2004 International Symposium on Nonlinear
Theory and its Applications (NOLTA2004)
Fukuoka, Japan, Nov. 29 - Dec. 3, 2004

Theroleof short term depression for sustained neural activities
in the prefrontal cortex: a simulation study

Yasunoln Igarashi,Yuichi SakumuraandShinishii

Departmentf InformationScience Naralnstituteof ScienceandTechnology
8916-5,Takayamalkoma,Nara,630-0192,JAPAN
Email: {yasu-i,saku,ish}i@is.naist.jp

Abstract—Neuronsin the prefrontal cortex (PFC) of
monke/s shov mnemonicsustainedactiities during an
oculomotordelayedresponsdask. This sustainedactivity
hasbeenexplainedby computationastudiesvhich suggest
that input balanceof excitatory and inhibitory synapses
could sustainneural activity. However, it is difficult for
thisbalancingmechanisnto sustaimeuralactivity with ro-
bustnessgainsta GABA g current.In this study we show
that synapticshortterm depressiorcanplay a role of the
autonomougain control of synaptictransmissiorfor the
sustainedctuities.

1. Introduction

An oculomotordelayedresponsetask which requires
a visuospatial memory has been used to investicate
mnemonicsubstratdl,2]. Neuronsn theprefrontalcortex
(PFC)of amonkey shaveddirectionalsustainedactivities
in adelayperiodafteracueperiod[3-5]. Therearemany
theoreticalstudieswhich dealwith neuralmechanismsor
the sustainedactivities in the PFC. In thesestudies,the
sustainedactivity is realizedby a input balancebetween
a moderatefeedbackinhibition and the self-actvation of
a recurrentexcitatory circuit [6—9]. However, this bal-
ancingmechanisnbecomeunstableif GABA g receptors,
which are the major metabotropidnhibitory receptorsin
thePFCJ[10], areinroduced. The GABA g receptorhave a
longerdecaytime constanthanthe AMPA andNMDA re-
ceptorg11], sothattheexcessie GABA g currenttendsto
preventthe sustainedactivity of excitatoryneurons.Then
it is importantto clarify how thecorticalneuronsanshow
the stainedactiity robustly with a stronginhibitory input
generatedy the GABAg receptors. The shortterm de-
pressioris thoughtto hawe againcontrolability [8,12,13].
In this study we demonstratdiow the gain control of the
shorttermdepressioiis carriedout for the neuralsustained
actiity in the PFC. We also shav that the moderatede-
pressingeffectenableghe neurongo sustaintheir activity.

2. Models
Network Model

The visuospatialcue signal is corveyed downstream
from the visual cortex to the PFC throughthe postpari-
etalcortical (PPC)[14]. The PFCandPPCnetworkmodel
is summarizedasfollows (Fig. 1): (1) excitatoryneurons

(200 [neuron))in the PFCareactvatedby excitatoryneu-
rons (50 [neuron])in the PPC.The probability that each
neuronin the PPCis connectedo oneof excitatoryneurons
in the PFCis 0.5. (2) excitatoryneuronsn the PFChawe

recurrentconnectionsandinteractwith inhibitory neurons
(50 [neuron))in the PFC.Theexcitatoryrecurrentconnec-
tion probabilityis 0.8. The connectiorprobability from an

excitatoryto aninhibitory neuronsin the PFCis 0.2, and

thatfrom aninhibitory to anexcitatoryneuronsn the PFC
is 0.8. Excitatoryinputsare mediatedby the AMPA and

NMDA receptorsvhile Inhibitory onesaremediatedy the

GABA 4 andGABA g receptors.

Neuron M ode€

While theHodgkin-Huxleymodel[15] is calledas“type
11", cortical neuronsare usually describedby “type 17,
which involvesa fast potassiumcurrent[16]. Indeed,nu-
merousneuronsincluding cortical pyramidalneuronsare
type | neuron[17]. In this study the dynamicsof mem-
branepotential(V [mV]) is modeledasthe following dif-
ferentialequation(typel):

Cm% = _ZIwa

where the suffix z indicatesthe current type (z =

Na, L, L, A, S) andthecurrents([xA/cm?]) containa fast
sodiumcurrent!y, = gn,-m>-h-(V — Ey,), adelayed
rectifier potassiumcurrentl = gg - n* - (V — Ek), a
leakcurrentl;, = g, - (V — EL), afasttransienjpotassium
currently = g, -a® - b- (V — E4), anda synapticcur

rentls. Variablesn, n, anda areactivationfactors,andn

andb areinactivationfactors.C,, is themembraneapac-
itance(1.0 [uF/cnt]). Otherparametewalueswe usedare
summarizedn Tablel.

@)

Synapse M odel

The synapticcurrentlg is the sumof the excitatoryand
inhibitory currents:

1

IS = Zzgy'fy'(V_Ey)a (2)
Yy

wherethe suffix y indicatesthe type of receptordAMPA,
NMDA, GABA 4, or GABApR), 9y indicatessthe maximum
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Figure 1: Schematicarchitectureof the model network.
Therearethreeneuralassemblyexcitatoryneuronsn the
PFC (Eprg) inhibitory onesin the PFC (Iprc), andexcita-
tory onesin thePPC(Eppg). fE, f1, andfo represenspike
frequencie®f Epgc, Iprc, andEppg respectiely.

conductanceand A the surfaceareaof asomawhichis re-
gardedasa spherewith theradiusof 20 [zm]. Thevariable
fy is definedasthe fraction of the receptorsin the open
stateanddescribedy thefollowing equations:

fy = fy,decay - fy,rise (3)
d .fy decay fy decay
TRy __Z0EE0Y o — 4
dt Ty,decay 5 5(t tAP) ( )
d fy rise fy rise
LR LLACA e AMAd o Mt —t , 5
dt Tyrise + Se - §( AP) (5)

where fy rise and fy gecqy COrrespondo the dynamicsof

therising anddecayingphasesrespectiely. t4p denotes
theoccurrenceime of thepresynapti@actionpotential. The

variable S, representshe amountof the transmitterin an

effective vesicle(0 < S, < 1) andthe other transmit-
tersarein arecowred(S,) or inactive (S;) vesicle. The

shortterm depressiorcan be modeledasthe dynamicsof

thesevesicleswhich are expressedasthe following equa-
tions[13]:

ds. S,

ar - — +U-S,-6(t—tap) (6)

as, S

at T T U-S,-6(t—tap) @)
Si = 1- ST‘ - Se7 (8)

with the utilization ratio (U = 0.6) of S,.. The total of
Se, Sy, and S; is normalizedto 1. 7,40 and 7,... are
the time constantsof inactivation (3 [ms]) and recoery,
respectiely. Theotherparameteraregivenin Tablel.
Thetime constantr,... controlstherateof vesiclerecov-
ery: thelargevalueof ... represents strongdepression
of the synapticefficagy. In the simulation,the time con-
stantr,... is controlledby examiningthe sustainecheural
actities. For simplicity, only the synapse®f excitatory
recurrentconnectionsand from excitatory neuronsto in-
hibitory onesin the PFC are depressingynapses.Other

| reversalpotential | [mV] | conductance [nS/cn?] |

Eng 55 INa 120
FEx -72 Ik 20
FEr —-17 ar. 0.3
E4 75 ga 47.7
Eamra 0 JamMPA 1
Envpa 0 In 0.4
Ecaga, =70 9GABA 4 1.2
Ecpeag —95 9cABAR 0.1
| timeconst. | [ms] || timeconst. | [ms] |
TAMPA decay 2 TAMPA rise 0.19
TNMDA decay 80 TNMDA rise 0.67
TGABA 4 decay 20 TGABA 4 rise 0.21
TGABAg decay 100 || 7TGABAg rise 2.70

Table 1: Parametersof the model neuronand synapse.
Thevoltage-dependeMMDA conductancés modeledas
Inmpa = G, /{1+0.33-[Mg**t]-e~ %%V} [nS] (Mg *]
=1 [mM])).

synapsesre non-depressingynapsesand S, hasa con-
stantvalue(0.5). Thelatencyfrom a presynapticspiketo a
postsynapticesponsealsoexists (5.0[ms]).

3. Reaults

Thesimulationinterval hastwo parts the cueperiod(the
first 500 [ms]) and the delay period (the subsequenbs00
[ms]). In the cue period, excitatory neuronsin the PFC
receve input spikesfrom the PPC.Theneurondn the PPC
stochasticallyfire attherateof 80 and0 [Hz] duringacue
andadelayperiod,respectiely.

For analysisof the neuralactivity dynamics,we illus-
tratesthe time coursesof the variablesof the model and
the correspondinghaseplots (Fig. 2). In the phaseplot,
thearronsrepresenthe schematidrajectoryof population
aweragediring ratesof the PFCneuronsduringthecuepe-
riod. The nullcline for the inhibitory neurongroupin the
PFC(circles)wasdefinedasthe setof frequenciesn lprc
(fr) in the steadystatewhenthe variousspikefrequencies
of Eprc neurons(fg) were applied. Similarly, the null-
clinesfor the excitatoryneuronsduring the cue (squares)
andthe delay (triangles)periodswere definedas the sets
of frequenciesn Epec (fg) in the steadystatewhenthe
variousspikefrequencie®f Ipec (f;) wereapplied.

The modelnetworkexhibits four typesof firing patterns
dependingon the shortterm depressiorparametetr,... as
shovnin Fig. 2:

pattern 1

As mentionedabow, GABAg currenthasso largein-
hibitory effectthatit is difficult for the excitatoryneurons
to sustaintheir activity. To demonstrat¢his, the effect of
the shorttermdepressiorn themodelis weakenedy set-
ting 7. to avery smallvalue(10[ms]). Suchatoo weak
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depressiorshavs a long term and large periodicalwave
duringthecueperiodandcannotsustainthe neuralactivity
duringthedelayperiod. Thislong andlargewaveis caused
by thestrongfeedbacknhibition aftertheexcessie excita-
tory recurrencurrent.Fromthepointof view of thevesicle
state,both of the variablesS,. and.S; extremelyfluctuate
duringthe cueperiod. Whenenteringthe delayperiod,all
theneuronsareinactivatedby thelongterminhibition gen-
eratedby the GABA g receptorsandthen cannotstartto
fire again.

In the phaseplane,the trajectoryof the excitatoryand
inhibitory firing ratesshows a limit cycle alongaboutthe
nullclinesduringthe cueperiod(Fig. 2e). Thislimit cycle
passeshe origin (0,0). However, if oncethe actiity state
(f1.fE) reacheghe origin (0,0) duringthe delayperiod, it
cannotescapdrom the origin becausef no driving force
(fo = 0). Thisimpliesthatsustainedctivity disappears.

pattern 2

If the effect of the shortterm depressioris strengthened
(Trec = 40 [ms]), the excitatoryandinhibitory neuronsn
the PFCsucceedo show the sustainedactivity during the
delayperiod(Fig. 2b). This seemdo bedifficult to under
standbecausehe synapticdepressiomlecreasesxcitatory
currentsso that the actiities of the excitatoryneuronsis
weakened.However, the processof the vesiclerecowery
becomeslow down dueto the shorttermdepressionCon-
sequentlycomparingwith the excitatoryhighfiring rate, it
is hardfor theinhibitory neurondo fire becaus®f asmall
S, value.In the phaseplane(Fig. 2f), thetrajectoryof the
activity state(fr,fg) rapidly approachethecrossingpoint
of thenullclines.

pattern 3

If the effect of the short term depressionis more
strengthenedr,... = 90 [ms]), only the excitatoryneurons
in the PFC succeedo shav the sustainedactivity during
the delay period (Fig. 2c) becausef the similar mecha-
nismto pattern 2. In otherwords, excitatoryneuronscan
sustaintheir activities without balancebetweenactivation
andinhibition. The crossingpoint of the nullclinesof the
delay period (circles and triangles)is closeto the x axis
(Fig. 29). In this casethe slow vesiclerecowery regulates
theexcitatoryactivity.

pattern 4

If the short term depressionis too strong (7,¢.=130
[ms]), the sustainedactivity doesn’tappearduringthe de-
lay period (Fig. 2 d) from lack of available vesicles. In
this case the crossingpoint of the nullclines of the delay
periodis equalto the origin (Fig. 2 h). This indicatesthat
the sustainedctivity is impossible.

4. Discussion
In this study we shaved that the moderateshortterm

depressiortanrealizethe sustainedactivities of the exci-
tatory neurons.This sustainedactivity alsoappearsn the

othernetworksizes(400excitatoryand100inhibitory neu-
rons, or 100 excitatoryand 25 inhibitory neuronsin the

PFC,notshown). The shorttermdepressiorcould change
effective excitatorycurrentsadaptingto the excitatory fir-

ing rate,andthen preventthe excitatoryneuronsfrom re-

ceiving a strongexcitatoryand inhibitory feedback. Due

to this autonomou$palancingmechanismyve suggesthat
the shortterm depressiorshouldbe one basisof the sus-
tainedfiring activities. Thefunctionalrole of theinhibitory

feedbackis thoughtasthe lateralinhibition for signalse-
lection[10,18,19].
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Figure2: Responsesf the PFCneuronswith variousr,.. values.r,.. is 10,40, 90,and130[ms] from thetop. In each
figure of theleft column (a—d), populationaverageof firing rates(top), the averageof S,. and.S; of excitatoryneurons
(middle), and synapticcurrents(bottom) areshavn. The right column(e-h) displaysthe phaseplots of thefiring rates
of theleft figures,showving nuliclines (seetext) andthe schematidrajectories.The frequenciest the timing which are
labeledwith theintegersl-4or 5in theleft figurescorrespondo the pointslabeledwith the sameintegers.
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