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Abstract

Constant optogenetic stimulation targeting bothpyramidal cellsand inhibitory interneurons
has recently been shown toelicit propagating waves of gamma-band (40—80Hz) oscillations
in thelocal field potential ofnon-human primate motorcortex. The oscillations emerge with
& open access non-zero frequency and small amplitude—the hallmark ofa typellexcitable medium—yet
Citation:HeitmannS, Rule M, Truccolo W, they also propagate far beyond the stimulation site inthe manner ofa type | excitable
ErmentroutB (2017) Optogenetic Stimulation medjum. How can neural tissue exhibit bothtype land typellexcitability? We investigated
Shifts the '_EXCit?b“i.ty of CerebralCortexirom T%ﬂee apparent contradiction by modeling the cortex as a Wilson-Cowa n neural field in which
| to Type Il:OscillationOnset and Wave
Propagation.PLoS Comput Biol 13(1): e100538ftogenetic stimulation wasrepresented byan external currentsource. In theabsence of
doi:10.1371/journal.pchi. 1005349 any external current, themodel operated asa typel excitable medium that supported propa-
Editor: Peter E. Latham, UCL,UNITEDKINGD@@ting waves ofgamma oscillations similar tothose observed invivo. Applying an external
Received:November 3, 2016Accepted:Januarymfl,r%%E’%migﬁ)gc?yz!\%ﬂaorr)} 91'95'1%%9&%%‘#5%’?53.33}? 8{)%Fln;ggeggea%glg,e#rie%tgf%IFggp%llrllg )t(%lrﬁgtr%%y be freely
fundedby USA NationalScience Fund (NSF) awaetlilrra75Bewindigsmuggeist thatatstisbhtitsteohsirmalbyiopeisdets asan typedkexGitsbi), RO1INS2507
medium butitis locally transformed into a type || medium by optogenetic stimulation which
predominantly targets inhibitory neurons. Theproposed mechanism accounts forthe
graded emergence ofgamma oscillations atthe stimulation site while retaining propagating
waves ofgamma oscillations in thenon-stimulated tissue. Italso predicts that gamma
waves can be emittedon every second cycleof al00 Hz oscillation. That prediction was
subsequently confirmed byre-analysis ofthe neurophysiological data. Themodel thus
offers a theoretical account of howoptogenetic stimulation alters theexcitability ofcortical

neural fields. Author Summary

Optogenetic stimulation is increasingly used asa surrogate forendogenous activity to
probe neural dynamics. Ourmodel shows thatoptogenetic stimulation which predomi-
nantlyrecruits inhibitory neurons can dramatically alterthe neural dynamics from typel
excitability (integrators) totypell excitability (resonators). We claim that thisphenome-
non explains theseemingly paradoxical co-existence ofpropagating waves (ahallmark of
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Introduction

Lu andcolleagues [1] recentlytransduced small regions ofprimary motor (M1) andventral
premotor (PMv) cortices ofmacaque monkeys usingred-shifted opsin C1V1(T/T). They
found thatconstant optical stimulation of thetargeted tissue induced intrinsic gamma-band
(40-80 Hz) oscillations inthelocal field potential (Fig 1A). Thegamma oscillations were mani-
fest in 4x4 mmmicroelectrode recordings aspatterns ofconcentric rings andspiral waves
thatpropagated into thesurrounding tissue well beyond thestimulation site (Fig 1B). When
theoptogenetic stimulation was slowlyramped from zero, theoscillations emerged abruptly at
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Fig 1. Optogeneticallyinducedgammaband (40—-60Hz) oscillationsin primatemotor cortex, redrawnfrom [1]. A: Gammaoscillations in the

local field potentialsat five recordingsites on the microelectrode array for subject T. The oscillationphasehas a spatial gradient that indicateswave
propagation. Black dots indicatethe peaks of one gamma cycle across neighboring electrodes; B: Optogeneticstimulation inducesexpanding
waves, as summarizedin the phase-triggeredaverage of gamma(40-110Hz) spatial field potential, based onthe phase of theoptogenetically-
induced 50 Hz gamma oscillation. The dotindicatesthe point where thefiber optic light sourcewas surgicallyinserted. The tip of the optical fiber was
likely slantedto the right of this point, corresponding to the origin of the waves.C: Trial-averaged spectrogramof the local field potential when the
optical stimulationwas rampedfrom 0 mW to 6 mW over 4 seconds.The mean powerwithin each frequency band for the 500 ms preceding
stimulationwas subtracted(in dB) from the power during stimulationto enhance visualizationof the optogentically-induced changes.D: Power of the
oscillationsin the local field potential during the ramp protocol.

doi:10.1371/journal.pchi.1005349.g001
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anon-zero frequency-(Eig 1C) with lowamplitude_(Eig 1D). Lu etal recognized that these two
characteristics are consistent witha dynamical system undergoing a supercritical Hopf bifur-
cation [].

The supercritical Hopfbifurcation is thehallmark of type Il neural excitability [2]. Itencap-
sulates the dynamical properties of neurons thatcan fire arbitrarily small spikes buthave arel-
ativelyfixed firing rate[3]. Type Ineurons, on theother hand, are characterized by fixed
amplitude spikes. Thosedynamics can arise from a subcritical Hopfbifurcation or a saddle-
node bifurcation on an invariant circle(SNIC) [2,4]. TheSNIC bifurcation allows arbitrarily
smallfiring rates whereas thesubcritical Hopfbifurcation hasrelatively fixedfiring rates. 1zhi-
kevich [4] characterizes typel neuronsiateg ratarsl typellneurons ages onatdrsthe
present study, weapply theclassifications of typel andll excitability in single neuronsto the
excitability ofpopulations ofneuronsin spatially extendedneural media. Thosesame classifi-
cationsdetermine how wellanexcitable medium can sustain propagating waves ofactivity.

For thecase ofa type | medium, small disturbances to theresting state produce large amplitude
responses that readily propagate overlong distances. Whereas smalldisturbances intype Il
media typically elicit only small responses thattend not to propagate. There isan exception
however—type Il mediacan become highly excitable when thetime course of therecovery var-
iable issubstantially slower than that of excitation [5]. Insuch cases, thedynamics are that ofa
relaxation oscillator]6] whichis capable ofsupporting propagating waves because ofitsexplo-
siveresponse to small inputs.Lu et al's[1] observation that optogenetically-induced gamma way
thesite ofstimulation suggests that the cortical tissue normally operates as atype lexcitable
medium. However this seemsto contradict thefinding thatthe optogenetically stimulated tis-
sue operatesas atype llexcitable medium as revealed bythe ramped stimulus protocol.This
apparent contradiction offers aglimpse into the effect of optogenetic stimulation on theexcit-
ability ofneural tissue. We explored the theoretical implications by simulating thepropagation
ofgamma wavesin acontinuum neural field model of cortex. The model comprised ofrecur-
rently connectedpopulations of excitatory and inhibitory neurons whichwere driven byan
external currentsource that represented theionic currents induced byoptogenetic stimulation.

Wesought todetermine (i) the conditions under which a type llexcitable medium could sus-tain

Thecortex was modeledasa continuum neural field ofrecurrently connected populations of
excitatory andinhibitory neurons following themethods of Wilson andCowan]7, 8].The
neural field represents thespatiotemporal intensity function for neural firing atspatial position
xfiring a spike at timé.The excitatory and inhibitory populations were treated as separate but
interconnected neural fields.Theequations governing their firing rates weredefined as

t U, %A U.p FE . LAU.A K, AU b J.A bb 31p

ti LL, ]/4A U; b FK ieAUeA K,';AU;D_/,‘A t},p 62'3

where Ugx, Hand Ui(x, frepresent the mean firing rates of excitatory and inhibitory popula-
tions respectively. Thelocalfield potential (LFP) was defined as a weighted sum of thelocal
meanfiring rates, LFP&x

L th ¥4 0:8U,8%; th p 0:2U,8; th; 33p
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with thecontribution of excitatory cells weighted fourtimes thatof inhibitory cells.This
weighting reflects thehigher prevalence of excitatory cells as well as their greater contribution
tothe electricfield due to thearrangement oftheir dipoles. The firing rates were related tosyn-
aptic input by thesigmoidal function,

Faub ¥ 1=81p expAubpb; d34b

where u(x,t)represents the local synaptic input at spatial posiibtimet.The local synap-
ticinput wascomputed as a weighted sum of excitatory andinhibitory spiking activity in the
immediate vicinityplus external currentgx, )and Ji(x, f)that represented the additional
synapticcurrents induced by optogenetic stimulation. Spatial summation isdenoted by the
convolution operator, Kdxb A Udx; tb ¥%4Z Kdx A yb Udx; tb dy; 85p

where K(x)is the spatial density profile of the lateral neural projections. That spatial profile
wasassumed tobeGaussian withdistance,K e

2 <
&p%g’é@giﬁufp X 36P

whereo is thespatial spreadand isdheweight associated withthe specificconnection type
indicated by thesubscript (inhibitory-to-excitatory in thiscase). The connectionweikhts

kej kie, kij differedby connection typeandconnections emanating from excitatory populations
wereassumed to havetwice thespatial spread of those emanating from inhibitory populations.
SeeTahle 1for specific parameter values. Paramétensd b represent the firing thresholds

of theexcitatory and inhibitory neurons. ParameteranttT are thetime constants of excita-

tion andinhibition.The connections weights andtherelative time course of excitation and inhibiti

impact the excitability of theneural dynamics which, in turn,effects thecapacity of theneural
field tosupport propagating waves. We identified theparameters under whichsteady optoge-
neticstimulation replicated theemergence of gamma oscillations in thelocalfield potential.

We then explored how farthose oscillations propagated away from thestimulation site.See [9]
and [10] forreviews of the Wilson-Cowan model. See [11] fora reviewof continuum neural
fields in general. Table1. Defaultparameters of the neuralfieldmodel.

Parameter Description

kee =15 excitatory-to-excitatory weight
kei =15 inhibitory-to-excitatory weight
kie =15 excitatory-to-inhibitory weight
Ki=7 inhibitory-to-inhibitory weight
ge=0.2 spreadof excitation(mm)
gi=0.1 spreadof inhibition(mm)

be=4 thresholdof excitation

bi=4 thresholdof inhibition

Te=2 time constant of excitation(ms)
Ti=4 timeconstant of inhibition(ms)
dx =0.01 spatialdiscretization (mm)

doi:10.1371/journal.pcbi.1005349.t001
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Results

We began byanalyzing the excitability of anisolated pair of excitatory-inhibitory populations.

The spatial coupling kernef§x)in Eqs (1 and-2) were replaced with scalar connection
weights(kee=15, kei=15, kie =15, kij =7).The connection weights and threshold parameters
(be=4, b =4) werechosen so that the sigmoidal nullcline ofthe inhibitory populatipmter-
sected thecubic-shaped nulicline of theexcitatory populatiomé#s the left kneeof the cubic
(Eig24).Thisparticular configuration is known toundergoa supercritical Hopf bifurcation
when an external current isapplied tothe excitatory populatian [12, 13].
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Fig2. Type llexcitability inan isolatedpairof excitatory-inhibitorypopulations. A: Phaseportraitof the modelwith T=4 ms and &= 2 ms.

The systemis initiallyat rest (blackdot; U e= 0.017,Ui= 0.020) whereupon a steady injectioncurrent (8= 2) inducesa stable limit cycle (heavy black
line) via a supercritical Hopf bifurcation. Nullclinesare shown in light gray(excitatoryis “cubic”-shaped and inhibitory is “S-shaped”). Thedashed
nullclineis thatof U ewhenthe injectioncurrentisapplied.B: Correspondingtime plotsofU ¢,Ui, LFPand the injection currentJe. C:Frequency of the
oscillationas a functionof injection current Je The frequencyis always wilthin the 40-80 Hz gamma band.D: Return trajectoriesfor a range of
perturbations applied to the resting state. Stars mark the initial conditions. Only thelargest perturbations inducedlarge excursionsin phasespace.E:
Time plots of the same returntrajectories. F: Bifurcation diagram showingthe envelope of the oscillations ie&ka function ofthe injection current.
The criticalpoint of the Hopf bifurcation is labelled HB. The dashed line indicatesunstablefixed points.G-I: Same as panels D-F exceptthat the time
constantof excitationhasbeen halved (Te= 1 ms). Thisregime issaid to be moreexcitable becausesmallperturbationsproducelargeresponses.
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As anticipated, themodel produced intrinsic oscillations in thesimulated LFPwhena
steady external currernff=2) was applied to theexcitatory cell(Eig 2B). Thetime constants
of excitation (e 2ms) and inhibition(t = 4ms) were chosen so thatthe frequency of this
oscillation always fellwithin the40—-80 Hz gamma band (Eig 2C).The gamma oscillations
emerged at zero amplitude and grewmonotonically as theexternal current wasincreased (Fig
2E).In all, theisolated pair ofexcitatory-inhibitory populations replicated thecharacteristics
of gamma oscillations observed by [1]during ramped optogenetic stimulation. Thenext step
wasto investigate whether those gamma oscillations wouldpropagate ina spatially extended
medium.The present typell model is onlyweakly excitable because small perturbations donot

inducelargeresponses in &ig2D and?E). Nonetheless, excitability can beenhanced by
increasing thetime courseof inhibition relativeto excitation [5].The same model vithl

ms instead of te 2 ms readily evokes large responses to smallperturbatians (Fig 2G and2H).
Thedegree of excitability is evident inthe bifurcation structuré/gfersug. The amplitude

of theoscillation rises gradually in thecase of theweakly excitable system (Fig 2F) and explo-
sively in thecaseof thehighly excitable system (Eig 2l).In thenext section, we investigate how
thedegree of excitability of a type Il spatial medium governs itsability to sustain propagating

waves of gamma oscillations. WWavepropagationina type lispatialmedium

We modeleda 4 mm long strip of cortex as a type lIneural medium using a chain of recipro-
cally coupled excitatory-inhibitory populations. Itrepresented neural tissue spanning the
width of themicroelectrode array used byLu etal [1].The populations were evenlyspaced at
intervals ofdx= 0.01mm andcoupled with a Gaussian spatial density profile Eqgs (5 and6).
TheGaussian spread parameters ware 0.2 mm for excitatory cellsaral= 0.1mm for
inhibitory cells.The axons of theexcitatory cellsthus reached further than those of theinhibi-
torycells. Optogenetic stimulation was approximated by afocal current source with asquare
spatial profile (0.4 mm wide) that was centered on the midpoint of the chain (x= 0).We sur-
veyed thedistance thatthe waves propagated from thestimulation site for arange of excitatory
time constants wehile fixing T = 4 ms to preserve the frequency of thegamma oscillations as
much as possible. The amplitude of theexternal current was also/fixdd{). The propaga-
tion distance wasdesignated as that point xwherethe maximal valugxft)f&ll below 0.05.
Absorbing boundaryconditions wereimposed atbothends of thechain to prevent waves
from reflecting back into themedium.We found that gamma oscillations failed topropagate atall
/Te<4. Waves that prop-
agated afinite distance{Eig-3A) were observed forvalues/agthetween 4and approxi-
mately 12.5. Thepropagation distance grew rapidly asmpproached 12.5and the waves
appeared topropagate indefinitely(Eig 38 and 3C)fofw = 12.5 (Eig 3D). The bifurcation
diagram (EIg3E) reveals how theoscillation amplitude risesalmost instantaneously forthe
case of .= 12.5.Such explosive growth iscontrary to the slow rise ingamma power that is
observed in theoptogenetic ramp data(Eig- 1D).We conclude that,while atype Il neural
medium could producesustained traveling waveswith alarge difference in thetimescales of
excitation and inhibition, suchdifferences were biologically unreasonable and theresulting
medium could notsupport graded oscillations.

Wavepropagation in a type | spatial medium

Type lexcitablilty is associated with eithera saddle-node bifurcation on aninvariant circle
(SNIC) or a subcritical Hopf bifurcation [2,4,12,13].In our model,the supercritical Hopf

PLOSComputational Biology | DOI:10.1371/journal.pcbi.1005349 January24, 2017 6/ 13
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Fig3. Propagation of LFP wavesin onespatialdimension for themodel withtypellexcitability. A-C: Space-time plots for

mediawith a range of excitatory time constantsze= {0.4,0.3, 0.2}. In all cases, steadystimulation (&= 1.3) was applied focally tothe
excitatorycellsnearthe origin(—0.25<x<0.25) and thetime constantofinhibitionwas fixed at Ti= 4 ms. Absorbingboundaryconditions
were imposedat x| =3 mm (not shown). D: The propagationenvelope (shadedregion) as a functionof the relative time courseof
inhibitionand excitation(T /). The dashedline indicates the boundary of the stimulated region. No wavesemitted from the stimulated
regionfor Tife<4. Waves propagateda finite distancefor4 <t/ & < 12.5. Indefinite wave propagation occurredfors/ & = 12.5. E:
Bifurcation diagramfor the isolatedexcitatory-inhibitorymodel with T ife= 12.5.The near-instantaneous rise in the oscillation
amplitudeat the Hopf bifurcation is markedlydifferent from the slow rise observedin the neurophysiological data.

regime (type Il excitability) is readily transformed to a SNIC (typel excitability) byshifting the
inhibitory (S-shaped) nulicline rightwards until itintersects themiddle branch of theexcit-
atory (cubic) nullclineL{Eig4A). This wasdone byincreasing thethreshold of inhibition from
bi= 4to b =8. TheSNIC yielded large responses to smallperturbations from the reststate (Fig
4B) anditshigh excitability wasalso evident in theinstantaneous onset oflarge oscillations in
thebifurcation diagram (Eig 4C) evenwithmodest time constantst 4 ms,.= 2 ms). The
SNICis therefore anideal dynamical regime forsustaining propagating waves in spatial
media. More importantly, theSNIC canbe transformed back into thesupercritical Hopf
regime simply by injecting anexternal current intothe inhibitory celkA).

We propose that optogenetic stimulation likewise transforms theexcitability ofcortical tis-
sue from type | totype Il.Graded gamma oscillations would thus emerge at the stimulation
sitevia a supercritical Hopf bifurcation while the non-stimulated tissue would continue tosup-
portpropagating waves via thehighly excitable dynamics of theSNIC regime. We tested these
predictions using thesame spatial model as before but inthis casewevarigtlgeolding
Ji = 4 fixed. This scenario represents thegradual recruitment of excitatory cells byoptogenetic
stimulation coinciding withthe instantaneous recruitment ofinhibitory cells.Asalwgysnd
Jiwere bothset to zeroin theun-stimulated spatial regior|$0.25).

PLOSComputational Biology | DOI:10.1371/journal.pcbi.1005349 January24, 2017 7/ 13
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Fig 4. Typel excitability in an isolatedpairof excitatory-inhibitorypopulations. All parameters were the sameasfor type Il excitability
exceptthat the threshold ofinhibition was increased fromb= 4 tob i= 8. A: Return trajectories in the phaseplane. B: Time plotsof the return

trajectories. C: Bifurcation diagramof UeversusJe. The critical pointof the SNIC bifurcation marks the abrupt onsetof large-amplitude oscillations
in Ue.

doi:10.1371/journal.pcbi.1005349.9g004

Low-amplitude gamma oscillations still emerged atthestimulation site,as expected,
although theydid not emit propagating waveswhen the injection current waslow (Eig 5A).
Waves wereemitted athigher stimulation stimulation currents but notnecessarily on every
cycleofthe gamma oscillation. For example, waves wereemitted onevery third gamma cycle
forthe case of Je2.2(EEig-5B) and every second gamma cycle forthecage-o8(Eig-5C).
Importantly, the wavespropagated indefinitely in themedium whenever they wereemitted, as
isexpected of a type | excitable medium. Thesefindings suggest that an excitable neural
medium can operate in eitherthe typel or typell regimes depending upon theinfluence of an
external current source.Intriguingly, one-to-one emission of wavesonevery gamma cyclewas n

/= 2.Although it couldbe observed witly/ !3.1, weconsidered thissce-
nario unphysiological asit precluded theslow ramp in oscillation amplitude observedexperi-
mentally (Eig-1D), giving rise instead to a rapid rise inamplitude as shawn-in Fig 3E. Inlight
of thisobservation, wereturned to theexperimental datato investigate whether the traveling

space (mm)

0 25 50 75 100 0 25 50 75 100 0 25

50 75 100
time (ms) time (ms)

time (ms)

Fig 5. Space-timeplotsof LFP wavesinthe type | medium(b i= 8). Steadystimulationwas applied to both the excitatory and
inhibitory cell populationsnear the origin (—0.25<x < 0.25).The stimulationapplied to the inhibitory cells=(8) was chosenso that
the mediumoperated as a type Il mediumat the stimulationsite. Absorbingboundary conditions (not shown)were imposedat |x| =3
mmin all panels. A:Weak stimulationofthe excitatorycells(J e= 1.5) elicited localizedgammaoscillations that emerged viaa
supercritical hopf bifurcation. In this case, thegamma oscillationsfailed to propagateas waves. B: Moderate stimulationd 2.2)
evokeda propagatingwave on everythird gammacycle. C: Strongstimulation(J e= 3) evokedpropagatingwaves on everysecond
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Fig6. Beatskippingin the neurophysiological data versusthe model.A: Gammawaves in single trial recordingssuppliedby [1].B: Phase-
averaged data over 60 recordingtrials.C: Simulated waves in our modelwhere the spatialparameters¢e= 0.6 mm, gi= 0.3 mm)and temporal
parameters (T e= 3.6ms, 1= 1.8ms) havebeen scaledto match the neurophysiological data.

doi:10.1371/journal.pchi.1005349.g006

*50Hzgamma waves might originate from a higher harmonic oscillation localized tothe
stimulation site.

Comparison to the neurophysiologicaldata

We re-analyzed theneurophysiological datafrom [1] to allow direct comparison with oursim-
ulations in one spatial dimension. Non-human primate recordings andoptogenetic stimula-
tion wereimplemented as described in [1]Junder the approval of thelnstitutional Animal Care
andUse Committee (IACUC). We observed asecond peak in theLFPpower spectral density
at*100Hz confined to electrodes within theregion ofdirect optogenetic stimulation, sug-
gesting thatthe*50 Hz traveling wavesmay indeed originate from a 2:1resonance with local,
higher-frequency gamma oscillations. Forvisualization, broad gamma-band (40-110Hz)sig-
nals in themulti-electrode array were averaged according toradial distance from thesite of the
optogenetic source—Eig-6Ashows a typicalexample ofgamma wavesbeing emitted from neu-
raltissue under steadyoptogenetic stimulation at 6 mW.Color indicates theamplitude of the
localfield potential after band limiting to40-100 Hz. Traveling gamma wavesemerged within
1mm of the optogenetic source and propagated intothe surrounding tissue at 18.9 cm/s on
average (SD4.76). Remarkably, theneurophysiological data itself exhibits wave emission on
every second cycle of thegamma oscillation. Itis most clearly visible inthe phase-averaged
data(Eig-6B) where each wavefront inthe *50Hz oscillation is emitted on thesecond cycle of
the*100Hz oscillation at the source.In_Eig 6B theLFP time-points werebinned according to
thephase of 48 Hz oscillations at the centerof stimulation, and45-100 Hz LFPwas then aver-
aged within each phase bin. Until now,wehad onlyseen this behavior in simulations_Fig 6C
shows thesimulated resultswhere thespace constants (c& mmg =0.3 mm) and time
constants (Te 3.6 msg = 1.8ms) of themodel have beenre-scaled to match thewave speed
of theneurophysiological data.We findthat these simulations showa remarkable agreement
to thephase-averaged neurophysiological data, indicating that the2:1resonance isa surprising
butphysiologically realistic prediction oftheneural field model.

Whatis the relationshipbetweendJ eandJ i?

Itremains to askhow the inhibitory curreny)) might realistically varywithexcitatory current
(Jeduringoptogenetic stimulation. We reasoned that theoptogenetically-induced currents
must originate fronje= 0 and/; = 0 and increase smoothly with stimulation. Furthermore, the
inhibitory current mustsaturate at/= 4 forthetype | regime to be transformed to a type I

PLOSComputational Biology | DOI:10.1371/journal.pcbi.1005349 January24, 2017 9/ 13
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Fig7. Therelationship betweenJ eandJ ifor anisolated pair of excitatory-inhibitory cells with type | excitability. A: The curveof Hopf
bifurcation points(solid line) indicatesthe critical values oféandJ iwhere oscillations emerge. The dottedline represents our proposed
relationship betweenJ eandJ iduring optogenetic stimulation.lt is a sigmoidalfunction ofJe that saturates atJi= 4. B: The supercritical Hopf
bifurcation underthe proposed relationshipbetweenJ eandJ i. Notice the slow rise in oscillationamplitude.C: Simulated ramp protocolunder the
sameconditions. Theexcitatorycurrentwas rampedfrom Je= 0 (J i= 0) toJ e= 3 (Ji= 4) over a periodof t =4 secondsto mimicthe ramp protocol

regime. To this end weassumed asigmoidal relationship,

5 8

, —————— A 4; 7b
"1p expdAy b 6

where B isan unknown slope parameter.The curve of (Je

,Ji) points (Eq7) must pass througha Hopfbifurcation where thedynamics
shift from fixed pointsto oscillations. We used numerical continuation tomap thecritical val-
ues of Jand/; wherethoseHopf bifurcation points occur(Eig 7A). We chosetheslope param-
eterf= 3 so that the curve gf{ J,)points intersected theline of Hopf bifurcation points near
Je= 1.More pertinently, that choice allows thjg(/;) curve to closely graze theHopf bifurca-
tion points in thevicinity of theintersection point. Doing so facilitates thegradual rise inthe
oscillation amplitude as the critical pointistraversed. Thatslow growth inthe oscillation isevi-
dent inthe bifurcation diagram-(Eig—7B) wherdgvaried whilg; is governed byEg(7). It is
also observed in thesimulated rampprotocal(Eig 7C) wheretheexcitatory currentwas slowly
increased from fe Oto Je= 3 overa period of =4 seconds to mimic the ramp protocol hy[1].
We arguethat this slow increase inthe amplitude of thegamma oscillation is what accounts
forthe slow risein thepower of thegamma-band oscillations reported-by[1]. Theslight delay
inthe onset of the oscillations inthe simulated ramp(Eig 7C) isdue to critical slowing in the
vicinity of the Hopf bifurcation. We expect thatthe neuraltissue would likewise exhibit critical
slowing. This prediction could betested bycomparing the time course of optogenetically-
induced gamma oscillations in theramp-down protocol versusthe existing ramp-up protocol.

Discussion

Lu et al [1] correctly recognized that the onset of optogenetically-induce d gamma oscillations
intheir experimental setup and protocols isconsistent with a supercritical Hopf bifurcation.
Thesupercritical Hopf isthehallmark of a type Il excitable system. Yetthey also observed
wave propagation whichis typically associated with typel excitability. We useda Wilson-
Cowan [7,8] neural field model to identify those conditions under which a typell excitable
medium might support propagating waves like those observed invivo. We found thatthe
model couldonly doso if thetime course of inhibition was substantially slower than thatof
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pelling account of the neurophysiological data.Interestingly, wave emission in the model of Fol

excitation(t/ = = 12).Under suchconditions, theoscillation amplitude grows explosively as
thestimulation isincreased. However suchexplosive growth is inconsistent with theslow rise
inthe gamma power observed hy[1] intheir stimulus ramp protocol. We conclude that atype

Il excitable medium with thedynamical properties reported.by[1] is notcapable of supporting
propagating waves.We instead propose thatthe neuraltissue typically operates as a type | exci

and that itcan be locally transformed into typell bythe veryact of optogenetic stimulation
activating theinhibitory interneurons. Type | neural medium areexemplified byarbitrarily

small firing frequencies and large responses to small perturbations—characte ristics which are
idealfor sustaining indefinite propagating waves. Ouranalysis shows that a Wilson-Cowan
neural field with typel excitability dueto a SNICbifurcation can be readily transformed intoa
typell excitable system bystrongly stimulating theinhibitory cells. Simulations confirm that
under theseconditions themodel reproduces the gradedincrease in gamma oscillations atthe
stimulation sitewhile simultaneously supporting wave propagation in theregions beyond the
stimulation site.The model thus accounts for thetwomajor observations of [1] and resolves

the apparent contradiction of type | and type Il excitability. The question remainsas tohowoptod

toryand excitatory neurons as ourmodel suggests. Analysis of the phase plane shows that the
inhibitory neurons mustbe recruited early and strongly in order to shift thenullcling; of

from thelefthand branch of thenulicline oteto theright hand branch.For simplicity, we
havepresented this in our model as a sigmoidal relationship (Eq 7)between theexternal cur-
rents Jand/; that represent the ionic currentsinduced by optogenetic stimulation. It isknown
thatthe optogenetic construct (CaMKII alpha promoter and AAv5 viral vector) used by Lu
etal [1]expresses primarily in layer 5 pyramidal (excitatory) neurons andto a lesser extent in
parvalbumin-positive inhibitory interneurons[14].However it isnot clear from thatwork
whether theoptogenetic construct activates inhibitory neurons earlierthan excitatory neurons
as our model suggests. Further studies arerequired to investigate therate atwhich excitatory
and inhibitory neurons arerecruited by optogenetic stimulation.

It isreasonable to also askwhether the neuralmedium can be transformed into typel excit-
ability byshifting the dynamics from the supercritical to thesubcritical Hopf regime rather
than tothe SNICas wesuggest. Neural fieldswith subcritical Hopf dynamics havepreviously
beenshown toemit solitary and N-pulse traveling waves when subjected to constant stimula-
tion [15=17]. Thebistability associated withthe subcritical Hopf bifurcation allows thosemod-
elstosupport co-existing resting state andwave pulse solutions. Theresting state loses stability
when a constant injection current is applied to thefield, leaving only thestable wave solution.
Whenthat stimulation is applied focally, itinduces a local oscillation that emits wave pulses
which propagate throughout theresting medium.[16]. As with thepresent model, thewave
pulsesare emitted with a range of n:m mode locking regimes when thestimulation isweak
[16]. In ourmodel and theirs, themode locking isdue to thetime course of therecovery vari-
able whichcan blockwave propagation if it remainshigh from a previous oscillation cycle.
However thebistable models lackthesupercitical Hopf dynamics needed to replicate the
graded risein thegamma oscillation observed byLu and colleagues [1]. Moreover, itis not
clearhow the dynamics in thosemodels couldbe transformed from subcritical to supercritical
Hopfin a biologically plausible fashion. Especially since theexistence ofthesubcritical Hopf
regime seems to depend onthehigh gain limit of theHeaviside firing ratefunction, whichis
presumably a fixed property of thebiology. Thuswe regard thepresent model as a more com-
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produces astable stationary wave solution whichis transformed intoa pulsating ‘breather’
when thestimulation fallsbelow acritical level. Thepulsations become more pronounced with
subsequent reductions in stimulation untilthe breather eventually emits travelingpulses. Yet
thebreather fails to materialize when thestimulation isinstead ramped from lowto high
because of hysteresis in thebistable dynamics. Importantly, thathysteresis presents anoppor-
tunity to testthe competing modelsagainst the neurophysiological data. Since ourmodel is
monostable, itpredicts that waveswill be emitted byoptogenetic stimulation irrespective of
thedirection ofthestimulus ramping protocol. Whereas the bistablemodel predicts that
waveswill onlybe emitted when theoptogenetic stimulus is ramped downwards. The differ-
encesought to distinguishable in theneurophysiological data—notwithstanding the effectsof
critical slowing mentioned earlier.

Unfortunately, Lu andcolleagues [1] did notconduct their ramp protocol inboth direc-
tions, so a new experiment must be conducted totest the hypothesis. Nonetheless, ourre-anal
ysisof their data has already confirmed some predictions of thepresent model. Notably, the
2:1mode-locking of thewave emission correctlypredicted theexistence of *100Hz oscilla-
tions atthestimulation site withthe *50Hz gamma oscillations being restricted to the
peripheral tissue.Although we acknowledge that thesameprediction also follows from the
model of Folias andBressloff{16]. The same behaviors haveyetto be fully investigated in spik-
ing neuron models.Conductance-based models ofrecurrently connected inhibitory neurons
withtype lexcitability havebeen shown to elicitgamma-band oscillations in themacroscopic
network behavior18].That oscillation isdue to thesynchronization ofindividual neurons
which do notnecessarily fire on every cycle.Moreover, itemerges from theasynchronous state
througha supercritical Hopfbifurcation. Hence thedynamics of thepopulation oscillation in
thespiking neuron model are consistent with that of our neuralfield model. Whether those
oscillations can propagate in a spatially extendedspiking neural network has yettobe
investigated.In summary, thepresent model suggests that optogenetic stimulation canlocally tr

theexcitability of cortical tissue from type Ito type Il byrecruiting inhibitory interneurons

priorto recruiting excitatory neurons. In doing so,it accounts for theseemingly contradictory
observations of traveling waves andandsupercritical Hopf bifurcation dynamics in theneuro-ph
arise when the optogenetic stimulation isramped downwards.AuthorContributions
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