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Abstract

Limit cycle oscillators that are coupled in a pulsatile manner are referred to as pulse coupled
oscillators. In these oscillators, the interactions take the form of brief pulses such that the effect of
one input dies out before the next is received. A phase resetting curve (PRC) keeps track of how
much an input advances or delays the next spike in an oscillatory neuron depending upon where in
the cycle the input is applied. PRCs can be used to predict phase locking in networks of pulse
coupled oscillators. In some studies of pulse coupled oscillators, a specific form is assumed for the
interactions between oscillators, but a more general approach is to formulate the problem
assuming a PRC that is generated using a perturbation that approximates the input received in the
real biological network. In general, this approach requires that circuit architecture and a specific
firing pattern be assumed. This allows the construction of discrete maps from one event to the
next. The fixed points of these maps correspond to periodic firing modes and are easier to locate
and analyze for stability compared to locating and analyzing periodic modes in the original
network directly. Alternatively, maps based on the PRC have been constructed that do not
presuppose a firing order. Specific circuits that have been analyzed under the assumption of
pulsatile coupling include one to one lockings in a periodically forced oscillator or an oscillator
forced at a fixed delay after a threshold event, two bidirectionally coupled oscillators with and
without delays, a unidirectional N-ring of oscillators, and N all-to-all networks.
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INTRODUCTION

I.1 Scope

The study of synchronization and phase locking in networks of coupled oscillators was
pioneered by Kuramoto ([1]), Winfree ([2]), Glass and Mackey ([39]) and Pavlidis ([68]). In
this article, we review the literature on pulse coupled oscillators. In contrast to diffusive
coupling which is always active, the duration of the interactions between pulse coupled
oscillators is so brief compared to the network period as to render the coupling effectively
pulsatile. The coupling between neurons that communicate via chemical synapses is an

© 2010 Elsevier Inc. All rights reserved.

Corresponding Author: Srisairam Achuthan, Neuroscience Center, 2020 Gravier St., Suite D, New Orleans LA 70112,
sachut@Isuhsc.edu, 504-599-0915 phone, 504-568-5801 fax.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Canavier and Achuthan Page 2

example of pulsatile coupling, as is the coupling between fireflies that emit brief regular
light flashes, for example. The usual approach to studying pulse coupled oscillators is to
construct a map by strobing the system ([3]) that is, sampling it just before and just after
each pulse. A return map can be constructed from the phases just after a pulse to the phases
just after the next pulse. We first describe a very general nonlinear map that is difficult to
analyze, and use this map to show that in principle, any firing pattern exhibited by a pulse
coupled network can be exhibited by the map using only the phase resetting curve (PRC).
We then describe a different class of maps, in which a particular firing pattern is assumed,
which allows the linearization of the map about the presumed fixed point and the
determination of the stability of this fixed point, if it indeed exists. We presume a neural
context and refer to the oscillators as neurons, but the analysis is general and applies to any
type of pulse coupled oscillator.

I. 2 Definition of the PRC for pulse coupling

There are two general approaches that we review here. One mathematical approach is to
assume a form for the oscillator and for the nature of the pulsatile coupling in such a way
that implicitly defines a PRC ([3]-[6]). Another, more biological, approach is to leave the
form of the PRC unspecified, but to assume that it describes the response of an oscillator to
the input that it will receive in the network. In section V.5 we conclude that the latter
approach includes the former as a special case.

For applications with pulsatile coupling, the relevant PRC is either estimated or generated
(see Fig. 1) directly with the input stimulus waveform that each neuron in the network
receives ([7]-[11]). The PRC can be measured in an open loop configuration (see Fig. 1A)
such that it receives input from the neuron(s) that will be pre-synaptic to it in the closed loop
network configuration, but is isolated in that it does not affect the driving pre-synaptic
neuron. The advantage of this approach is that it can be applied to real oscillators for which
the governing differential equations are unknown. In the example shown (the PRC protocol
in Fig.1B), this input is the synaptic conductance waveform (lower trace Fig. 1B) that results
from an action potential in the pre-synaptic neuron, such that the PRC is equivalent to the
spike time response curve - STRC ([12], [13]). Although spiking neurons are used in this
illustration, the same procedure applies to bursting neurons except that burst onset rather
than spike onset is assigned a phase of zero, and the perturbation in conductance results
from a pre-synaptic burst rather than a single action potential. In the open loop condition
(i.e. when there is only a single unidirectional coupling) the phase at which a stimulus is
received is ¢= ts/To, where Ty is the intrinsic period and ts is the time between the last action
potential in the model neuron for which the PRC is being generated and the action potential
initiation in the pre-synatic model neuron. The normalized change in the length of the cycle
containing the perturbation and the one following it are called the first order phase resetting,
f1(¢)=(T1 — Tp)/To, and second order phase resetting, fo(¢)=(To — Tg)/ T, respectively. Ty is
the length of the cycle containing the perturbation and T» is the length of the subsequent
cycle (see Fig. 1C). Plotting the resetting with this convention, often used by biologists,
causes a delay to be positive and an advance negative, in contrast to the opposite convention
often used by mathematicians. The permanent resetting, meaning the phase shift that
remains after all transients due to the perturbation have dissipated is the sum of the resetting
on all cycles subsequent to the perturbation, has been used in some contexts ([2], [39], [66]),
but here we treat the effect on each cycle following the perturbation separately. Fig. 1D
shows the PRCs for two conductance values, one of which is twice the first. Clearly,
doubling the strength of the perturbation does not double the resetting observed at all phases,
so the dependence of the resetting on the strength of perturbation is nonlinear, in contrast to
the linearity assumed by the weak coupling approach described in section IV.5.
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I.3 Motivation

Much previous work on applications of PRC was dominated by a need to study entrainment
by an external periodic stimulus ([2], [39]), motivated by applications such as the pacing of
abnormal cardiac rhythms by applying appropriate perturbations, neural stimulation of
respiratory oscillators, and the entrainment of circadian oscillators (clocks) by light stimuli.
Here we address periodic forcing in 111.1.1, but the remainder of the article deals with the
self-organization of networks of oscillatory neurons. The problem of studying pulse coupled
oscillators in a neural context can be subdivided into two parts. Here, we will address one
part; how the PRCs of the component neurons in a network determine what patterns of
network activity will be produced. The second part of the problem is how the individual
ionic and synaptic currents lead to a particular PRC ([73], [74], [76] and [84]) and is not
addressed here. However, combining these two parts would eventually allow for a thorough
understanding of how pharmacological targeting of biophysical parameters such as
conductances in particular neurons would affect the overall network activity.

To date, the neural applications of the PRC based theory of pulse coupled oscillators are not
yet mature in that they have not yet been widely applied to obtain useful insights into
cognition, motor behavior or disease. The potential is huge however. Phase resetting theory
has been applied to attempt to desynchronize the pacemakers underlying Parkinsonian
tremor ([77]). Phase resetting theory has also been applied to the study of desynchronization
in a model of epilepsy ([78]). Furthermore, it is likely that phase resetting can be applied to
understand the physiology of cognition and movement. Phase resetting of 7-16 Hz
oscillations in human neocortex ([79]) has been proposed to underlie human working
memory. Phase resetting in the inferior olive nucleus has been proposed as a mechanism for
motor error correction ([80]). Phase resetting theory can be applied to understanding spinal
pattern generators for rhythm and locomotion, and for the synchronization that gives rise to
measurable EEG signals in many frequency bands such as theta, alpha, beta, and gamma
([37]). The impact of the theory of pulse coupled oscillators on neuroscience has yet to
manifest itself fully, but there is certainly the potential for both great advances in the
understanding of cognitive function and for therapeutic breakthroughs of clinical relevance.

Il Map with no predetermined firing order (NPFO)

I1.1 How is the nonlinear iterative map defined ?

The key feature of this type of map is that it has no predetermined firing order. The NPFO
map can be conceptualized ([8]) as a modified Winfree ([2]) model,

dg;/dt=wj — f1jk[mj(¢;[ny]) 6 ([my]) — Dajrmii (Bl my — 1) 6 ([#5=01) (1)

where m; is the mt input received by neuron j, ¢j is the phase of the j" neuron and fgjk is the
gt order resetting produced in neuron j by any subset k[m;] of simultaneously arriving
pulses from other spiking neurons. In between pulses, the phase of each neuron increases at
a rate determined by its intrinsic frequency oj. When a phase of one is reached a pulse is
emitted and the phase is reset to zero. The first order resetting is applied at the time t[m;] the
pulse is received by neuron j. The time that the pulse arrives in a system with no delay is the
time when the subset k spikes, that is when the phase reaches one (¢ =1) for each neuron in
the spiking subset. A conduction delay may be added to the spike time to determine the
arrival time of each pulse. For a rigorous implementation of pulsatile coupling, the effect of
one input is assumed to die out before the next one is received, therefore the second order
resetting due to any input is assumed to be negligible if another input is received before the
receiving neuron fires again (but see section 11.3). When neuron j fires and ¢; is reset to zero,
the second order resetting from the most recent input is added.
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The implementation of this conceptual map is highly nonlinear. One nonlinear step involves
polling the neurons to determine which neuron or neurons will fire next since no a priori
assumptions are made about the order in which neurons will fire, or if they will fire at all.
The other nonlinearity is that the rules by which the phases are updated at each event depend
upon the neuron that fires (emits a pulse) during an event, and on whether it receives an
input during the event. Here we index the nt pulse emission in the system, and we also
index the arrival of the pulse as m; depending upon which neuron received the pulse. The
same event may be received by multiple neurons, so the indexing scheme is as uncontrained
as the firing order. For simplicity we will describe a map with no delays here.

The connectivity matrix for a network of N neurons is an N by N matrix W in which the
element w[i,j] is 1 if the it neuron sends a pulse to the j oscillator and 0 otherwise. A gt
order PRC fgjk must be known in the jth oscillator for the combined pulses from every
possible subset Cj of the set of oscillators C; for which w[i,j] = 1 since we do not assume
that the phase resetting due to the pulses sums linearly. Thus the map becomes very complex
unless we assume either identical oscillators or a small number of oscillators or sparse
connectivity.

To start the map iterations, we arbitrarily initialize all phases ¢;[0] and the saved second
order resetting fojx (¢;[0]) for each oscillator at event zero (not necessarily a spiking event,
although all subsequent events in this version are with no conduction delays). ¢;[n] is the
phase of oscillator j after all the effects of the previous pulse were added, where n refers to
the nt" cycle number. The map equations below then determine which neuron (s) will spike
next based on how long it will take for the current phase to reach one given the intrinsic
period of each neuron (P;). All oscillators that emit a pulse at event n are members of S[n]
and all oscillators that receive a pulse from at least one of the members of S[n] are a member
of set R[n]. The set Cjx [n] of neurons in S[n] that send pulses to neuron j in R[n] at each
spiking event n allows us to index jk[n] for each event and for each oscillator in order to
access the correct PRCs.

IfPj (1 - ¢j[n])= ?lllin\”{l’u (1 = @u[n])} then j € S[n] else j ¢ S[n]
ueil,....2

If > wli,j]2 1 thenj e R[n]elsej ¢ R[n]
1€S[n]

fori e S[n] and j € R[n] if w[i,j]=1, theni € Cj [n] else i ¢ Cj [n]

=0 — Djkimj-17(¢[m; — 1]) ifj € S[nl,j ¢ R[n]
=0 — Djk(mj-17(¢j[my — 1]) — fijepn)(¢j[n]+(t[n+1] — t[n])/P;) if j € S[n],j € R[n]

=¢;[n]+(t[n+1] — t[n])/P; — f1jx(n)(#;[n]+(t[n+1] — [ n])/Pj) ifj ¢ S[nl,j € R[n]
=¢;[n]+(t[n+1] — t[n])/P; ifj ¢ S[n],j ¢ R[n]

where t[n+1] —t[n] = min { P; (1 - ¢;j[n])} over all j where Pj is the intrinsic period of neuron
J-
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Note that m; refers to the same event as n, but m;—1 does not necessarily refer to the same
event as n—1. The second order resetting terms are only nonzero if they do refer to the same
event. There are four ways in which the phase can be updated. All phases are advanced from
just after pulse n to just before pulse n by (t[n+1] — t[n])/ Pj and if an oscillator neither emits
nor receives a pulse at this event, it is only updated by this amount. In the case that the
oscillator emits a pulse in this event, the advancement of the phase causes the phase to reach
1 and be reset to zero, then the stored second order resetting from the last event in the
previous cycle is subtracted. In the case that the oscillator receives a pulse in this event, then
the first order resetting from the last event in the previous cycle is subtracted after the phase
is advanced. Finally, if an oscillator both emits and receives a pulse, then both first and
second order resetting will be subtracted.

If delays are considered, pulse emission and the receipt of a pulse occur at different times,
such that there are two classes of events. The difference is in how the time to the next event
is computed; it must now be computed regardless of whether the next event is the emission
of a pulse or the receipt of a pulse. All phases must be updated to the next event, and then
the first order resetting is added to the phase for pulse receipt events and the second order
for pulse emission events. In this case, t[n+1] — t[n] = min {P; (1 — ;[n]), e[q,i] + =[i.j] -
t[n]} over all j and q. Here, n refers to either pulse emission or receipt, e[q,i] refers to pulse
emission for pulses indexed by g from each neuron i that has not reached all neurons j for
which wli,j] = 1, that is e[q,i] + [i,j] > t[n], where 1[i,j] is the conduction delay from a pulse
emitted by neuron i until its receipt at neuron j.

Set membership is now defined as

Ift[n+1]=P; (1 - ¢;[n])= ﬂlinNJ{PIJ (1 —¢y[n])} thenje S[n]elsej ¢ S[n]
uell,...,

If t{n+1]=e[q, i]+7[i,j] — t[n] and Z w[i,j]=1 then j € R[n] else j € R[n]

If e[q.i]+7[i, jl~t[n]=min { P; (1-¢;[n]), e[ q,i]+7[i,jI-t[n]},j € R[n] and w[i, j]=1,

thenie Ci [n] elsei ¢ Ci [n].

Otherwise the map is the same. The problem with analyzing either map is that, on each
iteration, the rules for updating the phase of each oscillator can change between four
possible variants. This same complexity endows the map with the ability to capture the full
richness of the oscillatory solutions that a noiseless pulse coupled system can exhibit, under
the conditions that full information regarding network connectivity and phase resetting is
available and that all assumptions underlying the map are met. The map is a reduction of the
full dynamics of a system to an ideal pulse coupled system. Both model neurons and real
neurons can be reduced to the map using the PRC as described in 1.2, under the conditions
described above. The full systems are only approximately pulsatile; therefore discrepancies
between the output of the map and that of the full system are usually caused by a failure of
the strict pulsatile coupling assumption in the full system, as described below (see 11.3).
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[I.2 Computational results for networks of two and four neurons using the NPFO map

Figure 2 illustrates how the map described in the previous section is able to reproduce very
complex patterns of activity using only the phase resetting curves and the intrinsic periods of
the component neurons. Networks of Wang and Buzsaki model neurons ([14]) coupled with
reciprocal inhibition between all neurons were used to test the map above. No conduction
delays were considered, and the connectivity matrix is one everywhere except on the
diagonal where i=j because autapses were not considered. Figure 2A and 2B were adapted
from Figs. 8 C and 8D of ([15]) and illustrates the case for two neurons as the difference in
intrinsic frequency between the two neurons is increased by applying different levels of bias
current (g on the x-axis) to each model neuron. In a two neuron system, each neuron only
receives input from one other neuron, so the receipt of multiple simultaneous inputs is not
possible, which greatly simplifies the map. For clarity, only a subset of the intervals t[n+1] -
t[n] are plotted such that the (n+1)t event was a spike in a one specific oscillator and not in
the partner neuron. The transients after initializing the map were allowed to die out. A
steady mode was achieved if increasing the number of events did not increase the distinct
values of t[n+1] — t[n] that were obtained and plotted in Fig. 2A, where Fig. 2A1 shows the
output of the NPFO map and Fig. 2A2 shows the output obtained by integrating the full
system of differential equations. In patterns in which the firing order remained constant in a
1:1 periodic locking, only a single dot is observed for near synchronous lockings in which
the same neuron always fired first and t[n+1] — t[n] had a small value (blue dots). For low
values of the heterogeneity parameter (nearly identical frequencies), the firing order was
able to switch every other cycle ([15], [16]), so the large intervals (green dots) correspond to
two successive firings in the reference neuron, followed by two successive firings in the
partner neuron. Note the ability of the map to accurately reproduce very complex patterns
(black dots). In addition, an antiphase firing mode was bi-stable with the modes shown for ¢
< 0.06 pA/cm? (not shown). Depending upon the initial conditions, in this parameter range
the NPFO map could reproduce the modes shown as well as the antiphase mode, capturing
the bistability of the full system.

Figs. 2C and 2D show that the above approach can easily be extended to higher size
networks. Figures 2C and 2D were adapted from Fig. 7 of ([17]) and illustrate the case for
four Wang and Buzsaki model neurons ([14]) with reciprocal inhibition as the synaptic
conductance strength between the neurons is increased. Some common observed modes are
the fully synchronous mode (one cluster of four neurons), the splay firing mode (four
clusters of 1 each) and the two clusters of two neurons in antiphase ([17]). All of these are
represented by a single firing interval where simultaneous firings are counted as a single
event. Bistability is seen at weak conductance strengths between the fully synchronous mode
and two clusters of two neurons in the antiphase mode. Other complex modes that are
observed are shown as well ([17]). Synchronous modes in which the firing times of all four
neurons are not exact are represented by the closed blue diamonds. The closed red circles
represent two clusters of two neurons where the short intervals indicate that near
synchronous mode within each cluster. Finally, the closed green squares represent a near
splay mode in which the four intervals are not exactly equal to each other. The yellow stars
represent intervals from complex periodic modes with a period of many cycles, or in some
cases aperiodic modes. Both the periodic as well as aperiodic observed modes were
accurately captured by the NPFO map except for some small discrepancies.

I1.3 Strengths and weaknesses of the NPFO approach

The strength of the map method described above is that it is an idealized pulse coupled
system that can reproduce arbitrary firing patterns given only the PRCs and periods under
the conditions that there is no noise, full information regarding network connectivity and
phase resetting is available, and that all assumptions underlying the map are met. It is very
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useful for determining whether the PRC contains sufficient information to account for
network activity [19]. Maps similar to the NPFO map have been used in the past to study
network dynamics ([7], [8], [13], [15]-[19]). The NPFO map easily handles multistability
and aperiodic modes ([15], [17]). However, the fixed points of this map cannot easily be
determined a priori due to the nonlinear step of polling for neuron(s) that will fire next.
Therefore, stability criteria based on the slopes of the PRC cannot be derived from this map,
which limits the intuitive understanding of synchronization and phase locking that can be
derived from this method. For this reason, PFO maps with a predetermined firing order are
derived in the next section.

One important issue with respect to the NPFO map is that causality can never be violated. In
practice, this implies that the recovery interval between when an input is received and when
the next spike is generated must be nonnegative. This is important when noise is added to
the map. Specifically, the first order resetting cannot advance the next spike to a time point
before the input is received; when random noise is added such advances could occur by
chance, but must be discarded as impossible. The stimulus interval between when a neuron
fires and when it receives its next input must also be nonnegative. Therefore the second
order resetting that is applied after a given spike can advance the phase until the phase at
which the next input is received, but no farther.

There are some subtle problems with simultaneous input at synchronization. For example, it
is possible to receive an input when the phase resetting is undefined, specifically during the
period that the phase is negative. A negative phase can occur immediately after spiking
when the second order resetting is a delay. Since a negative phase does not actually
correspond to a point on the limit cycle in this case ([16]), the resetting assigned to the
second pulse is arbitrary. In the NPFO maps shown in Fig. 2, at negative phases the nearest
value for resetting, i.e., the resetting at a phase of zero, was assigned to all negative phases.
Thus, this can introduce error near synchrony.

The assumption of pulsatile coupling dictates that when two inputs are received in
succession, all of the resetting due to the first input is assumed to be complete by the time
the second input is received. If the two inputs arrive close together during synchronization,
this assumption may not be valid. For example, the presumed resetting due to two identical
pulses separated by a normalized delay t is f(¢) + f(¢ — f(¢) + ¢) ([19]). A discontinuity in
the NPFO map can occur near synchrony as follows. In the limit as t approaches zero, the
resetting due to two sequential pulses calculated as described under the pulsatile coupling
assumption does not necessarily approach the observed resetting due to the combined pulse
because of potential nonlinear interactions between the pulses. These interactions are not
measured during the PRC protocol, which uses a single pulse, and may cause a violation of
the assumption of pulsatile coupling as the separation between pulses becomes smaller.

Another weakness of the NPFO map is that there is a conflict between the strict memoryless
assumption and the symmetry requirement of exact synchrony. The assumption of pulsatile
coupling requires a memoryless system in which the resetting due to one input is complete
by the time the next input is received means that the system is memoryless. This assumption
dictates that second order resetting due to inputs that do not immediately precede an action
potential be ignored. However, in a system with more than two neurons, a memoryless
NPFO map can fail to reproduce the fully synchronous mode or synchronous sub-clusters in
some cases ([17]); ignoring the second order resetting except that due to the last input
received in a cycle very slightly disrupts the symmetry required to achieve exact synchrony.
If all second order resetting is taken into account, the memoryless assumption is somewhat
relaxed, but symmetry is preserved allowing global synchrony to be achieved in the
problematic cases identified above. However, including all second order resetting can
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disrupt ability of the pulse coupled map to reproduce the splay mode in some cases ([17])
due to a causality violation as described above. The exact implementation of the map with
respect to second order resetting that is appropriate varies depending upon the system.
Although mismatches between the performance of the full system and the NPFO have been
identified for a small subset of parameter sets that have been examined, in general very good
agreement is observed in a wide variety of cases over large parameter regimes.

One distinction between the PRC for a model neuron and that for a biological neuron is that
the PRC for the biological neuron is unavoidably noisy. Noise can be incorporated in the
map by randomizing the phase resetting. The use of statistical methods to determine whether
there is a locking ([51]) becomes necessary in the presence of noise. There are examples in
the literature of both noiseless ([8], [15]-[17]) and noisy ([18], [33], [54]) NPFO maps.

lll. Maps with predetermined firing order (PFO maps)

Another approach involves the construction of a map in which a specific firing pattern is
always assumed. In such a case, the oscillators fire with a predetermined firing order (PFO).
The most general forms of these maps do not assume anything about the equations for the
endogenous oscillators or the synaptic dynamics. We designate these results as applicable to
arbitrary PRCs. Other approaches make assumptions about the form of dynamics of the
oscillator and the form of the phase resetting, implicitly defining a PRC ([53], [55]). We
show that the results for implicitly defined PRCs are a subset of the more general results for
arbitrary PRC.

The fixed points of the PFO maps in terms of the locked phases can be computed from a
unique set of periodicity criteria that emerge from the map. The intervals between neural
firings can be expressed in terms of the phase resetting under the assumption of pulsatile
coupling. Then a discrete map of the intervals can be constructed. The phases that allow the
appropriate intervals to remain constant constitute a fixed point of the map. Assuming a
perturbation from the fixed point and linearizing the PRCs about the presumed fixed point
allows the map to be rewritten in terms of the perturbations in the phases. Stability is
guaranteed only when the perturbations decay to zero.

In all of the following stability proofs: Curly braces {} group terms with a common
multiplier, parentheses () indicate a function, and straight brackets [] enclose the cycle
number in a discrete map.

1.1 Results for a single driven neuron using the PFO map

[11.1.1 Periodically forced neuron—~Perkel et al. ([20]) measured the first order PRC,
f1(¢), by inducing precisely timed inhibitory or excitatory synaptic potentials in invertebrate
pacemaker neurons by evoking an action potential in an excitatory or inhibitory pre-synaptic
neuron. The PRC was then used to predict stable m:1 entrainment of the pacemaker neuron
(the forced oscillator) by a periodic train (the forcing oscillator) of evoked synaptic
potentials.

Ignoring second order resetting, the length of a cycle that includes a perturbation is P¢ =
Po{l + f1(¢)} (see Fig. 3), where Ps is the period of the forcing neuron, Py is the intrinsic
period of the forced neuron and f1(¢) is the first order phase resetting. For m:1 phase
lockings in which only every mt" cycle contains a perturbation:

Pe={m — 1}Po+Po {1+f1(¢")} ()
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where ¢” is the steady phase at which an input is received in a phase locked mode. Thus, all
possible m:1 lockings can be determined from the PRC alone by finding which phases, if
any, satisfy the equality. Stable phase lockings were determined by Perkel et al. using an
analytically derived map based on the PRC of the forced oscillator. The elapsed time
between an action potential in the pacemaker and the arrival of a pre-synaptic potential due
to the periodic forcing in the n cycle is denoted as the stimulus interval, ts[n]. Ignoring any
second order resetting the stimulus interval is:

ts[n]=Po{¢[n]} ()

where ¢[n]) is the phase of the pacemaker at the time of the receipt of an input in the nth
cycle. The first order resetting of the pacemaker is assumed to occur during the recovery
interval, tr[n], i.e. between the receipt of an input by the pacemaker and its next spike. For
1:1 forcing, the analytically derived map is generated as follows (see Fig. 3):

Po{1+f1(¢ [n])}+ts[n+1]=ts[n]+Ps. (4)

Rewriting the above equation and using the definition of P, we have:

ts[n+1] — ts[n] =P;— Po{1+£;(¢ [n])}
=Pg {1+£1(¢")} — Po{1+11(¢ [n])}
=Po {f1(¢") — f1(¢ [n])} (5)

Linearizing the PRC in the neighborhood of the presumed fixed point¢™ produces f1(¢ [n]) =
f1(¢™) + i (") A¢ [n], where the perturbation from the fixed point is given by A¢ [n] = ¢
[n] - ¢”. The slope of the i order PRC at the locking point ¢ is f;'($”). The stimulus
interval can be rewritten as:

ts[n]=Po {¢ [n]}=Po {¢"+A¢ [n]}. ®)

Substituting the stimulus interval from (6) in (5), linearizing the PRC about ¢*and
simplifying we obtain:

A¢ [n+1]={1 - 1 * (¢")} A¢ [n]. )

If —1<|1-f1 " (¢*) | < 1, then A¢ [n+1] goes to zero and the locking at ¢ is stable.

The stability results incorporating second order resetting were derived in ([21]). The result
given above is not novel but has been rederived here in terms of the PRC convention used
throughout this review.

lll. 1.2 Neuron repeatedly stimulated with feedback at a fixed delay—A
periodically spiking neuron forced with a feedback input at a fixed delay after each spike
was shown to exhibit multi-stable phase locked modes by Foss and Milton ([22]). The
original stability proof given by Foss et al. ([22]) did not assume any second order resetting.
This proof is rederived below using terminology consistent with the other proofs given
herein. A proof incorporating second order resetting has been presented by Canavier and
Achuthan ([21]).
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Fig.4 represents a periodically forced neuron with a fixed delay (8) between any two
consecutive forced inputs. The interval between the last spike and the receipt of an input in
cycle n is the stimulus interval ts[n] = Po{¢[n]}. The interval between the receipt of an input
in cycle n and the next spike is the recovery interval tr[n] = Po{1— ¢[n] + f1(¢[n])}. The
network period of an oscillator is the sum of its stimulus and recovery intervals. The integer
k denotes the number of network periods wholly contained in the delay, 8. Using the
definition of the network period of an oscillator produces the following self consistent
periodicity criterion:

n+k-1
5= )" {ts[jl-+rljl}+ts[n+K].
j=n (8)

Using the definition of the stimulus and recovery intervals the above equation can be
rewritten as:

k-1
§=Po ) {141 ($[n+]D}+Po{g[n-+Kk]}
=0 9

At a steady 1:1 locked mode, all values of $[n+j] are equal. We can find the fixed points that
satisfy the equality 8/Pg = k{1 + f1(¢™)} + ¢". A stability criterion can be derived by again
assuming a perturbation from the fixed point such that ¢[j] = ¢~ + A¢[j], and linearizing the
PRCs such that f1(¢[j]) = fo(¢”) + f1'(¢")AP[j], where f1'(¢") indicates the slope of the first
order PRC at the locking point, ¢”. If these substitutions are made in (9) above, the steady
state terms are canceled from both sides, and the term for A¢[n+k] is moved to the left hand
side, the following linear system is obtained:

k-1
Aglntkl= = ) {f (@[ n+DIAG n+)
=0 (10)

The matrix corresponding to the perturbed linear system is as follows.

AP[n+k] -m; -m; ... —-m; -—-m Ap[n+k — 1]
Ag[n+k — 1] 1 o ... O 0 Ag[n+k — 2]
Ag[n+k — 2] -1 0 1 ... 0 0 Ag[n+k — 3]

Ag[n] 0 0 .. 1 0 Agn 1]

where mq = f; '(¢”). This matrix is the companion matrix for the polynomial expression:

A=A m A+ m ALy A4y (11)

The zeros of the polynomial are the eigenvalues of the matrix, and must all have an absolute
value less than one, that is, they must lie within the unit circle, in order for the fixed point of
the mapping to be stable, which implies that the periodic locking at a fixed delay is also
stable in the system from which the PRC was derived. Fossl ([22]) was able to derive a
simple bound on the slopes of the first order PRC, by first noting that the zeros cross the unit
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circle when my = 1. By setting A tol and =(A) to O they obtained the lower bound on my,
such that stability of the perturbed linear system is guaranteed when —1/k <mq < 1.

I11.2 Networks of two neurons

The dynamics of two reciprocally pulsed coupled oscillators has been studied quite
extensively ([3], [4], [23], [24]). In this section, we first present the existence and stability
criteria for 1:1 phase locked solution with zero phase lag (synchrony) between two
reciprocally coupled neurons in terms of their PRCs with arbitrary forms ([12], [25]). We
then show that the results for the synchronous firing mode derived by Peskin ([4]) as well as
Mirollo and Strogatz ([3]) that assume implicit PRC forms are special cases of the general
result.

lll. 2.1 1:1 locking with no delay and arbitrary PRC—For any two identical pulse
coupled oscillators, synchrony will always exist due to symmetry; the network period of the
oscillators remains identical when each oscillator receives an input from the other at phase
zero. We give below existence criteria for synchrony between two oscillators that are not
necessarily identical ([23], [24]).

By definition (see Fig. 5), for 1:1 phase locking to exist:

try[n]=tsz[n] (12)

trp[n]=ts;[n+1] (13)

where tsj and tr; denote the stimulus and recovery intervals of the it neuron (i=1 or 2),
respectively.

Assuming pulsatile coupling, (12) and (13) can be expressed in terms of the phases and the
phase resetting, as follows:

tr;[n]=P;{(1 — #i[n]+f1;(#[n])} (14)

tsi[n]=Pi{¢[n]+fi(¢[n — 1])} (15)

where f1i(¢) and f,;(¢) represent the first order and second order resetting of the it neuron,
respectively. The intrinsic period of the it neuron is represented as P;. The stimulus interval
here incorporates the second order resetting due to the input in the previous cycle. If the
second order resetting from one input is complete when the next input is received, the
assumption of pulsatile coupling remains intact. Higher order resetting cannot be
incorporated under this assumption.

The oscillators are assumed to phase lock at the fixed point (¢1, ¢>”). The fixed points
corresponding to (12) and (13) can be obtained using a graphical method ([15]). Since both
the stimulus and recovery intervals are completely determined by the stimulus phase, the

LFoss, 1999 ([67]) used the phase resetting curve convention usually used by Mathematicians and opposite to the one used by
Biologists (our convention in this article). The translations can be made by using F(¢) = —f(¢). The criterion for stability would in this
case turn out to be —1 < F1'(¢*) < 1/k.
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response interval can be considered as a function of the stimulus interval such that tr = g(ts).
We can invert the function simply by switching the order of the tr-ts pairs, so ts = g~(tr).
The intersections between the curves try = g(ts1) and ts, = g~1(tr,) yield the fixed points.

Substituting for the stimulus and recovery intervals using (14) and (15) in (12) and (13) with
appropriate indices, we have:

Py {1 = ¢1[n]+f11(41[n])}=P2 {d2[n]+n(d2[n - 1])} (16)

P> {1 - ¢2[n]+f12(¢2[n])}=P; {¢1[n+1]+£21(41 [n])} (7

In the neighborhood of ¢i”, fi(¢iln]) = f1i(¢i") + {f i (¢} Adi [n] and Fai(¢iln]) = Fai(ei") +
A '2i (41 )} A¢i [n] where Agi [n] = ¢i [n] — i F'1i (¢i ) and T i (¢i") are the slopes of the
first order and second order PRC at the locking point ¢; . Substituting for ¢1 and ¢, (in
terms of the perturbations) in equations (16) and (17) and simplifying produces:

Alk+1]1=M A[K] (18)

where A [K]= [A¢1[K], Ado[K]]T with M as the following matrix:

PQ *

ng Tj{f"l - 1}

Zup =1 - -1 -5,

The eigenvalues of M are computed from the following characteristic equation:

P =2{1=F 1161} 1= 12(02")) — £ 21(1) ~F22($2 )+ 21 (1) £22(27)=0. (19)

Ignoring second order resetting reduces the system to a single eigenvalue

A={1 =1 1 = £ 1a(g"} (20)

The above derivation assumes an alternating firing order. To apply the above derivation to
the case of synchrony, the eigenvalues from (19) have to be evaluated at (0*, 17) and (17,
0%). The robustness of perturbations from synchrony in which either neuron leads
consistently is thereby ensured ([17], [25]).

A slightly different approach to study synchronization utilizes spike time response curves
(STRCs) ([12]). A STRC also measures the effects of synaptic perturbations on the timing of
subsequent spikes but is measured in terms of time instead of phase and ignores second
order resetting. The STRCs were used to predict the change in spike timing between two
mutually coupled neurons from one cycle to the next by generating a spike time difference
map. This map is just the difference ts;[n+1] — ts1[n]. They obtain ts;[n+1] using
v1(wa(ts1[n])), where ;j is simply the response time as a function of the stimulus time: w;(ts)
=P {1 + fyj(ts/Pg)} — ts. This approach uses the same information and produces the same
results as the method described above except that second order resetting is ignored. The
zeros of the map are the fixed points, and the stability of the map is same as that given in
(20).

Math Biosci. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Canavier and Achuthan Page 13

A proof similar to the one that resulted in (20) was derived ([26]) for the stability of
synchrony for two mutually pulse coupled oscillators ignoring second order resetting. A
constant firing order was assured by assuming that the phase transition function F(¢) =¢ —
f1(¢) is monotonically increasing and invertible. F(¢) >0 constrains the slope of the first
order PRC as follows: f;'(¢)<1. Goel and Ermentrout ([26]) derived a return map that
calculates the phase of the second oscillator in the (n+2)"9 cycle as a function of that in the
nth cycle. The following stability criterion was derived by linearizing the map about the
fixed points:

{1-f7 OO} {1 -fi°(1 <1 (1)

Equation (20) reduces to (21) at synchrony for two identical pulse coupled oscillators in
which second order resetting is ignored and the firing order is guaranteed to be constant by
assuming a monotonically increasing phase transition function.

[11.2.2 1:1 locking with no delay and implicit PRC—The earliest work on
synchronization of two pulse coupled oscillators was that of Peskin ([4]) who studied
synchronization in a network of two mutually excitatory pulse coupled identical leaky
integrate and fire neural oscillators. This work can be treated as a special case of the general
formulation for two pulse coupled oscillators derived above. The oscillators were
characterized by a state variable V/(t) whose time course was described by equation (22) and
whose value was reset to zero each time it reached a value of one.

dV/dt= - yV(t)+Sg (22)

The effect of pulsatile coupling due to the firing of an oscillator was to depolarize the
membrane by a fixed amount (g), or bring the voltage to the threshold value of one,
whichever was less. Thus for two oscillators,

Vi()=1=>V;()=min(1, Vi(D+¢&) forj #1i. (23)

The form of the synaptic interaction (fixed increment in potential with upper threshold
bound) assumed above characterizes the bulk of the physics literature on pulse coupled
oscillators, but it is not general enough to capture many forms of synaptic interaction
between neurons. The integrate and fire models extensively studied by various investigators
can capture the neural dynamics similar to those of type | excitable neurons ([66]) in the
sense that phase is advanced by excitations and delayed by inhibition on their respective
limit cycles. However, a whole class of excitable neurons i.e. type 11 ([66]) is ignored by
such models. Moreover, the assumption of the fixed increment (or decrement) in the
potential function limits the slope of the first order PRC as we show below, and neglects any
second order effects, which are sometimes important near synchrony ([17] and [30]).
Nonetheless, the integrate and fire models are lot simpler to analyze and hence have been a
popular model for investigation. Equation (23) implicitly defines a phase resetting curve
because if a perturbation is received at time t, the next spike will be advanced by an amount
that can be calculated using the explicit solution for (22) that describes the leaky integrate
and fire oscillator. If V/(0) = 0, then V/(t) = So{1—e ™} /y. We can solve for the elapsed time
to reach a given V(ts) as ts = y 1 In (Sg/{Sg — yV(ts)}). If we denote A = In(Sg /{So—}),
then the time elapsed until V(t) = 1, i.e. the intrinsic period of the oscillator, is Tg = A/ y.
Moreover, the period of the oscillator in the perturbed cycle is: Ty ={— 1/ y}n({Sg — v} {So
—yeeMt}foro<¢<1.
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Thus, the first order PRC is (see Fig. 6B):

f1(¢)={T1 — To}/To= — min ({In(1 — {y £**}/So)}/Al, |¢ — 1)) (24)

The negative sign in (24) is necessary to make the PRC sign consistent with the biological
convention used in this review. The linear form of the PRC from ¢ = 0.8 to 1.0 results for an
excitatory stimulus because there is a causal limit, meaning that an input cannot advance the
next spike time to a time before the input was applied, which imposes a limit on the resetting
of ¢ —1 and necessitates taking the minimum in (24). Starting from, V1(0) = 0 and V»(0) = ¢
€ [0,1], Peskin derived a return map for the phase of the non-firing oscillator (i.e. oscillator
2) immediately after its partner fired (oscillator 1). Each time the map was iterated the roles
of the oscillators were reversed. The return map involved computing ¢o[n+2] in terms of
-[n]. For two identical oscillators, the return map has a fixed point at ¢," =0.5 as ¢
approaches zero. Peskin showed that this fixed point was unstable. This implied that the
fixed point repelled trajectories of the oscillators toward synchrony. At synchrony, the
coupling term dropped out since each neuron was already at threshold when its partner fired.
In this way, synchronization among the oscillators was achieved for every set of initial
conditions. A similar result can be achieved by using (20) to calculate the stability of the
fixed points directly. For two identical neurons, in order for the absolute value of the
eigenvalue in (20) to be less than one, 0< f'1(¢) < 2. The slope of the PRC given in (24) is:

£1(¢)=1/{1 - Soc ™ /y e (25)

everywhere except approaching a phase of one where f'1(¢)=1 (see Fig. 6B). For Sy e "¢/ y
€ >0.5, any fixed point is guaranteed to be unstable. This can be achieved by requiring ¢ to
be sufficiently small. Therefore the antiphase mode observed as € approaches zero is
guaranteed to be unstable. By evaluating {1—f '1(0*)}{1—f '1(17)}, (20) can also be used to
prove the stability of synchrony. Since we already know that f'1(17) = 1, A=0 and hence
synchrony is guaranteed to be stable regardless of the value of f'1(0*). The proof in terms of
(20) is a novel proof that indicates that synchrony is locally stable, whereas the original
proof of Peskin was global in that it relied on a globally repellent fixed point, distinct from
the one at synchrony, to stabilize synchrony.

Mirollo and Strogatz ([3]) generalized the results obtained by Peskin ([4]) to any two pulse
coupled oscillators. Instead of assuming that the state variable (i.e. the membrane potential
V) evolved according to (22), they assumed that time course of the function describing the
evolution was a smooth monotonically increasing and concave down function with V'(t) > 0,
V"(t) < 0 and V(0)=V(1)=0, as it is for the leaky integrator and fire model neuron (see Fig.
6A). Since the interaction between the two oscillators was assumed to be pulsatile, the firing
of one oscillator was assumed to depolarize the other by an amount ¢ (see Fig. 6A) or pull it
up to the firing threshold, whichever was less.

Again, this implicitly defines a PRC, allowing a return map to be formulated. Peskin’s proof
assumed that € and y were small. For identical and identically coupled two leaky integrate
and fire model neurons Mirollo and Strogatz found that for almost all initial conditions and
for all €, y > 0 synchrony was a solution. The return map was proved to have a unique
unstable fixed point based on the assumption of concavity. Thus, all the oscillators were
globally repelled toward synchrony. The disappearance of the coupling term allowed the
synchronized state to persist. The proof given above for Peskin's example holds for local
synchrony in the more general case of Mirollo and Strogatz because once again f1(¢)= ¢—1
at phase approaching one. The key observation is that the slope of one near a phase of one
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stabilizes synchrony. The same argument can be applied to non-leaky integrators in which
the concavity requirement is relaxed ([56]). The slope for the initial portion of such a PRC is
zero, meaning any attractors with a locking point in this region must be neutrally stable by
(20) since 1—f1'(¢) = 0, whereas the form of the PRC still requires a slope of one at phase
equal to one, stabilizing synchrony and conferring upon it nearly global attractiveness (see
Fig. 6B).

[11.2.3 1:1 locking with delay and implicit PRC—Mirollo and Strogatz ([3]) proved
that synchronization with zero phase difference between two pulse coupled oscillators was
globally attracting for leaky integrate and fire type oscillators in response to excitation under
some assumptions. Ernst et al. ([5], [6]) extended those results to include the effects of
inhibition as well as pulse conduction delays up to half the intrinsic period. As in [3], the
state variable, V(t), was assumed to be monotonically increasing V '(t) > 0 and concave
down V"(t) < 0. Once again, the synaptic interactions were assumed to increment the
potential by a fixed amount &, which could be positive for excitation or negative for
inhibition, and again implicitly defined a form for the PRC. Under the assumptions given, an
excitation applied at a later phase will advance the phase more than one given at an earlier
phase, resulting in a negative slope for the PRC unless the causality limit is reached such
that an immediate spike results. In the latter region, we have already shown that a positive
PRC slope equal to one results. Ernst et al. ([5]) found that for mutual excitation and small
delays, at all coupling strengths phase locking with a time lag between the two neurons
equal to the delay was found to be always stable whereas synchrony was not. In the case in
which the time lag is equal to the delay, one neuron (but not the other) induces its partner to
fire immediately. Therefore, the slope at the locking point for the partner is one, which as we
have previously stated, stabilizes the mode regardless of the slope at the locking point for
the other neuron. On the other hand, for synchrony and small delays, the locking point is at a
phase equal to the normalized delay, and both slopes are negative. Thus the results apply
only to cases in which the slopes of the PRC follow a similar pattern. Also, there is no
second order resetting by assumption; the presence of such resetting can also alter the
stability results. Since the slope of the PRC for inhibition is opposite to that for excitation
and unbounded by causality, under the restrictive assumptions for the form of the PRC
described above, the slope of the PRC for inhibition is generally positive, and was found to
produce global synchrony for many delays and conductance values. A positive PRC slope at
the locking point is not by itself sufficient to guarantee stability. However, the monotonicity
of V(t) guarantees that a fixed increment or decrement ¢ in V(t) at two distinct old phases
(before an input) preserves the order of the new phases (after an input) (see Fig. 6A), which
implies a monotonically increasing phase transition function that maps the old phase onto
the new phase. As we showed above, this guarantees that the slope of the first order PRC is
less than one, so inhibition is stable for arbitrary inhibitory coupling strength.

[11.2.4 1:1 locking with delays and arbitrary PRC—A more general approach to
studying pulse coupled oscillators with conduction delays would involve PRCs that are
implicit and abstract. Pervouchine et al. ([13]) used a method that is very similar to the pulse
coupled phase resetting methods based on the stimulus and response times, except that
second order resetting was neglected. For two identical, identically coupled oscillators firing
in alternation with identical short delays (3), the spike time difference is ts;[n+1] = ts1[n],
where ts;[n+1] = y1(yo(ts1[n])), and the map ; is simply the response time as a function of
the stimulus time: wj(ts) = Po{1 + fyj({ts+3}/Pg)} — ts — 3, where Py is the intrinsic period of
the it neuron and fy; is the first order resetting of the i!" neuron. The zeros of the map give
the fixed points and stability criterion for this map is the same as that given in (20).

Stability results for all possible firing patterns in two bidirectionally pulse coupled
oscillators with conduction delays were derived by Woodman and Canavier ([27]) using
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only the PRCs’ of the concerned oscillators. Fig. 7A illustrates one possible firing pattern.
Here k cycles are assumed to occur before the firing of a spike in neuron 1 affects the timing
of the next spike in neuron 1 via the feedback loop through neuron 2. If j, is defined as the
number of spikes in neuron 2 that occur during the delay period 61 and j; as the number of
spikes in neuron 1 that occur during the delay period &, then k= (j; + jo +1). The
corresponding firing map based on the stimulus and recovery intervals is:

k-2
ts)[n+k — 1]=tr; [n+j, — 1146, +62 — Z(tsl[n+i]+tr1[n+i})
i=0 (26)

k-2
tsy[n+k — 1]=tr1[n+j1]+51 +0, — Z(ISZ[I’H-i]'HI'g [n+i])
i=0 27

The quantities on the left side are written in terms of earlier intervals. The summation is only
applied for k greater than two. Surprisingly, this exact expression generalizes to all firing
patterns (for example see Fig. 7B). To derive the stability results the techniques that were
previously used to write the expressions of the firing map in terms of phase resetting is
applied along with linearization about the appropriate fixed points to produce the general
results ([27]).

[11.2.5 N:N locking with no delay and arbitrary PRC—Firing orders that are not
constant from cycle to cycle were considered by Maran and Canavier, ([15]) and Oh and
Matveev ([16]) in a network of two pulse coupled oscillators with no conduction delays and
arbitrary PRCs. Maran and Canavier ([15]) successfully predicted 1:1 and 2:2 phase locked
modes in heterogeneous networks using only the component first order and second order
PRCs. Separate existence and stability criteria for the 2:2 mode in which the firing order was
preserved and for those in which the leading neuron switches on each cycle (termed as
“leap-frog” by G.B. Ermentrout or “leader-switching” by Acker et al. ([12])) were derived
(see Fig.8). Both criteria reduce to

ts11=tr21;Pi{b11[n]}=P2 {1 — ¢2n[n — 1]+f12(d22[n - 1])} (28)
tsp=tro:Pr{dro[n] = d1i [n]+f11(A11 [nD}=Po{1+12(d21 [n— 1])+E22(¢h2 [n—1])} (29)
tsa1=tr1;P2{d21 [n]}=P1{1 = ¢12[n]+f11(¢12[n])} (30)
tsoo=tr12:P2 {22 [n] — a1 [n]+f12(d21 [n])}=P1{1+£21(b11[n])+£21(d12[n])} 31)

A stable leapfrog 2P mode is predicted if the roots of the following characteristic equation of
the linearized system have an absolute value less than 1:
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&= UE (¢ )" 11(127)
= D+ 721(¢117) (F 712 (9227)
= D+{f21(412")
+(1 =17 12(21 N "11(h127)
= D} 22 (6227)
+(1 =7 11(P1NE 12 (h227)
- D}
+21(d11 ) "22(d21") (1 = £711(127))(1
= ' 12(¢227))=0. 32)

The stability results for the two 2:2 modes are different, but if second order resetting is
ignored; they both reduce to the following form, which is an intuitive extension of (20).

A=(1 = 11(611")) (1 = £11(0127)) (1 = £ 12(217) (1 — £ 12(d227)). (33)

However, it was sometimes required to account for second order resetting in order to obtain
accurate predictions.

Oh and Matveev ([16]) provided a geometric description of the “leap-frog” network activity
in two identical and identically pulse coupled Morris-Lecar model neurons ([29]) with
inhibitory synapses near a type-I membrane excitability regime ([55] and [75]). They
showed that the synchronous firing mode was lost when the inhibitory coupling strength was
increased through a period-doubling cascade (see Fig. 2A). Consequently, mode-locked
states with alternation in the firing order of the two cells i.e. the leap-frog mode was
observed. The reason for the change in firing order was demonstrated using phase-plane
analysis. Inhibition from the lagging cell was sufficient to transiently place the leading cell
below the excitability threshold, in a region that was not on the original limit cycle. A
negative phase was assigned to this region because the time to the next spike at the phase
was greater than an unperturbed period. The phase delay is greater than the interval that
separated the firing of the two neurons allowing the lagging cell to become the leading cell
on the next cycle.

Gerstner ([65]) examined non-leaky integrate and fire oscillators (the potential function V/(t)
is monotonically increasing in a linear rather than concave down fashion) in which the
coupling again takes the form of a bounded fixed increment in the potential function. This
defines an implicit PRC which could be used to apply the results for arbitrary PRC to this
case as well. Interestingly, Gerstner identified and analyzed phase locking for N pulse
coupled inhibitory neurons with delay in which every other cycle was delayed by the receipt
of two delayed pulses from every other oscillator, but the intervening cycles were not
delayed, resulting in a 2:2 mode for two neurons and an analogous mode for larger
networks.

[11.2.6 N:1 locking with no delay and arbitrary PRC—Cross-frequency
synchronization (a. k. a N:1 harmonic locking) between two reciprocally pulse coupled
oscillators with no delay was investigated by Canavier et al. ([28]). The focus was on N:1
phase locked modes in which the fast oscillator (F) received an input every N cycle from
the slow oscillator (S) at a constant phase within that Nt cycle (see Fig. 9). The
corresponding firing map is:
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tsp[m]=tr,[m] (34)
try, [m+1]=tsg, [m+1] (35)
try, [m+1]=tsg, [m+1] (36)

The time elapsed between the most recent spike in the faster neuron and the time at which it
receives the input from the slower neuron is tsg. The time elapsed between the receipt of the
last (N') input in a given slow neuron cycle and the next spike in the slow neuron is trg. The
time elapsed between when the fast neuron receives an input and when the fast neuron next
fires is tre;. The time elapsed between when the slower neuron fires and when it receives the
first input from the faster neuron at a phase of ¢g; is tsg1. The remaining (N—1) cycles of the
fast neuron make up trgp. The time elapsed between the arrival of the first input in the slow
neuron and the receipt of the N input at a phase of ¢gy is tssy.

Substituting for the stimulus and recovery intervals in (34)—(36) we get the following
periodicity criteria:

P]: ¢1:[111]:P5{1 - ¢5N[uﬂ+fls(.¢5N [lll])} (37)
P, {1 — ¢.[m]+f (¢ .[m])}=P{o, [ m+1]+£,¢ (g [m])} (38)
N-1
P, (N — 1+£,.(¢.[m])}=P, P [m+1] - ¢51[m+1]+z fiq (c/)sj[m-kl])}
=1 (39)

Solving for the phases in terms of ¢gy using (37) and (38), we have:

¢p[1n]:(Ps /PF) {1 - ¢SN [lll]+fls (‘bsN [lll])} (40)

¢s[[1n+1]:(Pp/Ps) {1 - ¢F[lll]+f1p(¢p[lll])} - fzs (¢sx[ln]) (41)

As in section 111.2.1, for the i neuron, in the neighborhood of ¢;*, f1i(¢i[n]) = f1i(¢;*) + {f
'1i (¢)} A [n] and foi(¢iln]) = f2i($i*) +{F "2 ($i*)} Adi [n] where A¢; [n] = ¢ i [n] — ¢i*.

Therefore, (40) and (41) in terms of perturbations turn out to be:

¢F*+A¢F[IH]:(PS /PF) {1- ¢<\* - A¢SN[111]+f15 (¢SN*)+f s (¢SN*) Adgy [m]} (42)

Math Biosci. Author manuscript; available in PMC 2011 August 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Canavier and Achuthan
bs " +A¢s, [m+1]1=(Py/Po) {1-¢" = Ad [m]+, (6. )+ i (8:7) Ad[m]} =T (Do )= s (Do ) Ay [m]
Cancelling the steady state terms from both sides of (42) and (43), we get:
A¢y [m]=(Py/Pp) {f’ (¢ ") — 1}Ady [m]
Adg, [m+1]=Pp /PO (6:7) = DA ¢ [m] = £, ($s ") APy [m]

Substituting for A¢g [m] in (45) using (44), we have:

A¢51 [ln+l]:{{f’1p(¢p‘*) - 1} {f,15(¢5N*) - 1} - f,:s(¢sx*)}A¢5N [Ill]

The A¢sj [m+1] can be written in terms of A¢s; [m+1] and Apr [M]:

¢, [m+1]=¢¢, [m+1] - fls(¢51 [111+1])+P1:/Ps{1+f21:(¢1- [m])}
g [m+1]=¢  [m+1] - £ (S, [m+1]D+P; /P
The linearized expressions about the steady state fixed points are:
b, +Ad, [m+1]=¢ “+Ad, [m+1]—1f, (ds, ), (Ps, VAP, [m+1]4P,. /P {1+£,,. (¢ )+, (6. AP [m]}
b "+A¢Sj [m+1]=¢g, "‘+Ao)s(j_lj [m+1]-f ((/)SU_“*)—f’ s (¢sq—1)*)A¢SIj-1) [m+1]+P. /P

Cancelling the steady state terms from both sides of (49) and (50), we get:

Ao [m+11=(1 = £,y (bg, N AGg, [+ 1]+(P,. /POF (6, )A¢, [m]

Apg[m+1]={1 - f15(¢su_“*)}A¢S(‘i_l,[m+1]
The recursive dependence of the A¢sj on Ads [m+1] and A¢r[m] gives rise to the two

summation terms containing IT in the expression for the eigenvalue.

For j>2, from (52) we have:
i . P.\ i o
Agg[m+ 1]4‘[1{ :11{1 —£(6%)) Adg, [m+1]+ (P_s) [—[L :12{1 — £ (@), (67 Ad,[m]

Substituting for Adgs [m+1] and A¢r [m] in (53) using (44) and (46), we obtain:
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(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)
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-1 d * » * g * g * ’ ENTS * -1 ’ *
gy T+ 1= [ 11 = £ G HE,(67) = DHE(@5) — 1) = £ @0, @IE 650 — D] [ 11~ £, 85 A¢y [m]

(54)
Solving for ¢gn [M+1] in (39), we obtain:
N-1 P
¢SN[111+1]:¢51[m+1]—f15(¢51[1n+1])—2f15(¢5_][1n+1])+ (P—P) {N=1+f,.(¢.[m])}
i—2 s (55)
Linearizing the above equation about the fixed points we have:
¢ AP [m
+1]=¢]+Ad, [m
+1] - f15(¢:1)
N-1 A P .
—1,,(6;,)Adg, [1n+1]—Z{f15(¢;)+f15(¢;)A¢Sj [m+1]}+ (P—I) {(N=1+£,.(¢; [m])+£, (¢} )Ad. [ m]}
=2 s (56)
Cancelling the steady state terms from both sides of (56), we get:
) N-1 p ,
Apg [m+1]={1-f (¢} )}Ad,, [111+1]—Zf15(¢:j )Ad, [m+11+ (P—F) {£,.(69)A¢.[m]}
=2 S (57)

Substituting for A¢s; [m+1] from (46), Apsj[m+1] from (54) and for Apr [m]from (44) into
(57), we get:

Apg [m+11={ { {1 — £ (. L (67) — L (%)
N-1 N-1

—I—, (@50 = D @U@ — THE (@5 — 1) - f;sw;»n;u — £ @O+ D@0 £ (65 - 1} |
=2 j=2

(58)

Simplifying, we obtain ([28]):

Apg [m+1]=1Adg [m] (59)

where
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A= (87 1£,(85)

N-1 .
UYL @) £ @1, @00 = 1 [ ] (= £, @0+ LE, @)1} (£, (65

=2

1) - £ @)HL = £,@))

= j-1 .
- D@ [ - @)
j=2 (60)

Jj-1 RS
For N=2, the summation terms drop out; for N=3 the product term Hk::{l —f(#5)} drops
out. For stable N:1 phase locked mode |A| < 1. This PRC based approach correctly predicted
2:1,3:1, 4:1 and 5:1 phase locked modes ([28]).

[11.3 Ring networks and chains

[11.3.1 Unidirectional ring—Networks in which each oscillator receives an input from one
other oscillator and delivers an input to one other oscillator are referred to as ring networks.
In networks involving more than two oscillators the coupling between the oscillators in a
ring is by definition unidirectional (see Fig. 11). Dror et al. ([32]) considered the case of a
unidirectional ring of pulse coupled oscillators with excitatory or inhibitory synapses. In this
case, each oscillator received exactly one input per cycle. The oscillators in a ring circuit
tend to phase lock where each oscillator fires with a fixed frequency and fixed phase
difference. At steady state 1:1 phase locked mode:

Pi{1+f1i(¢;")}=Pe 61)

where P; represents the intrinsic period of the oscillators, P, represents the common
entrained period of the N neural oscillators and 1j(¢;") represents the first order resetting of
the ith oscillator. If ts;[n] denotes the difference in firing times of adjacent oscillators in the
nth cycle of a ring, then at steady state (see Fig.11):

tsy[n]+tsa[n]+ ... .+tsy  [n]+tsy[n]=kP. (62)

where tsi[n]= Pi{¢;"+ A¢i[n]} for i=1,2,...N and k & [0, N —1]. Each value of k produces a
different firing order. (N + k —1) cycles elapse before the feedback due to a spike in a
particular oscillator propagates back to that oscillator, similar to the integer k in Foss and
Milton ([22]) (see 111. 1.2). Let A¢;[n+1] denote the change in the phase of the it oscillator
in the (n+1)% cycle. The vector A¢[n+1] in a ring of N coupled oscillators using PRCs is
fully described by the (N—1) state variables A¢j[n+1] where i € [1, N —1]. Here, unlike the
case of the two coupled oscillators, we have: A¢p[n+1] = A A$[n] where A is the Jacobian
matrix of the discrete-time system determined by the PRCs ([32]). The matrix A has been
worked out by Dror et al. ([32]) where second order resetting was ignored and time was used
instead of the phase variable. The matrix A is unchanged for two non-identical oscillators
and is given in [25] for heterogeneous rings of two and three including the second order
terms. The matrix A is distinct for each assumed firing order.

In the case of N-ring coupled oscillators the eigenvalues of the matrix A determine the
stability of the system given the values of f1j(¢;") for i=1,2,...N. If Amax denotes the
maximum eigenvalue and if [Anax| < 1 stability is guaranteed. These existence and stability
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criteria predict the activity of model neural networks accurately as long as the duration of
the coupling is short compared to the period ([7], [8], [10]).

[11.3.2 Bidirectional rings and chains—A network of N pulse coupled oscillators with
coupling between nearest neighbors along a single dimension such that (N+1)St oscillator is
identified with the 15t oscillator and N™ oscillator is identified with the 0™ oscillator is
referred to as a bidirectional ring. Phase locking between pulse coupled oscillators with such
geometry was studied by Goel and Ermentrout ([26]) in phase reduced model using implicit
PRCs as the coupling. For a bidirectional ring in which N = 2 or 3 as well as for a linear
bidirectional chain in which N = 2, the results for an all to all system apply, see I11.4.1. Goel
and Ermentrout did not find a sufficient condition for synchrony in bidirectional rings or
chains due to the permutations of the firing order than can result from a small perturbation.
Under the restrictive assumptions that inhibition produces only phase delays resulting from a
fixed decrement of a monotonically increasing concave down potential function, Timme et
al. ([57] and [58]) found that synchrony in pulse coupled networks with arbitrary coupling
strength and connectivity was always stable (see 111.4.1). Goel and Ermentrout ([26])
pointed out that although symmetry guarantees the existence of synchrony in all to all
networks and bidirectional rings comprised of identical oscillators, for a bidirectional linear
chain the additional constraint must be imposed that two simultaneous inputs must have the
same effect as a single one at a phase of zero to keep the period of the end oscillators the
same as that of the middle oscillators; they suggested the condition f1(0) = 0. In the wave
solution (or splay) in a bidirectional ring, the interval between the firing of successive
oscillators is a constant ts;. For identical oscillators, the phase ¢1”~ at which the first input is
received in each cycle is ts1 divided by the intrinsic period, and the second and last input is
received at ¢, =(N—1)¢1"—F1(¢1”). Goel and Ermentrout found that stability of the splay
mode in the bidirectional ring is guaranteed if the roots of the following characteristic
equation are all less than one:

ANHL = £7(2") HAN 7+ + (1= £7(007) 11 = £17(27) }=0 63)

under the assumption of a monotonically increasing phase transition function.

I1.4. All to all N neuron networks

[11.4.1 Synchrony

111.4.1.1 Synchrony with no delay and arbitrary PRC: In a network of all to all identical,
identically connected neurons as considered in Achuthan and Canavier ([17]) synchronous
firing mode exists due to symmetry; in the fully synchronous state, each neuron receives
simultaneous inputs from (N—1) other neurons so their phase locked periods remain
identical. In order to be stable, global synchrony must be robust to small perturbations. Goel
and Ermentrout ([26]) assumed a perturbation in which the firing of all neurons was
separated such that they fire sequentially without changing order, then determined the PRC
slopes that allowed convergence back to synchrony. In their scheme, all oscillators were
absorbed into a synchronous cluster simultaneously, so the effects of sequential absorptions
were not considered. Such a proof is better suited to the splay mode, as described in the next
section. On the other hand, Achuthan and Canavier ([17]) developed a criterion for
robustness of global synchrony to the perturbation of a single neuron from global synchrony,
resulting in a single neuron coupled to a population of (N—1) neurons (see Fig. 12A). The
stability criterion given below is a straightforward extension of the proof for the case of two
neurons ([24], [32]). The effects of the (N—1) neurons within a cluster on each other are
ignored below, and the large cluster is treated as a single oscillator whose conductance is (N
—1) times that of the single neuron.

Math Biosci. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Canavier and Achuthan Page 23

The main idea is to use a stability criterion derived for the perturbed firing order, but then to
apply it at synchrony using the left and right limits of the phases at one and zero. A new
proof is not required, we simply apply (20) to a reciprocally coupled heterogeneous system
in which one oscillator is a cluster of (N—1) oscillators and the other is a single oscillator.
Thus the coupling from the cluster to the single oscillator is (N—1) times as strong as the
coupling from the single oscillator to the cluster.

The corresponding characteristic polynomial corresponding is:

P=H{1=F 11 (BN (D, N=D20(01)=F o5y (B, ) 120817 £, (D, )=0. (64)

In order to actually apply the criterion, one can measure the PRC for the cluster of (N—1)
neurons directly, or simply assume that the PRC of the cluster can be approximated by that
of a single neuron as in [17]. The stability criterion is then applied twice to consider
perturbations in which the single neuron either leads or lags the larger cluster i.e. once at ¢1”
=0*and ¢n—1 =17, and again at ¢; “ =1~ and ¢n—y "= 0* (see Fig.12A). Often, f 'y j(17)
and f'5;(0%) are near zero, for i=1 and (N—1), and if the PRC is flat in those regions, the
expression reduces to a single eigenvalue for each evaluation: . =1 — ' 1 (0) — f', N1
(1) andr=1—fy N-1(0%) — 5 1 (17). F'1(0%) =2 (17) fori = 1 and (N—1) because
they measure the same quantity, namely; the resetting in the next cycle when the
perturbation occurs at the time of action potential initiation. Thus, we obtain the following
eigenvalue twice: A =1 —f'; 1 (0%) — f'; N1 (17), from which it is easy to see that negative
slopes are destabilizing, as are large positive slopes. On the other hand, 'y (17) is not small
in all cases, but rather approaches one for strong excitation that evokes an action potential
almost immediately. This is the case for the examples from the work of Peskin ([4]) and
Mirollo and Strogatz ([3]) discussed below.

111.4.1.2 Synchrony with no delay and implicit PRC: Peskin’s synchrony proof ([4])
derived for two mutually excitatory pulse coupled leaky intergrate and fire neurons can be
extended to N neurons by using the coupling strength parameter ¢' instead of € with €' = &/ N
where the membrane potential evolved according to (22). Mirrollo and Strogatz ([3]) also
proved that synchronization in a population of excitatory all to all pulse coupled leaky
integrate and fire neurons was feasible. They assumed that the function representing the
evolution of the oscillators was monotonically increasing as well as concave down. Their
basic idea was to show as the system evolved oscillators clumped together to form groups.
Larger groups tended to absorb small ones until one single group remained. The first part of
their proof showed that for almost all initial conditions, an absorption occurred in finite
time. The second and final part exhibited that the set of initial conditions that lived for ever
without leading to synchrony after a certain number of absorptions was of measure zero.

The splay mode in which individual neurons or subclusters fire sequentially in the N neuron
case is analogous to the antiphase mode. In general, the splay modes are unlikely to be
stable for the same reason that antiphase is unstable in the case of two neurons, namely that
under their assumptions the slope of the PRC is negative everywhere except near one, which
would tend to destabilize any splay mode. The positive slopes near one would lead to
synchronization. Second order resetting is zero by definition under the assumptions of
Peskin ([4]) and of Mirollo and Strogatz ([3]), and the same argument that guarantees the
stability of the synchronous mode for two neurons guarantees the stability of the
synchronous mode for the N neuron cases by (64) above because the slope at phase equal to
one is one, resulting in a zero eigenvalue whether the single neuron or the cluster leads. The
stability of the globally synchronous solution is guaranteed by the form assumed for the
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PRC. Global synchrony is not guaranteed to be a stable solution for all networks of pulse
coupled oscillators with mutual excitation ([17]).

111.4.1.3 Synchrony with delay and implicit PRC: Timme et al. ([57],[58]) made
assumptions similar to those of Ernst et al. ([5]) allowing for small delays in a network of N
oscillators. They constructed a stroboscopic map around global synchrony that considered
all possible firing orders as perturbations of the synchronous state. Under the assumptions
that the synaptic interactions take the form of a fixed increment in potential with an upper
bound and that the potential function V(t) be strictly increasing (V'(t)>0) and concave down
V" (t) <0, they showed that the globally synchronous state was always stable for mutually
inhibitory neurons with arbitrary coupling strength and arbitrary connectivity (includes all to
all, rings and chains). The results are a consequence of the restrictive assumptions, because
examples of networks with inhibitory pulse coupling can be found that do not stably
synchronize ([17]). In addition, if f;'(0)#0, then synchrony may not exist in an arbitrarily
connected network (see 111.3.2).

[11.4.2 Splay modes—The mode in which the pulse coupled oscillators fire in a sequential
manner once per cycle such that no two fire simultaneously is referred to as the splay firing
mode. Goel and Ermentrout ([26]) derived the stability proof for synchrony based on the
map given in Fig. 12B. This proof was generalized to the splay firing pattern by Achuthan
and Canavier ([17]). They used the expressions for the transient values of the stimulus
intervals indexed by spike k to form a discrete coupled map of the (N—1) phases at which
inputs are received when the reference neuron spikes. We first present this proof for stability
assuming that all the oscillators are identical and that the phase transition function (F(¢)=¢
—f1(¢)) is monotonically increasing.

Let the phases of the oscillators immediately before oscillator N fires be: 1 > ¢n-1 >
dN-2>... > ¢2 > ¢1> 0. The phase of the firing oscillator ¢y is taken to be 1 in the ki cycle
and the oscillators are re-indexed on every cycle so that only (N—1) variables are required.
Considering only first order resetting due to a single input and ignoring higher order
resetting, we obtain expressions for the phase immediately after a perturbation (¢) in terms
of the phase immediately before the perturbation (¢): ¢y = 0 and §; = ¢; — fi(di) = F(¢;) for
i=1,..., (N—-1). Since the phase transition function is monotonically increasing we have ¢n-1
> $§n-2 2...2 §1. The next step is to advance all of the phases until just before the next
neuron fires, but keeping the numbering such that the neuron that just fired as oscillator N in
cycle k is now oscillator 1 in cycle (k+1), oscillator 1 is now 2, and so on (see Fig. 12B).
The phase ¢ [k+1] in the stimulus interval ts; is equal to the normalized recovery interval 1

- ¢N_1 i.e.
¢1 [k+1]=1 -4 =1 - ¢, [K]+fi(¢y , [K]). ©65)

Each phase can then be updated to the next firing time by adding ¢, [k+1] to the phase after
the previous input and increasing the index by one as in Fig. 12B.

$in1 [k+11=¢;[K]+¢1 [k+1]1=¢i[K] — f1(#i[k])+6y [k+1] (66)

for i=1 to (N—2). In the above equations we can assume a perturbation A¢;[k] about a fixed
point ¢;" such that ¢;[K] = ¢;" + Ag;[K] for i=1,..., (N—1); where ¢;" is the steady state fixed
point. After linearizing the PRCs as before and cancelling the steady state terms from both

sides of (65) and (66) we obtain the following linear system:
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A¢N71 [k+1]:{f’l(¢;\',1*) - 1} A‘/’Nfl [k]+{1 - f’l((b;\',g*)} A‘b;\',:[k]
Ay L [k+H1]1={01(y_, ") — 1} Ay [KIH{T — 7 1(dy ")} Ady 5 [K] (67)

Aps[k+11={f"1(¢y ) — 1} Ady, [K]H{1 = £1($2")} Ads[K]
Apy[k+11={f"1(oy_, ") — 1} Ady [KIH{1 = £71(¢17)} Ay [K]
Api[k+1]={f"1(oy_, ") — 1} Ady, [K].

These equations can be written as a single matrix equation as follows: A [k+1] = S A[K]
where A [K] = [Adn-1[K], Adn—2[K], ..., Ado[K], A¢1[K]]T and S is the following N—1
dimensional matrix:

Ale)-1 1-£(6.) 0o 0
Alor)-1 0 I-fil#s) 0

o : : 1-f, (o)])
f (¢;1_1) -1 0 0 0

The eigenvalues of the above matrix determine the stability of the splay mode. The mode is
predicted to be stable only if the absolute value of all eigenvalues is less than 1.

Existence of the symmetric splay modes in which the firing intervals between successive
firing of neurons in the circuit were equal can be determined as follows (see Fig. 12B). The
first stimulus interval in each cycle can be written in terms of a single phase. The stimulus
intervals for i from 2 to (N—1) can be calculated by adding the first order resetting due to the
input that marks the start of the interval to the difference between the phases at which the
inputs bounding the interval are received. The stimulus interval, tsy [o] is the recovery
interval due to the last input in the cycle. Thus, ts; [00] = Pi{¢1"}, tsj [00] = Pi{¢i™ — ¢i—1” +
f1(¢i—1" )} for i=2...(N-1) and tsy [00] = Pi{l — dn-1" + F1(dn-1)}. An iterative method to
find the fixed points corresponding to a splay mode can then be employed. ¢ -1 is sampled
between 0 and 1 to determine the values that produce the same value of tsy [00] whether it is
calculated directly from the expression for tsy [00] or iteratively from the expression for ts;
[oo] starting from the value of ¢”1 that produces the same value of tsy [©0] as the direct
method.

For a rotationally symmetric system in which each neuron receives exactly the same input,
we obtain the single matrix shown above. If not, then the matrices corresponding to each
firing time until the pattern repeats (N matrices) must be multiplied in the correct order. The
resulting system on linearization about a presumed fixed point turns out to be such that:

AP[k+N]=MM,_, - --MxM; Ag[k] (68)

where A¢[K] is the vector containing the perturbations from the fixed point representing a
steady phase locked firing pattern as in Fig. 12B. The index k corresponds to the ki spike.
Each matrix My, is given below and maps the phases from one spike time to the next;

Math Biosci. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Canavier and Achuthan Page 26

« (g;;j;) (1= A2 (97002) 0 o 0

@ (I’Z:i) 0 (1 - fl,m+3 (d):—-;..\'_s )) e 0
o) : : e (1= (#00)
| Bmst 0 0 ... 0

where o= {f1,m+1'(¢*m+1,N,1)—1} and (f1i'(¢ix ")) represents the slope of the first order PRC
at the locking point of the ki input to the it neuron. Here, addition is modulo N and P;
indicates the intrinsic period of the it" neuron. The matrix M(=MyMp-1 **MoM7) will still
have (N—1) eigenvalues and will determine of the splay mode. This result was alluded to but
not explicitly derived in Achuthan and Canavier ([17]).

111.4.3 Cluster modes

111.4.3.1 Two 1:1 locked reciprocally coupled populations: The applicability of PRC
theory under the pulsatile coupling assumption can be greatly extended if we can apply it to
populations of neurons rather than just single neurons. Figure 10A illustrates the concept of
treating a population of synchronous oscillators as a single oscillator that has a stronger
effect on its targets than a single oscillator since all component oscillators discharge at once.
The simplification is derived from assuming the population has a PRC similar to that of an
individual oscillator ([13], [17], and [28]). An early approach was to consider synchronous
interactions within a cluster ((64) applied to each cluster in isolation) separately from the
alternating firing pattern that characterizes between cluster interactions ((68) for several
clusters, or (20) for the case of just two clusters). Treating between and within cluster
interactions separately does not always produce correct stability results ([17]). Therefore, a
novel generic proof for determining the stability of two populations of arbitrary size has
been developed ([30] and [31]) which shows how the between cluster interactions can
stabilize clusters that cannot synchronize in isolation. In essence, the within cluster
eigenvalue obtained by evaluating (64) at zero and one is scaled by 1—f1(¢”), where ¢ is the
phase at which input from the other cluster is received. The main idea for the proof was to
consider perturbation of a single neuron within one cluster only, keeping the rest of the
cluster configuration intact (see Fig. 10B). A rigorous proof for cluster modes when there
are more than two clusters is an open question, but the two cluster case is most likely to be
physiologically significant as it is difficult to find solutions with more than two clusters
([17] and [63]).

111.4.3.2 Two N:1 locked reciprocally coupled populations: Canavier et al. ([28]) studied
N:1 phase locking between two populations of Wang and Buzsaki ([14]) model neurons
connected via inhibitory synapses within a population and excitatory synapses between
populations. The connections were all to all but with two distinct types of synapses intended
to approximate local cortical connections via inhibitory interneurons and distal connections
via excitatory pyramidal cells, with conduction delays ignored. As in [17] each cluster was
treated as a single oscillator with a conductance strength scaled by the number of
simultaneously active synapses (see Fig. 10A). Equation (19) was used to predict within
cluster synchronization since each cluster was comprised of only two neurons, and the
methods in 11.2.6 were successfully used to predict 2:1 locking between clusters.
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IV. Summary and Significance

IV.1 Summary

The rhythmic activity of the cardiac pacemaker cells, pancreatic cells; neural circuits that
underlie central pattern generators (CPGs) that form the basis of breathing and locomotion
in invertebrates as well as vertebrates; rhythmic activity of the circadian cells from the
suprachiasmatic nucleus and the flashings of fireflies are some of the well known biological
examples of pulse coupled oscillators ([1-4], [34-38]). In this article we have reviewed the
use of phase resetting theory to study the firing activity of pulse coupled neural oscillators
([2-41, [71, [17], [20], [24-26], [28], [39-41]). PRCs have been used to predict the rhythmic
activity of networks of pulse coupled neurons using the NPFO based map approach as well
as by PFO maps. In the former no assumption regarding the firing order of the neurons is
required whereas in the latter existence and stability criteria for a variety of firing patterns is
based on the assumption that the firing order is predetermined. The NPFO map may produce
different firing patterns depending upon how it is initialized because no fixed, predetermined
firing order is assumed.

IV. 2 Potential Applications

Global synchronization is relevant to a number of important biological problems such as
cognitive functions exhibited by transiently synchronized assemblies of neurons ([37]);
synchronization between distant human brain regions for word recollection ([42]) and
whether an image is recognized as a face ([43]). Pathological synchrony could lead to
epileptic seizures ([44] and [45]) and tremor ([46]), and there is consistent evidence for a
reduction of synchronization in schizophrenia ([47]). Neural circuits that underlie CPGs
produce a repetitive pattern of motor activity ([48]), such as locomotion or respiration, even
in the absence of sensory feedback or patterned input from higher brain centers. An
influential theory ([38], [49]) suggests that cortical rhythms and circuits evolved from motor
rhythms and circuits, and are therefore likely to share basic principles of organization and
dynamic function. In addition, pathological rhythms such as absence epileptic seizures have
been postulated to arise from phase locking between thalamic and cortical sites ([50]).

Since PRCs can be measured for biological neurons, the methods presented in this review
can provide insight into the synchronization tendencies of neural networks. The motivation
for the type of work described in this review was clearly articulated by Netoff et al. ([54]).
We would like to understand synchronization phenomena that depend upon the "interactions
of many neurons with distinct cellular populations and patterns of connectivity in different
sub-regions", but our ability to record from many single neurons simultaneously is limited.
Instead, we can attempt to characterize the dynamics of network components and then
construct network models that make predictions regarding synchronization tendencies, some
of which can be tested using dynamic clamp techniques ([59], [60]).

IV.3 Dynamic Clamp as a tool for studying pulse coupling

The dynamic clamp technique [70],[71]) uses a computer to inject artificial membrane or
synaptic conductances in biological neurons. The membrane potential of the biological
neuron is continuously measured and used in a mathematical model to compute the current
that would result from the virtual conductance at each time step, and this current is injected
into the biological neuron ([69]). Some interesting applications of the dynamic clamp
technique that are relevant to the study of pulse coupled oscillators are 1) to inject virtual
synaptic conductances in order to measure PRCs, 2) to construct hybrid circuits in which
artificial synapses couple a biological neuron to other biological or model neurons, and 3) to
inject ionic currents to determine their effect on the PRC. Hybrid circuits ([13], [18], [24],
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[54], [72]) have been used to test the predictions based on the PRCs measured in response to
the injection of virtual synaptic conductances.

In hybrid neuronal networks ([13], [18], [24], [54], [72]), the dynamic clamp computer
continuously solves the differential equations that describe the synapses as well as any
model neuron(s) that are connected to the biological neuron (s). The existence and stability
criteria for 1:1 phase locking between two non-identical pulse coupled oscillators were
successfully tested in a hybrid network of one bursting model neuron and one physiological
bursting neuron ([24]) with reciprocal inhibition. Similar hybrid neuronal networks with
excitatory synapses were shown not to promote phase-locking in central pattern generating
networks as reliably as with inhibitory synapses ([18]). Netoff et al. ([72]) constructed
reciprocally excitatory, reciprocally inhibitory, and heterogeneous (excitatory-inhibitory)
two neuron hybrid networks comprised of either two biological neurons or one model
neuron and one spiking neuron using entorhinal stellate cells and/or OLM (Oriens-
Lacunosum-Moleculare) interneurons (and their model counterparts), and successfully
predicted their activity using the STRC ( see section 111.2.1).

Pervouchine et al. ([13]) extended the work of Netoff et al. ([72]) to examine the
contribution of a specific conductance (the hyperpolarization activated cation conductance)
to the PRC and hence to synchronization in similar hybrid networks. They demonstrated that
augmenting this conductance increased the magnitude of the advances observed at early
phases and this in turn increased the tendency of the neurons to synchronize at theta
frequencies when coupled. The activation of this current would therefore promote theta
power, which is important in memory encoding ([81]).

IV. 4 Caveats regarding PRC based methods for pulse coupled networks

Pulsatile coupling methods have been applied to a number of circuit architectures in order to
derive stability results for phase locked modes; in the most general cases, the stability
depends only on the slope of the resetting curves at the locking points in a firing pattern that
repeats every network cycle. Firing orders that are not constant from cycle to cycle were
considered by Maran and Canavier ([15]) as well as Oh and Matveev ([16]). In these papers,
the leading neuron can switch from cycle to cycle, but the firing order over a two-cycle
interval was still fixed. Stability in the case of changing firing order is an open problem
because the PFO maps only work with a particular assumed firing order (but see Timme et
al. ([57], [58]). In general, pulsatile coupling methods can be extended to inputs that are not
strictly pulsatile under the assumption that the effect of a perturbation has dissipated by the
time the next one is received. This implies that only first and second order PRCs can be
accommodated, which is limitation of the method; the second order resetting from the
previous cycle must be complete by the time the first stimulus in each cycle is received. The
likelihood of a violation of this assumption is much greater in networks comprised of
oscillators that receive multiple inputs per cycle compared to those that receive only a single
input per cycle. The violation of the assumption of a constant firing order is also
problematic. Slow currents that cause adaptation from cycle to cycle also violate the
assumption of pulsatile coupling. One possible solution to the problem of higher order
components of the resetting is to apply repetitive inputs at a fixed delay rather than just a
single pulse ([52]), and another solution utilized an empirically derived renormalization
factor to account for second order effects that continued beyond the first stimulus interval in
a cycle, and even for third order resetting ([61], [62]).

IV.5 Comparison of Different Approaches

One early approach ([3], [4], [5], [6]) relied upon assuming a monotonically increasing
concave down function for the evolution of the component oscillators, such as would be
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observed for a leaky integrate and fire oscillator, and to further assume that the coupling
increments (or decrements) this function by a fixed amount, which implicitly defines a PRC.
The results obtained by this approach are a special case of the more general PRC based
methods also described here, as they can be rederived by simply using this implicit PRC in
the more general existence and stability criteria for arbitrary PRCs. Thus proofs that make
fewer assumptions about the nature of the phase resetting are more generally applicable,
since PRCs of many different shapes can be observed both in model and biological neurons,
not just the implicit shape assumed by Mirollo and Strogatz and others. Another
improvement difference over earlier methods is the inclusion of second-order resetting,
which often needs to be considered in evaluating the stability of synchrony, because
perturbations from synchrony include inputs received just prior to a spike, when second
order effects are maximal.

Whereas here we have simplified the analysis by assuming that the coupling is pulsatile, an
alternate way to simplify the analysis is to assume that the coupling is so weak that the
network period and the periods of the component oscillators are sufficiently similar that the
phases of the oscillator can be used directly without converting the phases back to time
intervals using the different periods for comparison in the time domain. This approach
assumes that phase resetting is proportional to the amplitude of the perturbation and that the
phase resetting due to coupling can be obtained by summing the resetting at each phase in
the cycle without updating the phase for resetting that occurs earlier in the cycle. Finally, the
relative phases are assumed to change very slowly. This last assumption is violated by
patterns such as synchronization that are established quickly, within one or a few cycles.
The results obtained by this method are independent of the strength of the coupling, and
therefore cannot predict how stability changes as the conductance strength changes (see Fig.
2). Furthermore, they cannot distinguish between first and second order resetting, and the
stability results neglect terms that are products of the PRC slopes in different oscillators
([11]). On the other hand, they have been extensively used ([82], [83]) and do not have the
limitation, as pulse-coupled methods do, that the effect of one input must die out before the
next is received. The application of phase resetting methods to systems in which the
coupling is neither weak nor pulsatile is very much an open problem ([64]).
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FIGURE 1.

Phase Resetting Curve. (A) Open loop configuration. PRE stands for the pre-synaptic
neuron and POST stands for the post-synaptic neuron (B) The voltage waveform represents
a regular spiking neuron with intrinsic period Tg. The lower trace corresponds to the post-
synaptic conductance resulting from a spike in a pre-synaptic neuron. The normalized
change in cycle period length as a result of the perturbation received at a phase ¢ = ts/T is
the phase resetting. T, represents the period of the cycle in which the stimulus is received.
The following cycle period is represented by T,. (C) Example of first order (f1(¢), solid line)
and second order (f2(¢), dashed line) phase resetting curves. (D) PRCs are nonlinear with
respect to conductance strengths. PRCs corresponding to gsyn1 (black color) and ggyn, (gray
color). For strong coupling, the resetting does not add linearly as evidenced by the changing
shape as the conductance strength is increased to represent a single input (gsyn1), two

simu

Itaneous inputs (gsyn2). Note that gsyno # 2gsyn1 (black color).

Math Biosci. Author manuscript; available in PMC 2011 August 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Canavier and Achuthan Page 35

Z

t[n+1]-t[n] (ms)

o

t[n+1]-t[n] (ms)

PREDICTED (B) OBSERVED
12 12
10 <3 g [ ‘
H: ® Complex locking i
8L R g | e Nearsynchronous 1:1 !
;;; ® Near synchronous 2P leap frog  §
6 L , 6 | o Near synchronous Alternating 2P '
g
4 t :I 4 F i
2 :': :
L - 2 F H
0L i o} MM;
0.00 0.04 0.08 0.12 0.00 0.04 0.08 012
e(uA/cm?) e(LA/cm?)
(D)
¥ Synchrony ® Near Antiphase clusters
i o Antiphase clusters 35¢ ¢ Near Synchrony
00N Aperiodic mode m Near Splay
30F 30r ‘
L 25 L
20F 20 #
- 15 L
10F 10
L 5 L
0 b_ﬁ""d ‘. L . 0 L—“d - - —
0.0 0.1 02 03 04 05 0.0 041 0. 03 04 05
conductance (mS /cm?) conductance (mS /cm?)
FIGURE 2.

Complex modes observed in a two neuron and a four neuron network are predicted quite
well by the NPFO maps. These results are for network with type | excitability and inhibitory
synaptic connectivity. As a function of the heterogeneity parameter, ¢ ([15]), for a two
neuron network of Wang and Buzsaki model neurons: (A) predicted firing intervals for the
various modes from the NPFO map and (B) Observed firing intervals produced by
integrating the full system of differential equations. Similarly, as a function of the synaptic
conductance strength in the four neuron network of Wang and Buzsaki model neurons
([17D): (A) the firing intervals produced by the NPFO map and (B) firing intervals produced
by integrating the full system of differential equations. The modes labeled antiphase clusters
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or near antiphase clusters refer to two clusters in antiphase or near antiphase, whereas the
synchronous and nearly synchronous modes refer to a single cluster.
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ts[n+1]

.

FIGURE 3.

A periodically forced oscillator. Stimulus intervals (ts) in the " and (n+1)t cycles in a
phase locked mode with no delays is shown here. The black vertical bars indicate firing
times and the vertical gray arrows indicate neuronal inputs arriving at a phase ¢ (= ts/ Pg).
Pg represents the period of the forced oscillator and Ps represents the period of the forcing
oscillator.
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ts[n] tr[n]

FIGURE 4.

Neural firing time map with delays of arbitrary lengths for a forced oscillator with a
feedback input that has a fixed delay (8) from each time the oscillator fires. Stimulus
intervals (tsj) denote the time elapsed between a spike in neuron i and the receipt of the next
input by neuron i, whereas recovery intervals (tr;) denote the time elapsed between the
receipt of an input by neuron i and the next spike in neuron i. The time intervals are variable
and indexed by cycle number n.
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FIGURE 5.

Existence and stability analysis for two bidirectionally pulse coupled oscillators. (A) Firing
map for 1:1 phase locking. The two oscillators are labeled as 1 and 2, respectively. Stimulus
intervals in a phase locked mode are shown here. The black vertical bars indicate firing
times and the gray vertical arrows indicate neuronal inputs at phase ¢; (= ts/ Pj). P,j, fy; and
fo; represent the intrinsic period, the first order resetting and the second order resetting of the
it oscillator, respectively. (B) Graphical method for determining the fixed points for the
firing map given in (A). The intersections of the two curves (black and gray) indicate
intervals at which the two periodicity criteria try=g(ts;) and tsy=g ~1(tr,) are satisfied. The
circle and the cross symbols indicate the stable and unstable fixed points of the discrete map
given in (A).
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FIGURE 6.

PRC for a leaky integrate and fire neuron with a monotonically increasing evolution
function (V(¢)). (A) Plot of membrane potential (V(¢)) versus the phase (¢) with V' (¢) >0
and V" (¢) < 0. Since V(¢) is monotonic, the order ¢1 g1g < $2,01q iS preserved after a €
perturbation (e> 0) so that ¢1 new < $2new- (B) The PRC as given by (24). As a result of the
perturbation in (A), the old phases are advanced to new phases resulting in new phase
resettings as indicated. Note that the slope of the PRC i.e. f'1(¢) is 1 for ¢ near 1 since the
PRC in these cases is constrained by causality.
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FIGURE 7.

Neural firing time map with delays of arbitrary lengths for a circuit of two pulse coupled
neurons. Only two out of the four possible firing patterns are shown. The delay between a
spike in neuron 1 (2) and the receipt of an input by neuron 2 (1) is designated &, (7). The
delay between a spike in neuron 1 (2) and the receipt of an input by neuron 2 (1) is
designated 87 (87). (A) The quantities highlighted in gray sum to k cycles in neuron 1. The
number of spikes that occur in neuron 2 during 81 is jo. (B) The quantities highlighted in
gray sum to k cycles in neuron 2. The number of spikes that occur in neuron 1 during &, is
j1. Stimulus intervals (ts;) denote the time elapsed between a spike in neuron i and the
receipt of the next input by neuron i, whereas recovery intervals (tr;) denote the time elapsed
between the receipt of an input by neuron i and the next spike in neuron i. The time intervals
are variable and indexed by cycle number n.
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FIGURE 8.

Firing pattern for 2:2 lockings. (A) Firing order is preserved. The stimulus intervals (ts;;)
represent the time elapsed between the firing of neuron i and the reception of the input j
from the other neuron. The recovery intervals (trjj) represent the time elapsed between the
receipt of the input j by neuron i and the next spike fired by neuron i. (B) Firing order is not
preserved. Note that the firing order changes on every cycle. The definitions for the ts;j and
trjj are different than in (A) because the assumed firing pattern is different (see [15]).
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FIGURE 9.

The firing pattern for N:1 locking between two pulse coupled neurons. The faster neuron (F)
fires N times for each time that the slower neuron (S) fires. Firing times are indicated by
thick vertical bars. The input phases ¢ are defined on the upper and lower traces for dotted
lines corresponding to a vertical bar on the partner trace indicating the time of a spike in the
partner. Only the first and last spikes of the fast neuron within each cycle of the slow neuron
are shown, the remaining spikes are indicated by the dots. The stimulus (ts) and recovery (tr)
intervals are the time elapsed between vertical dotted lines. Both phases and intervals are
subscripted by the neuron and indexed by the cycle. The second subscript on the phases of
the slow neuron indicates the j input during the current cycle of the slow neuron (cycles m
and m+1 are shown). The intervals highlighted in gray are defined in the text and used to
construct a discrete map from ¢sy[m] to dgn[m +1], the phases highlighted in gray.
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FIGURE 10.

Two populations (clusters) of M and N-M neurons, respectively. (A) Cluster interactions
were analyzed by collapsing the neurons within each cluster to a single oscillator and by
determining the existence and stability of a splay mode (see text section 111.4.2) between two
such oscillators using M times and N—M times the conductance for a single synapse,
respectively. (B) A presumed perturbation map of the antiphase firing mode between M
neurons in one cluster and N—M neurons in the second cluster. A perturbation of a single
neuron away from the synchronous firing of M neurons was assumed. ¢;;[K] refers to the
phase of the it neuron or cluster due to an input from the j neuron or cluster. The dashed
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vertical lines in (B) indicates the firing times with an assumed sequential firing order. The
strength of the synapses is indicated across the vertical arrows in (A) and (B).
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FIGURE 11.

Stability analysis for unidirectional N-ring pulse coupled oscillators. The analysis depends
on k because the sum of ts;j[n] for i=1 to N equals kP, at steady state, where P, represents the
common entrained period of the N neurons. If the firing time of neuron 1 is perturbed
slightly from steady state, the effects of this perturbation will propagate all the way around
the ring in k periods.
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FIGURE 12.

Presumed firng patterns for synchrony and splay firing modes. (A) One cluster of N
neurons. A perturbation of a single neuron away from the synchronous firing was assumed.
(B) Splay firing pattern in a network of N neurons. ¢;[k] indicate the phase of the non-firing
oscillators just before the k! spike in the reference oscillator which produces the it input to
the other (N-1) oscillators. The stimulus (ts) and response intervals (tr) in (A) and (B) can
be written in terms of the phases under the assumption of pulsatile coupling, allowing the
construction of discrete maps of the successive phases. The dashed vertical lines in (A) and
(B) indicate the firing times with an assumed sequential firing order. The strength of the
synapses is indicated across the vertical arrows in (A) and (B). The synaptic conductance
strength of each neuron in (B) was assumed to correspond to that of a single neuron.
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