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EXPERIMENTAL AND THEORETICAL

ANALYSES OF SYNCHRONY IN
FEEDFORWARD NETWORKS

ALEX. D. REYES

ABSTRACT

A hallmark of neural activity during a seizure is the appearance of synchronous events throughout the brain. Synchrony, however,
is not exclusively found during a seizure but seems to be ubiquitous under normal conditions and, indeed, may be crucial for
information processing. This chapter focuses on recent experimental and theoretical studies of synchrony in feedforward neural
networks. This network is the backbone for information transfer in the brain given that signals must be propagated from neuron
to neuron, from one nucleus to another, and from one brain region to another. Epileptiform activity may represent an aberrant
manifestation of functional synchrony. If so, then understanding the mechanism by which synchrony propagates normally through
a neural network might provide clues as to how the synchrony becomes pathological and may suggest preventive measures. As in
feedforward networks, epileptiform activity originates from a focal point and then spreads rapidly in a stereotypic manner through
a sequence of cortical areas. The simplicity of the feedforward network means that both experimental and rigorous theoretical
approaches can be used to derive very general principles, which may then be applied to the study of epilepsy.

INTRODUCTION

SYNCHRONY IN THE NORMAL BRAIN

There is a wealth of electrophysiological evidence suggesting that synchronous firing of neurons is present in the normal
functioning brain. Recordings in awake animals reveal synchronous discharges occur, e.g. when animals are exploring
space (Csicsvari et al., 1999), performing olfactory discrimination (Stopfer et al., 1997; Martin et al., 2004), motor (Riehle
et al., 1997; Hatsopoulos, 1998), visual (Azouz and Gray, 1999, 2003) and memory-related (Sakurai and Takahashi, 2006;
Uhlhaas and Singer, 2006) tasks. Synchrony is also postulated to play an important role in generating stereotypical firing
patterns in cortex (lkegaya et al., 2004). Convincing evidence for the presence of synchrony also comes from recent
intracellular recordings in vivo (Azouz and Gray, 2003; Ikegaya et al., 2004; Bruno and Sakmann, 2006). These experiments
reveal the presence of very large voltage transients whose amplitudes often exceed 10mV, far greater than the 0.3-1 mV
unitary synaptic potentials documented between two connected neurons (Markram et al., 1997; Reyes et al., 1998; Reyes
and Sakmann, 1999). Therefore, the large transients are likely to be due to the summation of many unitary events that
occur synchronously.

Although synchrony is prevalent, its function is still hotly debated. Synchrony has been postulated to be the substrate
for encoding precise timing of action potentials that is necessary for pattern formation (Abeles, 1991) or for ‘binding’
activities of neurons that encode distinct features of a stimulus (Engel and Singer, 2001; Singer, 2001; but see Shadlen
and Movshon, 1999). Intracellular recordings in vivo reveal that stimulus driven activity is often associated with the
appearance or increase in the frequency of synchronous potentials. Experiments with the iteratively constructed networks
(see below) suggest that synchrony is crucial for the propagation of information about input rate (Reyes, 2003). In the
absence of synchrony, the firing rate (F) at successive layers (L) can be described by: F, =kF, where k is a constant

304




*(400[9q 998) XILI00 Ul ANINDIID Y} S[QUIASAI O} pasealdul A[[enpeld aq ued
yr0mIau 91 Jo A1ixa[duwiod ay) ‘(Mo[aq 335) SISAEUE [BITIRI0Y) )M poolsiapun are sojdiourid [erouad oyl 90U oMU
pIemiopaay o[dwiis & JOPISUOD 03 151 95eIS SIY} 18 SANBWIOJUL 2IoW S 3 ‘I9AIMOH “(S00T ‘Se4ay]) aanpadoid aAneIa ay)
guisn o414 u1 pIJONISUOIAI 2q ULD ‘UOTHQIYUI YOBAPISJ 10/PUB UONEIIOXD JULINIAI UM IS0} SUIpN]oul ‘SYI0MIdU SO

*JI0MISU AU UI SUOINSU Y] [[e JO SIMIANOE PAIBIDOSSE oy} Jojuowl pue sutdjjed oyroads ndur 03 sn smoffe anbruysa) ay)
“I9A0SION ‘sIapureied pswinsse AUBW Y)im S[opow payT[duirs uey) ISyjel ‘Sucinau [eal Jo pasuduwios A[9AT10a]Jo aTe SYI0MIU
Ayl ‘ISAMOH 'SUOHIPUOD JO AJoLieA © 1opun AuoyouAs a1o[dxs o) siojowered A[jeonewa)sAs A1ea 03 a[qissod sIJ1 ‘SUOIBIIWIS
qum sy “1oq Jo safeiueape s19jj0 pue suope[nwils Jondwod pue sadIfs urelq ul syuawLdxo Jo puqAy e st anbruyod)
YL (€007 ‘SeAay) uoINaU paplodal J[SUIs ¥ JO AJNATOE 9y} WOIJ YI0MISU B UIY)IM SUOINAU JO SpUBSNOl; Jo Juiry o Jo
uononNsuooal oy} sywted A[[enuasse yormym pedofaaap sem 2unpasosd aaneIoN ue ‘swajqoid osay) S1ESIABUWINDID O,

‘SUONIPUOD [BINJBU I9pUN INO30 PINOM JByMm O}
Je[ruus Jouuew e ur suone[ndod [einau dy10ads ‘SUONIPUOD PI[[OIUOD-[[dM IDPUN ‘aje[nwuns 0} d[qissod 11 ST IOU ‘UCHR[NUWINS
Klosuas "8 unmp S[[90 9y} [[@ JO SANIANOE 3y} JOIHOW 0] juawiow 3y} Je d[qissod jou SI 3] ‘sucinaurul A10)qIyul pue
AJI01R110X9 pue S[[30 [epTweIAd JO SOsSB[O [BI0AS JO SISISUOD UYOIGM ‘X91100 ul Sulssadold [ruSis ouTurexd 0} JNOYJIp AIoA S1I|

OYLIA NI STHOMLAN DONILONYLSNODHA

SMHOMIAN AIVMHO4dd3dd NI ANOIHDNAS

"INZ19s ¢ ULIND PI[[0[UOdUN SAUI0DAq Uonouny urelq feuriou Suunp juasaxd st jey) Auo.youks Aym a10ja1ay) st uonsonb
epodw wy -2IMzZIos B SULINp JouURWL PIBMIOJPa) B UT AUOIYdouAs jo peards I0] 2ouapiad Suons st asoy) ‘Arewwuns uf
"SUOITIIAU JIWR[BY} PUB [BO1HOD Jo S19Ae[ Suneuld)e Jo SunsIsuod
1INOIID PIRMIOPaR] B S JO JYSnoy} aq Os[e Ued (JO0Z ‘SeIanuo) pue YOIIoDIA) sedreyosip waojndojids Furureisns Joj
juerroduwin ssa001d aaneIouafor yorqpeo) v opraoxd Kew yorym ‘dooj orwe[eyoonIod ayy, (0661 MequILT| pue SaUOf 9661
“[e 19 1[0AY) s1ake] 1addn oy 01 sareSedoid uayy pue A 19A®] WoL saRUISLIO A1TATIOE WIOJNIda[Ids ‘Xa1100 [BUIYIOIUS UTYIIM
“oa0a10y -sndwesoddry o Jo 1y 01 USY) pue ¢V O} XoH0D [eulylojud wolj A[fenuanbes sassaidord Ayanoe wiojn
-dojido poonpur Ajpeoidojooeunieyd ‘(96671 “Te 10 OBSEN (9661 I8 19 1JOAY) X91100 [euryioius pue snduwresoddry Sutureiuoo
voneredord 201[s & U[ ‘IoUUBW PIEMIOJPIDJ B Ul PAIBATIOR IE SBAIE [EDILI0D [RIDADS JRY) S1BOIPUL SSUIPIOAL 0414 Uf
‘S$YIOMISU PIEMIOIPID]
ut SuLy snouoIyouAs Surpeards 10J SUONIPUOD [BIPL IB ISAY ‘MO[2q UMOYS 3G [[IM SV “(JOQT ‘SeISNUO)) pue JIIULIODOIN
‘eg661 T0AY pue assiuedoT cgeT ‘Suopn pue so[Iy) uonezueodop 3uldzopun ue uodn Surpu sfenuajod UondE Jo sISINg
Aq pazuadereys ‘oseyd [e1or oy Suump suonezuejodop pourelsns ‘931e[ JIQIYXD SUOINIU JBY) [BIASI SSUIPIOIST IR[N[[0BNU]
(9661 “IB 10 1OAY) ([RI10LI21UI) SIUSISURT) J3JOLIq AQ Pamof[of ([e1or) amzies 2y} Suunp sjuorsues) pauresns :sjuaned
ur paarasqo ssoyl 0y Apdreunxoidde puodseniod jeyy seseyd [e10A9S [BoA21 s3ulpioddl [enuajod Py ‘SUONIPUOD SAY)
1opup) ‘sasdeuks oifrerewrein3 jo sjusuodwod (VAN) d1eMedse-(q-[Aaw-N 9y} [1Aun 01 | SN SUIA0wdI pue (JV-t)
surpufdoutwe-4 Yl sppuueyd |y Sunpoolq ‘sindui A103qyul parerpaw- ¥y gy Sun{oolq ‘suonnjos L3y YSIy ut 991[s Y
Suryieq opn[oul SIY} 10§ SPOYISJA] “YIOMISU [EINSH 21} JO ANIQRIIOXS [[RISAO U} SUISEAIOUL AQ 901]S Y Ul PAIRISUSS A[uoWwwod
are samzieg ‘uoneredard 901[s UTBIG 04714 Ul AU} UT PIONPUL 2 UBD 0Al4 Ul PIAIISQO Jey) Suljquiasal Aianoe uuojndapdy
‘suonovINuI ondeuks YIomiou AQ POJBIpIW 21k surlojoaem ay ], "A|[eorporrad
Indoo 1ey) suonezuepodsp (SWQQZ—OOT) JOHQ JO ISISUOD UYOIYM ‘SIZIeydSIp [BIOLIAIUI AIe SIINZIDS UaMISq U] “(d1uo[d)
syuaisuen Kousnbaij 1amo| Aq pamorroj (otuol) sagreyossip Kouonbaiy ySiy Aq pozuelovIeyd afe SpI0dd) DFY ‘AINZIds ©
Suun(y "o [eourds A[snouotyouise SULIY SUOINSU WO SWIOJoAeM suoinau Juuy Ajsnouoryouis jo uonemndod a3 e jo
Ananoe ondeuds o) AQ pareIsuag JUSLIND JUBIQUISWISURT) 73U 2Y) 10919 SUIPIOIAL HFH "(MIIAJI ® I0] (07 ‘Seloniuo)) pue
NOIULIO)ON 998) aunzios ¢ Sunmp suraped Suuy [eord£)1oa1a)s Teasar syuaned ur sfurpiosar (nFH) swydersoreydeousonasig

SHANZIAS ONIINA ANOJHONAS

‘s10Ae[ sso1oe AjIqeniea fenuajod 01 9ANISUIS $SI| A[qRIapISUOD aIe s[enuajod
Juatsuen a31e[ oy asneoaq A[qerar axow pajededoid s1 . ‘SIUSAI SNOUOIYOUAS UIIMIBQ dWIN) 3Y) JO ISISAUL 3Y) SB PIPOOUD
s1 Aouanbayy a1sym ‘opowl snouoIyduAs oy} uf ([ <) dn mo[q Jo (1>3) N0 JAP IYIL [[Im J ISIMISIO {[ = eyl yons
are siopwesed snouea oy) JT A[uo sxoke| ssoioe poalosaid sr  ‘sny] uoInau Yoed jo uopouny Idjsuen) ndino-indur oy
pue syuarmnd ondeuks jo azis oy ‘sindur ondeudserd jo zoquinu ayy Surpnioul sijoweied [eIaAas uo spuadap anjea asoym

gog SMHOMLAN QUYYMHO4AIT4 NI ANOHHINAS 40 SISATYNY TTVIILAHOIH] ANV TTIVLINIWIHIdX]

jut




306 COMPUTATIONAL NEUROSCIENCE IN EPILEPSY

Iterative procedure

To construct neural networks using the iterative procedure, whole-cell (or intracellular) recording is first established in a
neurcn. The general strategy is to simulate the activities of neurons in the first layer, use these to generate inputs which
will then be delivered to the recorded neuron several times (once for each neuron in the layer) to recreate the firings of
neurons in the second layer. The firings of the recorded neuron are then used to calculate inputs that are again delivered
to the recorded neuron (which now represents a neuron in the third layer). This procedure is iterated until the activities of
the entire network are reconstructed. The detailed procedure is as follows.

The network shown in Figure 20.1A consists of m layers, each with w neurons. The network is sparsely connected so
that each neuron has a 0.1 probability of being connected to a neuron in the next layer. The recorded neuron is defined
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FIGURE 20.1 Synchrony in in vitro feedforward networks. (A) Schematic of a feedforward network consisting of m layers with w neurons per
layer. (B) Protocol for reconstructing the firing of the neurons in the feedforward network (see text for details). The first layer of neurons is simulated.
The spikes are used to calculate synaptic currents (PSCs), which are then injected into the recorded neuron. In the first iteration, the recorded neuron is in
the second layer. The neuron is stimulated a total of w times, with each spike train representing the firing of a neuron in the second layer. The amplitudes
and latencies of the synaptic currents are randomized. The resultant spike trains are then used to generate synaptic currents, which are re-injected back
to the neuron w more times. This reconstructs the firing of neurons in the third layer. This iterative procedure is repeated until the firing of all m layers
are re-constructed. (C) Dot rasters of neurons in each layer of an 11-layer network (left). Associated poststimulus time histograms are shown on right.
From Reyes (2003).
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308 COMPUTATIONAL NEUROSCIENCE IN EPILEPSY

Preliminary results with simulations suggest that adding feedback inhibition or recurrent excitation does not remove
synchrony (Cateau and Reyes, 2003). In fact, under certain conditions, feedback enhances synchrony. Feedback effectively
adds temporal structure to the input due to the fact that there is a fixed latency determined by the axonal length and
synaptic delays.

In summary, the experiments show that any network with more than three layers will likely give rise to synchronous
firing. It should be noted that inputs were artificially made asynchronous; synchrony will develop faster if the inputs are
already partially correlated.

MODELING FEEDFORWARD NETWORKS

The in vitro experiments suggest that synchrony is the default state of the feedforward network. In order to devise ways
of minimizing synchrony and perhaps, also the rapid spread of epileptiform activity, it is important first to understand the
underlying mechanisms that give rise to synchrony. Many of the important principles can be readily understood intuitively
with a ‘toy” model. A more formal model that uses tools from non-equilibrium statistical physics will be presented below.

TOY MODEL

The development of synchrony in the feedforward networks can in part be explained by two simple phenomena. The
first is that with any stimulus, neurons that receive common depolarizing inputs will tend to fire closely in time after the
stimulus onset. Stimulus-evoked excitatory inputs into all neurons cause their membrane potential to rise from rest (or any
initial conditions) and reach threshold at a rate determined by the membrane time constant. This can be seen readily by
modeling the first layer as a network of unconnected leaky integrate-and-fire (LIF) neurons. Numerical simulations of an
LIF neuron for a step current give an exponentially rising voltage. Upon reaching threshold, an ‘action potential’ occurs
and the membrane potential is reset back to near rest. Figure 20.2A (left) shows the firing of representative neurons in
a layer in response to a current step. Independent noise is added to each neuron to produce variability in spike times.
The population PSTH, compiled by summing the individual spike trains, shows a peak shortly after the current step onset
followed by progressively smaller peaks. The peak indicates that the spike times tend to cluster at a certain time window:
had the spikes occurred randomly with respect to each other, the histograms would be flat.

A

|

(B) PSTH unitary composite

EPSC EPSC
L1 —/——— o “ L1
L2 e e, N L2
13—A A aaa > N _ Ao~ 3013
L4 N W W . NS4

FIGURE 20.2 Mechanisms underlying the development of synchrony. (A, left) Firing simulated with leaky integrate-and-fire neurons. A step of
current was injected to each neuron (bottom trace). Noise was added to the voltage to increase spike time variability. The poststimulus time histogram
(PSTH) is shown on top. Right, when a brief current transient was added to the step, the peaks in the poststimulus time histogram became taller and
narrower. (B) Schematic showing the refation between the PSTH (left) in a given layer and the composite synaptic current that is delivered to the next
layer of neurons (right). The composite current is obtained by convolving the PSTH with the unitary postsynaptic current.
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310 COMPUTATIONAL NEUROSCIENCE IN EPILEPSY

where N is the number of presynaptic cells, a is the total charge produced in the postsynaptic cell by a single presynaptic
input (modeled as a 3-function), A is the input rate, and { is the Gaussian white noise term. The first term on the right
may be interpreted as the mean synaptic current arriving from neurons in the previous layer and the second term, the
fluctuations around the mean.

The evolution of membrane potential of each neuron with time is described by Equation 2. The FPE in turn gives
the probability distribution, P(V,t), of membrane potentials of all the neurons in a layer in a slice of time. Figure 20.3A
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FIGURE 20.3 Fokker-Planck analysis of feedforward networks. (A, left) Firing of a population of leaky integrate-and-fire neurons in response to a
current step with Gaussian white noise. Right, distributions of membrane potentials taken through 3 time points (vertical lines on left). (B) Poststimulus
time histograms obtained with a feedforward network of leaky integrate and fire neurons. Right, prediction generated with a Fokker-Planck equation assum-
ing that the neurons were Poisson processes (blue). Note that unlike the simulations and experiments, the predicted histogram flattens out by 100 ms,
indicating asynchronous firing. Fit to the simulations was improved by relaxing the Poisson assumption (black). From Cateau and Reyes, 2006. (C) Poststimulus
time histograms obtained when finite size effect perturbations are taken into account. Synchronous firing persisted when few, larger inputs were used (red).
In contrast, asynchrony developed when there were many, small inputs (blue). From Doiron et al., 2006. (See Plate 11 in color plate section.)
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312 COMPUTATIONAL NEUROSCIENGCE IN EPILEPSY

The discrepancy arises from at least two sources. First, the assumption that the firing of presynaptic neurons, and the
associated synaptic currents in their targets, are Poisson processes is incorrect. Neurons are not memory-less but rather tend
to fire periodically, as would be expected because neurons have finite membrane time constants and various time-dependent
conductances. Indeed, the autocorrelation of spike trains are not 8-functions but rather have troughs on either side of a
central peak. It has recently been proven that non-Poisson nature of spiking is preserved even when the activities of an
arbitrarily large population of neurons are summed (Cateau and Reyes, 2006; Lindner, 2006). When the Poisson assumption
is relaxed, the theory agrees better with the experiments but still shows asynchrony in the large time limit (Cateau and
Reyes, 2006). Second, the FPE as formulated in Equation 6 does not take into account for so-called finite size effects. The
synaptic potentials are not infinitesimally small so that the histograms in e.g. layer 1 are not smooth but have fluctuations.
These fluctuations occur throughout the stimulus and provide ‘seeds’ for synchrony (in a manner similar to the bumps in
the toy model) in the next layer. When the FPE is modified to account for these phenomena, the resultant histograms match
the experimental data more accurately and synchrony now persists for all time (Doiron et al., 2006). Figure 20.3C shows
that the PSTH obtained with the equivalent of few (N = 500) synaptic inputs (red) produced synchrony at long times after
the stimulus onset whereas many (N = 10000) but small synaptic inputs produced a flat PSTH (blue).

In summary, an important implication of the FPE analyses is that once synchrony develops in a particular layer, the
network never reaches an equilibrium state where neurons are firing asynchronously. There are ‘forcing’ functions which
are inherent within the network that maintain synchrony for long periods of time.

STRATEGIES FOR ELIMINATING SYNCHRONY

The models suggest that the strategy for reducing synchrony is first to eliminate the tendency of neurons to fire at a
fixed delay after the stimulus onset. This tendency causes a peak in the PSTH, which though broad, provides the seed
for stronger synchrony in deeper layers. Once a critical number of spikes occurs together in a sufficiently short period
of time, full-scale synchrony develops. Secondly, the tendency of neurons to fire at a fixed interspike interval must be
reduced. Because neurons tend to fire repetitively, the appearance of the first peak means that there will tend to be another
peak approximately one interspike interval (= 1/avg. firing rate) later. Finally, the finite size effects must be reduced. As
discussed above, the finite size effects are largely responsible for maintaining synchrony at long times after the stimulus
onset.

A completely flat population PSTH occurs when the distribution of spike times for neurons in a layer is uniform. At
the onset of the stimulus (for simplicity a step), the membrane potential rises exponentially towards threshold. Thus, the
probability that the spike will occur say 3—4 membrane time constants later is much higher than at the start. After spikes
occur, the probabilities are again low but will rise back up again (if the stimulus is susta‘ned) and the cycle repeats. Forcing
the population spikes to occur randomly is tantamount to making the spiking probability distribution uniform for the entire
duration of the stimulus. This is remarkably difficult to accomplish under biological conditions.

One possibility is to make the network functionally more heterogeneous by increasing the distributions of initial
conditions of the neurons within a layer. For example, imparting a different subthreshold membrane potential to each
neuron would, in principle, cause neurons within a layer to fire spikes at different times with respect to each other (Reyes,
2003). An important restriction is that the distribution of membrane potentials must be uniform across all neurons in a
layer. Any peaks in the distribution (as would occur with a Gaussian or Gamma distribution) will cause the population
of neurons to fire at a preferred time interval; neurons whose membrane potentials fall e.g. within one standard deviation
of the Gaussian will dominate the PSTH. A similar restriction applies to spontaneously active neurons: the distribution of
firing frequencies must be uniform.

A second possibility is to increase heterogeneity by e.g. widening the range of membrane properties of the neurons. This
was attempted in the experiments but perhaps not enough heterogeneity could be achieved with four types of neurons in
the network (see above; Reyes, 2003). The tricky part is choosing a distribution of membrane properties that will produce
uniform spiking probabilities. For example, simulations with LIFs indicate that increasing heterogeneity by varying the
membrane time constants requires that some neurons have very short time constants (to produce spikes immediately at the
start of the stimulus) and some to have very long time constants (to produce spikes at later times). Whether the range of
passive (or active) properties of neurons or whether the uniform distribution of these parameters is biologically realistic is
unclear.

Eliminating the finite size effects may not be feasible under physiological conditions. This would essentially entail
making the amplitude of the synaptic potentials infinitesimally small and the number of presynaptic inputs infinitely large
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FIGURE 20.4 Spread of synchrony. (A) Probability distributions for connections between pyramidal cells (blue) and between pyramidal cells and
inhibitory cells (red) as a function of distance. (B) Dot rasters for 5 layered feedforward networks of quadratic-integrate-and-fire neurons (columns) under
4 configurations (rows). First column: control condition was with excitatory and inhibitory neurons with the connection schemes in (A) (see text). Second
column: network with only excitatory neurons. Third column: similar to control network except the amplitude of the excitatory input was doubled. Fourth
column: similar to control except an NMDA component was added to the excitatory input. The horizontal dashed lines demarcate the boundary of the
activated neurons in layer 1. Scale bars for synaptic potentials: 0.5 mV, 20 ms. (C) Total number of action potentials (ordinate) fired by cells (abscissa)
in layer 5 under the 4 conditions. Note that the spread of activity in the non-control conditions was substantially greater than in the control network.
(See Plate 12 in color plate section.)

PATHOLOGICAL SYNCHRONY

Synchrony seems to play an important role in signal processing in the normal brain as long as it is confined and controlled.
One may imagine many feedforward networks where synchrony exists among neurons within each network but not across
networks. Pathology may occur if significant synchrony develops across networks, i.e. when it becomes unbounded. The
fact that the tendency to synchronize is so powerful suggests that the nervous system may be teetering on the verge of
full-blown synchrony. Small irregularities in the synaptic mechanisms or neural architecture may be all that is needed as
a trigger.

Unbounded synchrony may occur when the excitatory/inhibitory ratio increases. A combination of decreased inhibition
or increased excitation can attenuate the effectiveness of inhibition at the periphery. As shown above, removing inhibition
increases the lateral spread of synchrony. This effect can be enhanced in the control network by doubling the amplitude
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