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Bursting is a dynamic state where a
neuron repeatedly fires discrete gro
or bursts of spikes. Each such burst
followed by a period of quiescence
before the next burst occurs. A burs
of two spikes is called doublet, of
three spikes is calledteplet, four -
quadruplet, etc. Neuronal bursting ce
play important roles in communicatit
between neurons. In particular,
bursting neurons are important for
motor pattern generation and
synchronization.
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Figure 1: Modified from Izhikevich (2007) with perssion. Data were
provided by D. McCormick (CH cell), C.L. Cos andvs Sherman (TC cell),
G. Stuart and M. Kole (IB cell), and C. Del Negpod-Bot cell).

Almost every neuron can burst if stimulated or mpatated pharmacologically. Many burst autonomousig to
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the interplay of fast ionic currents responsibledpiking activity and slower currents that modeltite activity.
Below is the list of the more "famous" bursting rans.

= Neocortex

« |IB: Intrinsically bursting neurons, if stimulatedtiva long pulse ofic current, fire an initial burst
spikes followed by shorter bursts, and then topikes (Connors and Gutnick 1990). These are
predominantly pyramidal neurons in layer 5.

« CH: Chattering neurons can fire high-frequency tsuo$ 3-5 spikes witta relatively short interbuti
period (Gray and McCormick 1996). Some call thest faythmic bursting (FRB) cells. These are
pyramidal neurons in layer 2-4, mainly layer 3.

« Interneurons: Some cortical interneurons exhibisbing activity in response to pulses of dc current
(Markram et al. 2004).

« Hippocampus

« LTB: Low-threshold bursters fire high-frequency $igrin response to injected pulses of current.
Some of these neurons burst spontaneously (SuzQ@l). These are pyramidal neurons in CAl
region.

« HTB: High-threshold bursters fire bursters only@sponse to strong long pulses of current.

« Thalamus

« TC: Thalamocortical neurons can fire bursts if biteid and then released from inhibition. This
rebound burst is often called@w-threshold spike. Some fire bursts spontaneously in response to
tonic inhibition.

« RTN: Reticular thalamic nucleus inhibitory neurdresse bursting properties similar to those of TC
cells.

« Cerebellum

« PC: Purkinje cells in cerebellar slices usuallg tionically but when synaptic input is blocked they

can switch to a trimodal pattern which includesuesbing phase (Womack and Khodakhah 2002).

= Other interburst period interspik
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Respiratory neurons in pre-Botzinger complex firgtlhmic bursts that control animal respiration
cycle.

« MesV: Some Mesencephalic V neurons in brainstem finayhythmic bursts when slightly
depolarized above the threshold.

= AB: Anterior bursting neuron in lobster stomatogasganglion fires rhythmic bursts
autonomously.

« R15: Aplysia abdominal ganglion neuron R15 fireoaomous rhythmic bursts.

« B-cell: Pancreati@-cells fire rhythmic bursts that control the seicnetof insulin.

duty cycle =

Sometimes the termursting is used in reference to the bursting pacemakampial itself and not just the burst
of spikes. So, in the literature, one might seerexices to bursts in the presence of TTX. Theralateexamples
of one spike bursts such as in the CPGs for swirgrmirClione and in Xenopus tadpoles.

Detection of Bursts
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It is relatively easy to identify bursts in respens simple stimuli, such as dc steps or sine waas=ecially if
recording intracellularly from a quiet in vitro &li. The bursts fully evolve and the hallmarks akbvesponses
are clear. However, responses to sensory stimeilofien comprised of doublets or triplets embeddespike
trains. Furthermore, these responses are usuallyded extracellularly so the experimenter doeshawe access
to the membrane potential fluctuations that arécati/e of bursting. Thus, it is difficult to disiuish burst
responses from random multispike events.

[ absolute
refractory )
= petiod rEl-EIl?igEE refractory
regular spiking (RS) neocortical neuron :BIJ g
NI B AN I {]__M.M.._,__
& 20 40 &0 BO 1040
100 ms ki doubl
. — ursts {doublets)
intrinsically bursting {IB) neoacortical neuron 8|
HWEEEE e o eI

0 20 40 60 B0 100
inter-spike intervals (ms)

Figure 2: Interspike interval histograms of two rabdeurons with simulated strong in vivo input

The statistical analysis of spike trains addrefisisgproblem. Bimodal inter-spike interval (I$l)jstograms can t
indicative of burst responses. The rationale i$ shart ISIs occur more frequently when inducedbyst
dynamics than would occur if predicted by Poisddnd. Burst spikes with short ISIs form the firebde while
guiescent periods correspond to the longer ISte@Becond mode. This is true for intrinsic or éat¢stimulus
driven and network-induced) bursting. Furthermdhe,trough between the two modes may correspotiteto
refractory period of an intrinsic burst or the tgnale of the network-induced bursting (Doiron e2803). This
method defines a criterion for burst identificat&mthat further analysis and experimentation egerchine the
mechanism and function of the bursts. See Holk g{1®96) and Bastian and Nguyenkim (2001) foeafkr
analysis into burst detection from stochastic spil.

Burstsasa Unit of Neuronal Information
There are many hypotheses on the importance ofibgractivity in neural computation.

« Burstsaremorereliable than single spikes in evoking responses in postsynaptic cells. Inderditatory
post-synaptic potentials (EPSP) from each spileeburst add up and may result in a superthreshe®Fe

» Burstsovercome synaptic transmission failure. Indeed, postsynaptic responses to a single papsgn
spike may fail (release does not occur), howeveedponse to a bombardment of spikes, i.e., a,burst
synaptic release is more likely (Lisman 1997).

» Burstsfacilitate transmitter release whereas single spikes do not (Lisman 1997). Indaeynapse with
strong short-term facilitation would be insensitteesingle spikes or even short bursts, but néarniger
bursts. Each spike in the longer burst facilitdbessynapse so the effect of thst few spikes may be qu
strong.

» Burstsevokelong-term potentiation and hence affect synaptic plastiaityich greater, or differently th
single spikes (Lisman 199
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» Burstshave higher signal-to-noise ratio than single spikes (Sherman 2001). Indeed, burst threshold is
higher than spike threshold, i.e., generation eftsurequires stronger inputs.

= Burstscan be used for selective communication if the postsynaptic cells have subthreshold csailhs
of membrane potential. Such cells are sensititbddrequency content of the input. Some burstsnate
with oscillations and elicit a response, othersdf depending on the interburst frequency (Izhikeet
al. 2003).

» Burstscan resonate with short-term synaptic plasticity making a synapse a band-pass filter (Izhikevich
et al. 2003). A synapse having short-term facibtatind depression is most sensitive to a burdghgav
certain resonant interspike frequency. Such a lmwgites just enough facilitation, but not too much
synaptic depression, so its effect on the postdinggrget is maximal.

« Burstsencode different features of sensory input than single spikes (Gabbianl.et306, Oswald et al.
2004). For example, neurons in the electrosensaeydl-line lobe (ELL) of weakly electric fish fire
network induced-bursts in response to communicatignals and single spikes in response to preyatgn
(Doiron et al. 2003). In the thalamus of the vissydtem bursts from pyramidal neurons encode stimul
that inhibit the neuron for a period of time andrnrapidly excite the neuron (Lesica and Stan€lQ42.
Natural scenes are often composed of such events.

= Burstshave moreinformational content than single spikes when analyzed as unitary events (Reinagel
et al. 1999). This information may be encoded thtoburst duration or in the fine temporal struetaf
interspike intervals within a burst.

In summary, burst input is more likely to haverasgier impact on the postsynaptic cell than sisgike input,
so some believe thaursts are all-or-none events, wher eas single spikes may be noise.

lonic M echanisms
Forced bursting

Most spiking neurons can bur

if stimulated with a current the

slowly drives thg_neuron aboy responsa
and below the firing threshold r"-——

Such a current could be

injected via an electrode or

generated by the synaptic inp Figure 3: Forced burstmg in response to |njec|t¢xdm
Below are some examples of

forced bursters.

IH

= RA neurons in the songbird burst in response teedriom HVC neurons. The bursting arises as a resul
either network dynamics within RA or is inheritedhh HVC (see review by Fee et al. 2004).

« Network induced bursts of electric fish (Doirora&t2003). Here bursting arises because periodic
inhibitory inputs reduce firing and create intessaf quiescence.

« Electroreceptor afferents in paddlefish. Burstiegus because of a pre-filtering of broadband ststit
stimuli that drives the receptors. The receptorasiyits can be modeled as a simple excitable system a
the slow noise (filtered) pushes the neuron intdopks of rapid firing and into periods of quiescenc
(Neiman and Russell, 2002).

Intrinsic bursting
Many neurons have slow intrinsic membrane currdrgscan modulate fast spiking activity. Typicallye
currents build up during continuous spiking, hymdapize the cell and result in the terminationtad spike train.

While the cell is quiescent, the currents slowlgale the cell recovers, and it is ready to firethapburst.

Much experimental research is aimed at identifghgse slow currents, so that bursting can be méatgal To
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produce an inhibitory effect, i.e., to stop thedtuspiking activity should either

« activate (turn on) an outward current, e.g., ptﬁratsK* current, or
« inactivate (turn off) an inward current, e.g., semt C&* current.

Such action can be either Examples of currentsthat modulate spiking

. Vvoltage-gated or |vo|tage-gated ||Ca2+—gated |
. C&*-gated. [activation of outward [[M-current  ||AHP-current |

inactivation of inward||C&* T-curreni{|{C&* L-curren

Hence there are at least four different theoretical
mechanisms of modulation of spiking; see table.

All four mechanisms have been documented in viEay.example,
neocortical pyramidal neurons exhibiting chatteratjvity have

voltage-gated K M-current (Wang 1999). Midbrain dopaminerg
neurons have Ga-gated K current K~o (Amini et al. 1999). In
both cases, continuous spiking activates the outkArcurrents
and results in burst termination. Thalamic relayroas have

voltage-gated CH T-current (Huguenard and McCormick 1992
Anterior bursting (AB) neurons in lobster stomatsigia ganglion 500 pA

have C&*-gated C&*-current, called L-current (Harris-Warrick — —
and Flamm 1987). In both cases, continuous spikiagtivates the e decreasing 1515 20 mV
inward C&* currents and also results in burst terminationnyvla 100 ms
neurons have a mixture of mechanisms describdukitable. In al

these cases, the interspike intervals within thwstlda typically

increasing.

& Increasing ISls

In addition, bursting can result from te@matic-dendritic

interplay: Somatic spike excites dendritic tree resulting in 500 pA
delayed spike there. Dendritic spike depolarizessttma and — ' : . :
evokes another somatic spike, which results interatendritic F'%&ig;@“&?ﬁg&fg i‘;]"t'g;v'gl‘;r?f‘;')r_‘g pr
spike, and so forth. The interspike intervals @ urst is typically Modified from Izhikevich (2007) with
decreasing up to the point when a somatic spike falls int® th permission.

refractory period of the dendritic spike, failse@oke dendritic

response, and stops the burst (Doiron et al. 2002).

Mathematical M echanisms
Different ionic mechanisms of bursting may resnldifferent mathematicahechanisms, which in turn determ
the neuro-computational properties of bursters, hew they respond to the input. Therefore, mdbtdrieis

devoted to study and classify the dynamics of ingsts reviewed in detail by Coombes and Bres$Rif05)
and Izhikevich (2007).

Most mathematical models of bursters can be writighe fast-slow form

= flz,y) (fast spiking)
y=pg(r,y) (slow modulation)

where vector describes the state of the fast stésyresponsible for spiking activity, vecyr  déses the
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state of the slow subsystem that modulates spil figndg are some Hodgkin-Huxley-type functions, and
1 <=1 js the ratio of time scales.

Dissection of neuronal bursting

A standard method of analysis of fast-slow burs@ssvell as of any singularly perturbed systeny iset
=0 and consider the fast and the slow subsystemsagepa This is known adissection of neuronal
bursting (Rinzel 1985), since it allows us to sttty fast subsystem

i=flz,y)

and treay as a vector of slowly changing bifucratharameters. Typically, the fast subsystem Hasitcycle
(spiking) attractor for some valuesyf  and an idguiiim (resting) attractor for other valuesyf s the slow
variable oscillates between the two values, thedalssystem, and hence the whole system, burst.

Slow-wave bur sting

What makes the slow variable oscillate? In the sstcase, the slow subsysty = uglz, y) rhaye a limi
cycle attractor, which is relatively insensitiveth® value of the fast variable. In this case,sllog variable
exhibits an autonomous oscillation that periodicdlives the fast subsystem over the thresholdh @uoursting
is calledslow-wave bursting. The slow subsystem must be at leastdim®@nsional to exhibit slow-wave
bursting.

Slow-wave bursting in conductance-based modelsuslly more interesting than the simplest caseritest
above. In such models, the slow subsystem oftesistsnof activation and inactivatigates of slow currents. F
example.y = (1,k) with

1= (Teo (V) — 1) /T V)

h=(healV) = k) /7 (V) .
Obviously, such a slow subsystem is uncoupledtigrfxed value of the fast variable, i.e., in th@tage clamp (
V' = const). Yet, it can still have a limit cycle attractditihe fast variable is allowed to evolve, i.e., the
membrane potenti:}V" is allowed to spike.

Hysteresis-loop bursting .,\‘
activation of outward currents
inactivation of imward cuments

When the equilibrium and limit cycl
attractors of the fast subsystem co-
exits for the same value ¥ , there
a bistability of resting and spiking
states. This creates a hysteresis lo
for the slow variable and such a

bursting is calledhyster esis-loop e e e (S
bursting. The slow variably  may v .

be c.)ne_—dlmensmnal In th's case, Figure 5: Hysteresis-loop bursting (modified fraohikevich (2007) with
oscillating between resting and permissions).

spiking values via the hysteresis

loop.
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When the fast variablz s in the spiking state,slow variable, governed by the equaiy = pglz, v) , IS
pushed toward the region of quiescence (restightwiard in the figure), and spiking abruptly stop#hen the
fast variable is quiescent, the slow variable ishmd toward the region of spiking (leftward in figaire) and
after a while spiking abruptly starts. These traoiss from spiking to resting and back correspantifurcations
of the fast subsystem.

Topological Classification

At first glance,

bifurcations of limit cycles

all bursters
look the same
clusters of “WMM —> sadldle-nlnde saddle supercritical fplfl
spi . on invariant homoclinic Andronov- limit

pikes ~ ircle otbit Hopf cle
separated by ¥ o cire ¥
Ion_g periods of
quiescence. A saddle-node fold/ fold/ fold/ fold/
closer look (fold) circle homoclinic Hopf fold cycle
reveals that -
b_ursters may b _E
dlﬁergnt . = 53‘3!‘3"3"?“‘15 circle/ circle/ circle/ circle/
quantitatively, g | onimnvanant circle homoclinic Hopf fold cycle
but are they 5 circle
different ©
qualitaively? g | Supereritical Hopf Hopf Hopt/ Hopf

o - i ini fold cycle
Bursters are {'53 Hopf circle homodiinic Hopt “
distinguished 5
litativel N

qualitatively subcritical PR subHopf subHopf/ subHapt!
according to Andronov- ircl homodlinic Honf SR
their Hopf circle p Y
topological

type. There are
two important
bifurcations of
the fast
subsystem that determine the topological type:

Figure 6: Topological classification of fast-slowrbters having two-dimensional fast (spiking)
subsystem. Reproduced from Izhikevich (2007) wangission.

= restingto spiking: Bifurcation of a stable equilibrium (resting) thrasults in the transition to limit cycle
attractor (spiking).

» spiking toresting: Bifurcation of a limit cycle attractor that resuin the transition to the equilibrium
(resting).

There are only 4 possible bifurcations of co-diniemd of equilibrium, depicted in the first colurimthe figure.
If the fast subsystem is two-dimensional, thendlae only 4 possible bifurcations of co-dimensiaf a limit
cycle attractor, depicted in the first row of thguire. Hence, there are 16 different combinatioesulting in 16
different topological types of fast-slow burstergha2-dimensional fast subsystems. They are narfitedthe
bifurcations involved.

The classification of bursters according to theitwations of the fast subsystem was first suggdsgeginzel
(1987), who identified three types presented belowas later extended by Bertram et al. (1995)p witluded
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another type. Izhikevich (2000) provided the cortgldassification, identifying all 16 topologicgies in the
figure, and 120 all possible types if the constréiat the fast subsystem is two-dimensional isoveed. Burst
mechanisms can also be classified via unfolding loigher co-dimension bifurcation of the fast sigbesm
(Golubitsky et al. 2001).

Fold/homoclinic

Probably the most frequent type o
bursting encountered in simulation
is the fold/homoclinic type, also
known assquar e-wave bursting,
because the burst profile sometim
looks like a square. While the slow
variable moves to the left along thi
lower (resting) branch in the 3D
phase portrait in the figure, the fast
subsystem undergoes fold (saddle-node off limiteyifurcation resulting in the transition fronmstimg to
spiking. As it spikes, the slow variable moveshe tight along the cylinder corresponding to spikdtate, the
fast subsystem undergoes saddle homoclinic orhitdzition resulting in the transition from spikitmresting.
The slow variable starts to move to the left agtiareby closing the hysteresis loop.

This type of bursting has been reported in manig @ld cell models, including pancrediicells, cells in the
pre-Botzinger complex, intrinsically bursting artthttering neurons in neocortex.

Circlelcircle

This type of bursting is a prominent feature of R&ls in the abdominal ganglion of the mollusk ygi. It was
calledparabolic because the frequency profile within a burst loidies a parabola. The transition from spiking to
resting and back to spiking of the fast subsysteours via saddle-node on invariant circle bifur@atiThe slow
subsystem of circle/circle bursters is usually (it necessary) two-dimensional or higher exhigitim
autonomous slow-wave oscillation that drives peadaltly the fast subsystem over the threshold.

SubHopf/fold cycle

subenbcal
Andronov-Hopf
| bafurcation

This type of bursting is also
calleddliptic because the
amplitude profile of the burs
sometimes looks like an
ellipse. A three-dimensiona
phase portrait of the burstel
is depicted in the figure fror
two different points of view.
While the fast subsystem
exhibits spiking oscillations
(the outer cylinder), the slow
variable moves to the left and the spiking stosfold limit cycle bifurcation. While the fast syls¢em is
resting, the slow variable moves along the centerta the right and the spiking starts via suliaitAndronov-
Hopf bifurcation, thereby closing the hysteresigpo

)
fold limit
cyele bifurcation

Figure 8: SubHopf/fold cycle bursting.

This type of bursting has been reported in rodégeéminal interneurongjorsal root ganglion, and mesencept
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V cells of the brainstem.

Neur o-computational Properties

Mathematical studies of bursters revealed thaedsfit topological types have different neuro-corapanal
properties (Izhikevich 2007):

= Bursters that involve Andronov-Hopf bifurcation (pftr and subHopf/*) act as resonators, i.e., they a
sensitive to the frequency content of the synappat. In contrast, the other types (fold/* ancctaf*) act
as integrators.

« Bursters that involve fold, subcritical Andronov{fpsaddle homaclinic orbit, and fold limit cycle
bifurcations have co-existence of resting and sgpgjldtates, and hence have a bistable or Multistable
dynamics. An appropriately timed input can switcindbing activity from spiking to quiescence andkac
The input does not even have to be excitatory.

« Different topological types of bursters have difier synchronization properties. Some tend to syorihe
in-phase, others tend to de-synchronize.

Open Problems

= The complete classification of all electrophysiatad types of bursters is still missing.

« There is no methodology of how to distinguish diffet topological types experimentally.

= The relationship between electrophysiology of d@edl the topological type of its bursting is nairked
out.

« Itis not fully understood how synchronization pedjes of bursters depend on their topological $ype

= There is no complete classification of all posstbéasitions between rhythmic bursting and tonikisg,
and rhythmic bursting and total quiescence. Thatiet are the bifurcation mechanisms of appearance
and disappearance of bursting oscillations? (sseRbutes into Bursting).

« Mathematical theory suitable to study bursting\aigtiis not fully developed yet. Most asymptotic
methods break down when transitions between ligttes are considered.

Development of early dynamical systems theory wflaénced by the studies of oscillators. It is mable to
expect that the next major developments of thertheould be coming from studies of bursting dynasnic
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