloric neurons impaled by microelectrodes (filled with 3 M-KCJ;
mv 02 A IR N SRR resistance~20 M(2). Neurons were identified by their characterist|co
500ms  Foar i i SPKeSS8 4 phage of bursting and by correlation of spikes with impulses in mt
Yoz 1 o+ 1 nerves. Voltage signals were amplified by conventional electrome|
SOt b sPikes778 1 and stored on video tape. Quantitative analysis fsesytic methods
& o2f P D sikes9-10 was applied to results from experiments in seven preparations.
Ol b e ] We focused on the single, LP within the pyloric circuit (FigA1).
02 kes 11112 | Synaptic inputs to LP were reduced in two stages (always retair
'2)' R R A PO T the normal modulatory influence of the anterior ganglia).
O 0 terepike interval {ms)~ 'C INHIBITORY SUBCIRCUIT (FIG. 1A2. Fast, glutamatergic inhibition

. o . was blocked with 7.5uM picrotoxin (PTX) (Eisen and Marder 1982
Fc. 1. Lateral pyloric (LP) neuron: circuitry and burst dynamigssim- - anq the cholinergic, ventricular dilator neuron (VD) was photoina

plified circuit diagrams of the pyloric central pattern generator [CPG; f : ; . .
simplicity, we omit the ventricular dilator neuron (VD) and inferior cardiagfvritgiﬂiggllé?rzsgﬂniﬁltvgstzn ngrzg).frlonn: Tr?ecg/c(f)lgglgaté%“gthvsh?g

neurons]. In all cases the modulatory input provided by anterior ganglia of the - -
stomatogastric nervous system is retain&H.schematic of intact circuit. The together with the AB cell, form a group of electrically couple
LP neuron is emphasized by the thicker outliA& subcircuit for pacemaker pacemaker neurons (PD/AB). The normal synaptic feedback to
inhibition of LP [obtained by killing VD and blocking some synapses witpacemakers was blocked by the PTX (Fig\2L The PD/AB group
picrotoxin (PTX)]. A3: LP neuron, deprived of chemical synaptic inputs frombursts as a single unit, in a nearly periodic pattern.

pyloric circuit neurons. Minimally, the VD neuron is killed, PTX is applied,  Single microelectrodes were placed in LP and both PDs. Pacemp
and the pyloric dilator (PD) neurons are killed or deeply hyperpolarizeﬁursting was slowed by injecting hyperpolarizing offset currents i
Resistor, electrical synapse; black dot, inhibitory chemical synapse; numbeb o PD while monitoring voltage activity in the other. Addition |B
members of the cell type (wherel) are given in parentheses; see text foi)eriodic current pulses~50 ms, +5 nA) were used to entrain ’8

abbreviationsB: intracellular voltage recording showing irregular, free-run ker b . ble f lightl h h
ning bursting in an LP cell that is deprived of chemical synaptic inputs froacemaker bursting at a stable frequency (slightly greater than fthat

other pyloric neurons [conditions: PTX, VD and anterior burster (AB) kiIIedetai_ned with the offset current a_Ione). Pacemaker output C_0U|
both PD neurons deeply hyperpolarized; no offset current in LP; no 4-amir@rminated by deep hyperpolarization of both PD neurons. This was a
pyridine (4-AP)].C: 4 successive bursts from the free-running activityBpf temporary method of removing all phasic inhibition from LP.

aligned by their 1st spikeéD: probability distribution of interspike intervals for :
the 1st 12 spikes in each of 200 free-running bursts of another synapticéﬁ LATION OF LP FROM INHIBITORY SYNAPTIC INPUT (FIG. 3. Last

isolated LP. The ordinatdl(t, t + At), plots the probability that the interval Ing isolation of LP from the phasic, chemical synaptic input provided py

between a given pair of spikes occurs between a tingspecified on the Other pyloric neurons was obtained by applying PTX and photoin
abscissa) antl + At, where the bin sizé\t = 0.5 ms. vating VD and both PDs (Bal et al. 1988; Bidaut 1980; Miller 1987).

weak, rectifying electrical connection remains between LP and sgme

input, as a first step in understanding how irregular burstifgloric (PY) neurons (Graubard and Hartline 1987; Johnson et al. 19P3).
behavior is controlled synaptically within an oscillatory circuitThe extent to which this interaction influences LP’s bursting is presently
We study the dynamic behavior of LP as follovd§:when unknown.] As long as modulatory influences from the commissiral
free-running in isolation from phasic inhibitior2) when re- ganglia are maintained, LP will continue to burst, but in an irregufar
ceiving periodic current pulses; ar@) when rhythmically manner (Bal et “a|. 1988)._Th? voltage activity of LP under these condi-
inhibited by the pyloric pacemaker group (PD/AB) (Figh2). tons is termed *free-running.

AN . . , : e Two microelectrodes were placed in LP for separate current gas-
Rhythmic inhibitory inputs regularize LP's bursting aCtIV'ty’sage and voltage recording. To enhance voltage-dependent burgting

prowdeq that they act W.'th,m a dy'nar.nlc.tlme frame (set bY IT three experiments we injected a small, constant hyperpolariging
interaction of the synaptic input with intrinsic burst propertiesyyrent (in the range of 0.4 to—1.4 nA) (thought to compensate fo

This time scale overlaps the normal range of rhythm frequeifre removal of background inhibition normally provided by the AD
cies in the intact circuit. In contrast, the regularizing action efeurons) (Bal et al. 1988); in two of these, we also added 1 M
periodic excitatory input is much less. Our quantitative analy¢-aminopyridine to the STG superfusate (this reduces the A-curfent
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A n guantitative measure of the complexity of the power spectrum agso-
i ‘ It ciated with the observed time series. In this measure, a power spec
trum with a single peak (a linear periodic system) yie®ls 0 bits.
A spectrum with two isolated peaks (namely, a linear quasiperiodic
system with two possible states) givEs= 1 bit. A flat or white
spectrum extending to 40 Hz (ar = 20,976) yieldsS = log,
20,976= 14.35 bits. Low values 08, relative to 14.35 bits, are ther
interpreted as associated with lower complexity in the oscillationg of
the system.
Within a given time series, we also calculated the variance betwgen
the voltage trajectories of successive bursts. Bursts were aligned gt thd
site of minimum variance, and an average trajectory calculated. [We
computed the variance of individual trajectories from the average and
plotted this value as a function of time (Fig. 5).

RESULTS
Irregular, free-running bursting of LP

When effectively isolated from the chemical synaptic inputs
normally provided by the rest of the network (see Fig3hand
MeTHODS; slow modulatory influences of anterior ganglia wefe
retained), LP continued to burst, but in an irregular patt
(Fig. 1B) (Bal et al. 1988). In this free-running activity, burs
of spikes (which appear attenuated in somatic recordings) Wege
driven by the slow oscillations of membrane potential. Eack
depolarized phase is underlain by a plateau potential (Bal ef &l.
1988; Russell and Hartline 1978, 1982). The plateaus werg &f

variable duration and could develop smaller-amplitude osgi

B T e lations; these features accounted for much of the irregylar
Frequency (Hz) Frequency (Hz) Frequency (Hz) appearance of the time series (ElgS)l Nevertheless, 'gh >

. _ _ - o ~initiation of each burst was relatively stereotyped, with §

FIG. 2. IFeegulauon dof wri%nardburst:ng aEE):u'\é;tyfby I|nject|on of periodicgjmilar initial waveform and pattern of spikes (FigC)L This | .
current pulses. Recording8+C) and analysis{—F) of voltage activity inan . ... o
LP neuron after removal of chemical synaptic input from other pyloric neu'p'tIaI p_hase lasted~500 ms. Thereaﬁe_r’ the slow Wave,for S
rons. A: free-running activity (no current pulses: forcing by periodic, and SP”(e pattern beg_an to vary. The time Of_burs_t termina e'c?
depolarizing current pulses (frequency, 0.45 He). forcing by periodic was highly variable (Fig. 18 andC). An analysis of interspike| 5
hyperpolarizing pulses at the same frequerizyFourier power spectrum for jntervals showed that spike timings were sharply defined at

free-running voltage activity of LPE: spectrum for activity with periodic, burst onset. but became increasingly variable as the bujlst
depolarizing pulsesk: spectrum for activity with periodic, hyperpolarizing . L. c
pulses. Note the logarithmic scale for pow®,f). Entropy values $ are continued (Fig. D). <
given in bits. Conditions: VD and both PDs killed; PTX; 1 mM 4-AP. Current =
pulses (amplitud¢0.4, nA, monitored inB andC, bottom tracgare superim- Regularizing effects of periodic current pulses “N
posed on a constant d.c offset 6fL..6 nA. 8
. ) ) ) This irregular, free-running activity contrasts markedly wifH®

by ~25%) (Tierney and Harris-Warrick 1992). When used, thesge regular burst pattern that is produced when LP is connegted

conditions are noted in the figure legends; however, irregular, fret%-
running bursting activity could be observed in their absence (at least . hvthmi tic i ts that lat
4 experiments: cf. Figs. 1 and 4). To approximate synaptic input fro € Neuron receves rmythmic synaplic inputs that reguiate
bursting pacemaker neurons, we injected additional, smoothed puldB¥Ng of its bursts (Miller 1987).
of current,~200 ms in duration, 0.3—0.8 Hz in frequency, of either IN our experiments reported here, we have begun a stud
polarity and of constant amplitude (range between experimigng, the dynamic response of LP to rhythmic inputs. Initially, w
to [0.5 nA). examined the reaction of the synaptically isolated neuron
injection of periodic current pulses (Figs. 2 and 18;= 3
Analytic methods preparations). The amplitude and duration of pulses were
justed to mimic those of rhythmic barrages of synaptic ing
Long time series of voltage activity (5—6 min) were digitized at 2rom other pyloric cells.
kHz for off-line analysis. To evaluate the degree of irregularity of the \We found strikingly different results, depending on pul
observed oscillations, we utilized the power spectrum for each Méslarity (Fig. 2). With no current pulses, LP generated
surement and a measure of the entropy for the harmonics of the po ical, irregular burst pattern (Fig.A2. The corresponding

spectra for frequencies up to 40 Hz. We first calculated the f . A .
Fourier transform for 2 = 524,288 points (sampled every 0.5 ms) o wer Sé:)ectr(l)Jr:T; ahovl\fd %W'(Ij:e dlstrr:_butlon é\”th adbrosati P
voltage time series (cf. Figs. 2 and 4). Digitized voltage signa%ente"e at-0. z (Fig. D). From this, we derived a6 =

received no further filtering before Fourier analysis. The power #-08 bits. With LP in this isolated state we applied periog
harmonics up to 40 H2(n) for n = 0. . . 20,976, were converted tocurrent pulses at a slightly higher frequency, 0.45 Hz. De

probability values by defining(n) = P(n)/2P(n). An entropy func- larizing pulses approximating excitatory input affected both the

tion (in bits),S= —X p(n) log, [p(n)], was then evaluate& gives a timing and duration of bursts but produced little regularizati

the rest of the circuit (Bal et al. 1988). In the intact netwoik,
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A S=865 Regularization by synaptic inhibition from pacemaker
neurons

Next, we examined the dynamic regularization of LP byl a

10m | biological input (Figs. 4 and 5). We used the simple subcirquit
B s=860 D S=6.86 shown in Fig. A2, in which the only phasic input to LP was
the slow inhibitory postsynaptic potential evoked by the tyo
MWW’MMWMM PD neurons of the electrically coupled (PD/AB) pacemaker
group (Eisen and Marder 1982). We then used current injection
CE L] . 0.5nA | to alter the frequency of bursting in the pacemakers=(3
ey preparations).
C s-749 E S—566 Figure 4,A-D, left columnillustrates simultaneous intracelf

lular recordings from LP and one of the PDs during subcircpit
activity. With no current injection, the pacemakers generajed
rhythmic bursts (here at1.3 Hz; Fig. 4\, spontaneous). In

10 s6c each cycle, the PD neurons fired and inhibited LP, which then
AL AL UL tGnnInann rebounded into its own burst before being inhibited again by

Fic. 3. Frequency-dependent regularization of bursting by periodic curretrme next burst of the pacemakers (Figﬁ.\)AUsing current
pulses, illustrated by extended time series. Recordings are made from an”ﬂjﬁcnon' we then forced ,the PDs to bur;t at progressive
neuron, after the removal of chemical synaptic input from other circuit nelower frequencies: 1 Hz (Fig.B}, 0.65 Hz (Fig. €), and 0.4
rons.A: free-running activityB: depolarizing pulses at 0.4 Hg: depolarizing Hz (Fig. 4D). Finally, we applied strong hyperpolarization t
pulses at 0.8 HD: hyperpolarizing pulses at 0.4 H2 hyperpolarizing pulses  ghyt off the pacemakers completely (FigE: 4nly the LP trace

y

[®]

at 0.8 Hz. Entropy values for each data set are gi&in(bits). Conditions: . : Y
VD and both PDs killed; PTX; 1 mM 4-AP. Current pulses (monitore8+t, IS Shown)' AS _the frequenc.y of pacemake_r Ian.It was rec"‘“%’
bottom trace} are superimposed on a constant d.c offset-6f4 nA. (Dif- LP developed increasingly irregular behavior (FigB4D). On | 2
ferent preparation from that in Fig. 2). removal of inputs, the typical, free-running activity emerg a@_

(Fig. 4E). 23
of the pattern (Fig. B). Falling during the interburst, a depo- The corresponding power spectra of LP activity are shomg
larizing pulse could trigger the onset of a new burst; fallinthe Fig. 4,right column.During spontaneous subcircuit acti-3

during an ongoing burst, it had variable actions, sometiméyg, the LP displayed a power spectrum with strong peaks at|tie
triggering burst offset. Cycle-by-cycle, the bursting remaingeacemaker frequency and its harmonics (Fig). & he entropy | S
iregular (Fig. B). The corresponding Fourier spectrunof LP activity wasS = 5.1 bits. Forcing the pacemakers {03,
showed little structural change, apart from the addition of lockHrst more slowly caused the LP spectra to broaden and |g$s
peaks at the stimulus frequency and its multiples. The entropijucture (while retaining local peaks at the forcing frequer|&y
value wasS = 7.71 (Fig. E). and its harmonics; Fig. 8-D). When the pacemakers weres
In distinct contrast, hyperpolarizing pulses, mimicking inShut off, LP activity displayed a broadband spectrum (Fi9: 4| o
hibitory input, strongly affected burst timing and regularizefl® €ntropy increased ®= 7.9 bits. <
the pattern (Fig. €). Falling during the plateau, the hyperpo- To study effects on burst structure in LP, we analyzed {ife
larizing pulse could terminate the burst. Subsequently, thrStby-burst variability of voltage oscillations (Fig. 5). Then
neuron underwent a hyperpolarized phase (outlasting the pul\§% jance between voltage trajectories of individual bursts wgs

before it recovered to generate a new burst. Repetitions of tﬁPoupsuitr?guf[o;ot:?e% isr?pzluets E:E:C)o r.?ﬁg ;Ijrc]Jiﬁ?cCJ?nSicr)n ?r%lltjlr%nvésrip: ©

sequence produqed a nearly, but.not completely, periodic P8¢curred at the upswing of membrane potential preceding bprst
tern of bursts (Fig. €). The Fourier spectrum u.nderwent Bnset. Using this reference point (designatetims 0 m3, we
structural change: power was now concentrated in sharp peﬁﬁaned and superimposed the voltage traces of individual
located at the forcing frequency and its harmonics, and thgsts (Fig. 5left), and plotted the variance of trajectories ag a
entropy dropped t& = 3.46 (Fig. ). function of time elapsed during the average burst cycle (Fig| 5,
Extended time series, taken from a similar experiment, shqyght).
the regularization produced by pulses at different frequencieswith no circuit inputs (free-running activity, Fig.E5 volt-
(Fig. 3). The free-running neuron displayed typical, irregulaige traces converged before burst onset, remained correlate
bursting and high entropy (FigA3. At low frequency (0.4 Hz), during the first~500 ms of the burst, and then diverged agdin
depolarizing pulses produced little regularization and almo@ig. 5, lef). The variance declined exponentially as the
no reduction in entropy (Fig.B. At higher-frequency stimu- trajectories converged, jumped to a stable level for the inifial
lation (0.8 Hz), the bursting showed episodic coordinatiostage of the burst, and then increased exponentially during|the
with a small decrease in entropy; however, the behavior wdivergent tail (Fig. &, right small oscillations on the plateal
unstable (Fig. 8). Hyperpolarizing pulses produced longereflect correlated spike activity). This behavior resembles that
episodes of 1:1 and 1:2 coordination. Accordingly, burst patf a typical nonlinear dynamic system showing chaotic osgil-
terns were more regular and showed larger reductions in éations with some additive noise.
tropy (Fig. 3,D and E). Greater regularization occurred at Periodic inhibition introduced several changes (FicASD).
higher stimulus frequency. An intermediate stimulus freAt all frequencies, the inhibitory input terminated the precqd-
quency, 0.6 Hz, produced intermediate reductions in entrojmg burst, forcing a strong, early convergence of voltage tra-
for both pulse polarities (data not shown). jectories (with a corresponding drop in variance) before the
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FiG. 4. Control of irregular bursting by rhythmic synaptic inhibition: intracellular recordings and Fourier power spectra. In this
configuration, the only strong, phasic synaptic input to LP comes from the PD neurons, which are part of the pacemaker group
(subcircuit in Fig. A2). The rhythmic bursting of the pacemakers was altered by current injectionmé&eens). Left column
simultaneous intracellular recordings from L@ traceof each pair) and 1 PD neurobdttom traceexceptE, where PD is
omitted).Right column corresponding Fourier poweP( f )] spectra for LP membrane potential, evaluated from long time series.
The displayed frequency range encompasses the slower voltage oscillAtiap®ntaneous activity of subcircuit (no forcing of
PD). B: PD forced to burst at 1 HZ: PD forcing at 0.65 HzD: PD forcing at 0.4 HzE: free-running activity of LP when PD
bursting was shut off by deep hyperpolarization. Conditions: VD killed; PTX; no 4-AP; no offset current on LP.

initiation of a new burst on rebound. At the lowest inpubnset of divergence was slowed further, so that the burst

frequency (0.4 Hz), enough time elapsed between inputsremained relatively stable until terminated by the next ing
allow the tail of the burst to become unstable, although the riféig. 5C). As the input frequency increased, bursts were t
in variance was delayed and slowed (Fi®)5At 0.65 Hz, the minated sooner, before the strong divergence of trajecto
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lation, between bursts, of the initial sequence of spikes wa®G

also increased (Fig. 3 andB). This indicates a regularizing

effect on spike discharge.

DISCUSSION

periodic excitation was much less effective.

1988).

When the pyloric circuit of the STG is intact and activatgd
by modulatory input from the anterior ganglia, it generates a
regular, rhythmic pattern of activity in which the bursts of ifs
component neurons are tightly coordinated. Each compo
neuron expresses a particular set of burst-generating membran
properties. Its bursting activity in the intact circuit is a product

Our results show that irregular bursting in LP, a componeaf the interaction of these intrinsic burst properties and phdsic
neuron of the pyloric CPG, is subject to dynamic regulation kgynaptic inputs from other pyloric neurons (Harris-Warrick jet
rhythmic synaptic inhibition from the pyloric pacemaker cellal. 1992; Miller 1987). When circuit synaptic interactions afe
(PD/AB). The regularizing effect of periodic inhibition is fre-blocked or inactivated, each component neuron can continue tg
guency dependent within a range determined by the time schiest, but with different temporal properties. The AB neurpn
of the developing instability. This range overlaps the normgkenerates regular, rhythmic bursts; in all other pyloric neurgns,
burst frequencies of the presynaptic pacemakers. Interestindgilgwever, free-running bursts show irregularities (Bal et pl.

FIc. 5. Frequency-dependent effects of period
synaptic inhibition on waveform and variability of
bursts in LP (same experiment and data sets as
Fig. 4). Left column overlays of individual burst
trajectories.Right column variance between volt-
age traces of individual bursts. Columns show car-
responding time frames, measured relative to the
averaged burst trajectorylime 0 msmarks the
point of alignment. This was the point of minimun
variance (except irA, where aligned traces werg
shifted into register with the other rows). Negativ|
times show the hyperpolarized phase precedi
burst onset. IPA-D this phase is determined by 3
wave of inhibition from the presynaptic PD neu
rons. The PD burst (not shown) last800 ms and
ends at about-400 ms. Positive times show thg
evolution of the LP burst: open circles mark th
mean time of burst termination. Each variance pl
is calculated from a set 0f165 bursts, of which
the corresponding overlay shows a representat
sample -30% of the total).
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The free-running bursts of LP are produced by repetitivahibition from two main sources: the pyloric pacemaker group
plateau potentials of variable duration (Bal et al. 1988). Wand the PY neurons (FigAlL). Like LP, the PYs are inhibited
show that each burst actually begins with a similar slow wavwy the pacemakers; however, they rebound more slowly. When
of membrane potential and similar initial spike dischargé¢hey begin their delayed burst, they inhibit LP (Miller 1987)).
Subsequently, the plateau phase developed exponentially Their action further truncates the LP burst, but does not evpke
creasing variability. This instability could arise from intrinsidhe same, reliable hyperpolarization as subsequent, pacemnake
mechanisms, extrinsic influences, or both. We eliminatéaput. The PY pathway augments, but does not qualitatively
strong, phasic inputs, but could not exclude the possibility change, the stabilization produced by direct pacemaker inHibi-
residual electrotonic interactions with other pyloric neurons, ¢ion.
undetected, phasic synaptic interactions with interneurons fromReliable, phasic hyperpolarization may extend the staple
the anterior ganglia. However, known extrinsic factors (elephase of a subsequent LP burst by enhancing and regularigzing
trical coupling to some PY neurons, inputs from commissur#ie activation of burst-generating currents. In dynamic terms,
“P” interneurons) are weak or absent under our recordimgch periodic input forces the neuron into a similar, convergent
conditions (Bidaut 1980; Johnson et al. 1993); irregular, freeegion of its state space, thereby decreasing the subseduerjt
running burst patterns could occur without any obvious, stromtivergence of trajectories during burst evolution. The weaker
phasic inputs (e.g., Fig.Ej. Moreover, the variability in pla- regularizing action of periodic excitation (depolarizing input)
teau duration and spike pattern were strongly voltage depésnnow readily understood. Depolarizing pulses can trigger fhe
dent (Abarbanel et al. 1996; Bal et al. 1988). This suggest®aset of a new burst but do not stabilize its subsequent dejvel-
major (although not exclusive) contribution from intrinsimpment; they can terminate an ongoing burst, but this actiop is
mechanisms. How could cellular mechanisms produce irrequnreliable (Fig. 2 and data not shown). Neither effect allows
lar bursting? One possibility, indicated by modeling studider a stable cooperation with burst dynamics.

(e.g., Chay 1996; H. Abarbanel, M. Falcke, R. Huerta, and M. Regularization and dynamic stabilization must be dist{ns,
Rabinovich, unpublished data), is the generation of chaoticished from simple “interruption” or “entrainment.” Interrug-2
voltage activity by the interaction of membrane conductancéen of ongoing irregular activity should produce no change|i&
with slow intracellular calcium dynamics. the underlying slow dynamics. Entrainment refers to ph

Regardless of its underlying mechanisms, the complex, Iocking of one oscillator to another. This concept is difficult
regular voltage behavior of LP allows us to study the regulapply when the driven oscillator is irregular. Beyond pha
tory action exerted by phasic synaptic inputs. From a dynamacking, however, our analysis points to regularization of bg
perspective, the exponential changes in variance and the cslow oscillations and spike patterns. Regular output is by
vergent-divergent trajectories of membrane voltage suggest theans the inevitable result of periodic forcing of a nonling
presence of deterministic behavior (in addition to inevitablescillator (Dymirtiev and Kislov 1982; Ueda and Akamatg
noise). These dynamics contribute to the regularizing action b981).
rhythmic inputs.

Stabilization of bursting in oscillatory circuits

Dynamic control of irregular bursting by rhythmic inhibition L . .
We suggest that rhythmic inhibition stabilizes the irregu

Rhythmic synaptic inhibition, such as that provided by thleurst activity of LP by resetting the neuron to a reproducil
pyloric pacemaker neurons, produces frequency-dependeagion of its parameter space where essential, burst—generI

g.@p“-’uo Bi10" ABojoSASH 8l &od PAFEomIM

=

stabilization of irregular bursting in the LP. Regularizatiorcurrents undergo voltage-dependent activation or deinact
occurs through a sequence of eventy.At each cycle, tion with appropriate kinetics. Conceivably, other bursti
inhibitory input triggers active termination of the ongoingieurons may possess other combinations of ionic currents
burst and sets the neuron to a similar, hyperpolarized statiéferent properties, such that optimal resetting could occuy in
2) Subsequently, the neuron recovers to generate a ndepolarized voltage ranges. These cells would operate With
burst. The initial, stable phase of this burst is extended, adiferent dynamic rules.
the development of instability is slowed) At high enough Nevertheless, the effects described here may have spme
input frequencies, the stable phase extends to the arrivalgeineral relevance. Neurons of many oscillatory circuits posgess
the next inhibitory input. At low input frequencies, the LHow-threshold, inward currents that allow them to fire relativgly
neuron can develop instability during the interval betweestereotyped bursts of spikes following phasic inhibitign
inputs, and irregular oscillations occur. (Alonso and Llinas 1992; Getting 1989; Huguenard 1996;
Regularization therefore occurs within a dynamic timelinas 1988; Marder and Calabrese 1996). Plateau potentials
frame. In our experiments, rhythmic input reduced and stalgixtend the duration of burst firing in a variety of motor and
lized the variance between voltage trajectories for a perigéntral circuits (see Pearson and Ramirez 1992, for revigw).
lasting up to 1.3 s (Fig. 82 andD). This suggests that periodicRhythmic synaptic inhibition, arising from pacemaker-lie
inhibition can stabilize bursting at frequencie®.7 Hz, but (Gray and McCormick 1996) or network (Traub et al. 199F)
not much lower. In fact, stabilization began to fail-af.3—-0.4 activity, is an important element in the oscillatory activity
Hz. The normal burst frequency of the pacemakers (and of thertebrate brains (Buzsaki and Chrobak 1995). Inhibitory |n-
pyloric CPG as whole) ranges from0.5 to 2 Hz (Miller and terconnections also predominate in CPGs, where they are|im-
Selverston 1979), encompassing the time frame for effectipbicated in rhythmogenesis and phasing (Arshavsky et al. 1993;
stabilization. Getting 1989; Harris-Warrick et al. 1992; Marder and Cala-
We worked with a simplified subcircuit of the pyloric CPGbrese 1996; Selverston and Moulins 1985). Our results sugpes
(Fig. 1A2). In the intact circuit, LP neuron receives phasithat a neuron with irregular plateau potentials will experierjce
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