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Abstract—Neuronsin the prefrontal cortex (PFC) of
monkeys show mnemonicsustainedactivities during an
oculomotordelayedresponsetask. This sustainedactivity
hasbeenexplainedby computationalstudieswhichsuggest
that input balanceof excitatory and inhibitory synapses
could sustainneuralactivity. However, it is difficult for
thisbalancingmechanismtosustainneuralactivity with ro-
bustnessagainsta GABA � current.In this study, we show
that synapticshort term depressioncanplay a role of the
autonomousgain control of synaptictransmissionfor the
sustainedactivities.

1. Introduction

An oculomotordelayedresponsetask which requires
a visuospatial memory has been used to investigate
mnemonicsubstrata[1,2]. Neuronsin theprefrontalcortex
(PFC)of a monkey showeddirectionalsustainedactivities
in a delayperiodaftera cueperiod[3–5]. Therearemany
theoreticalstudieswhich dealwith neuralmechanismsfor
the sustainedactivities in the PFC. In thesestudies,the
sustainedactivity is realizedby a input balancebetween
a moderatefeedbackinhibition and the self-activation of
a recurrentexcitatory circuit [6–9]. However, this bal-
ancingmechanismbecomeunstableif GABA � receptors,
which are the major metabotropicinhibitory receptorsin
thePFC[10], areinroduced.TheGABA � receptorshavea
longerdecaytimeconstantthantheAMPA andNMDA re-
ceptors[11], sothattheexcessiveGABA � currenttendsto
prevent the sustainedactivity of excitatoryneurons.Then
it is importantto clarify how thecorticalneuronscanshow
thestainedactivity robustly with a stronginhibitory input
generatedby the GABA � receptors. The short term de-
pressionis thoughtto haveagaincontrolability [8,12,13].
In this study, we demonstratehow the gain control of the
shorttermdepressionis carriedout for theneuralsustained
activity in the PFC.We also show that the moderatede-
pressingeffectenablestheneuronsto sustaintheir activity.

2. Models
Network Model

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

(200[neuron])in thePFCareactivatedby excitatoryneu-
rons (50 [neuron]) in the PPC.The probability that each
neuronin thePPCis connectedtooneof excitatoryneurons
in the PFCis 0.5. (2) excitatoryneuronsin the PFChave
recurrentconnections,andinteractwith inhibitory neurons
(50 [neuron])in thePFC.Theexcitatoryrecurrentconnec-
tion probabilityis 0.8. Theconnectionprobabilityfrom an
excitatoryto an inhibitory neuronsin the PFCis 0.2, and
thatfrom aninhibitory to anexcitatoryneuronsin thePFC
is 0.8. Excitatory inputsaremediatedby the AMPA and
NMDA receptorswhile Inhibitory onesaremediatedby the
GABA � andGABA � receptors.

Neuron Model

While theHodgkin-Huxleymodel[15] is calledas“type
II”, cortical neuronsare usually describedby “type I”,
which involvesa fastpotassiumcurrent[16]. Indeed,nu-
merousneuronsincluding cortical pyramidalneuronsare
type I neuron[17]. In this study, the dynamicsof mem-
branepotential( � [mV]) is modeledasthe following dif-
ferentialequation(typeI):

���	� ���
��� � ��� ��� (1)

where the suffix � indicates the current type ( � ���� �������������! ) andthecurrents([ " A/cm# ]) containa fast
sodiumcurrent�%$'& � ( $�&*),+	-*)�./)10 � �	2 $3&54 , adelayed
rectifier potassiumcurrent �16 � ( 6 )5798�):0 � �2 6�4 , a
leakcurrent�1; � ( ; )!0 � �<2 ;=4 , a fasttransientpotassium
current � � � ( � )

�
-�)?>�):0 � �@2 � 4 , anda synapticcur-

rent �BA . Variables+ , 7 , and
�

areactivationfactors,and 7and > areinactivationfactors.
� �

is themembranecapac-
itance( C5D E [ " F/cm# ]). Otherparametervalueswe usedare
summarizedin Table1.

Synapse Model

Thesynapticcurrent � A is thesumof theexcitatoryand
inhibitory currents:

� A � C� �
F ( F )HG F )I0 � �J2 F 4 � (2)

wherethesuffix K indicatesthe typeof receptors(AMPA,
NMDA, GABA � , or GABA � ), ( F indicatesthemaximum
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Figure 1: Schematicarchitectureof the model network.

Therearethreeneuralassembly, excitatoryneuronsin the

PFC(EPFC) inhibitory onesin the PFC(IPFC), andexcita-

tory onesin thePPC(EPPC). GML , GHN , and GHO representspike

frequenciesof EPFC, IPFC, andEPPC, respectively.

conductance,and � thesurfaceareaof asomawhich is re-
gardedasaspherewith theradiusof 20[ " m]. Thevariable

G F is definedas the fraction of the receptorsin the open
stateanddescribedby thefollowing equations:

G F � G FHP QSRUT & F � G FHP V�WYX,R (3)� G FHP Q!RUT & F��
 �Z� G FHP QSRUT & F[ F\P QSR,T & F^]
 R )B_`0 
 � 
 �9a 4 (4)

� G FHP V�WYXUR�b
 �Z� G FHP V�WYXUR[ F\P VUWYXUR ]  cR )%_`0 
 � 
 �9a 4 � (5)

where G F\P V�WdX,R and G FHP Q!RUT & F correspondto the dynamicsof
the rising anddecayingphases,respectively. 
 �9a denotes
theoccurrencetimeof thepresynapticactionpotential.The
variable  R representsthe amountof the transmitterin an
effective vesicle ( Efe  R egC ) and the other transmit-
tersare in a recovered(  V ) or inactive (  W ) vesicle. The
shortterm depressioncanbe modeledasthe dynamicsof
thesevesicleswhich areexpressedasthe following equa-
tions[13]:�  cR��
 � �  hR[ Wji & Tlk ]@m )  9V )B_`0 
 � 
 �9a 4 (6)

�  V��
 �  W[ V!R,T � m )  V )\_`0 
 � 
 �9a 4 (7)

 W � C �  V �  R � (8)

with the utilization ratio ( m � EnD o ) of  V . The total of hR ,  pV , and  9W is normalizedto 1. [ Wji & Tlk and [ V!RUT are
the time constantsof inactivation (3 [ms]) and recovery,
respectively. Theotherparametersaregivenin Table1.

Thetimeconstant[ V�RUT controlstherateof vesiclerecov-
ery: the largevalueof [ V!R,T representsa strongdepression
of the synapticefficacy. In the simulation,the time con-
stant [ V!RUT is controlledby examiningthe sustainedneural
activities. For simplicity, only the synapsesof excitatory
recurrentconnectionsand from excitatory neuronsto in-
hibitory onesin the PFC aredepressingsynapses.Other

reversalpotential [mV] conductance [nS/cm# ]
2 $�& q5q ( $3& C\rIE
2 6 ��s r ( 6 rME
2 ; � C s ( ; EnD t
2 � ��s q ( � u s D s2 AMPA 0 ( AMPA C

2 NMDA E ( n EnD u
2 GABA v ��s E ( GABA v C5Dwr
2 GABA x ��y q ( GABA x EnDjC

time const. [ms] timeconst. [ms][
AMPA QSR,T & F r [

AMPA V�WYXUR EnDzC y[
NMDA Q!RUT & F { E [

NMDA V�WYXUR EnD o s[
GABA v Q!RUT & F rIE [

GABA v V�WYXUR EnD r�C[
GABA x Q!RUT & F CBEIE [

GABA x V�WYXUR r�D s E
Table 1: Parametersof the model neuronand synapse.

Thevoltage-dependentNMDA conductanceis modeledas

( $3|~} � � ( i�� � C ] E�D t5t )�� � ( #��=� )j�?� O%� O��%� � � [nS] ([Mg #!� ]

= 1 [mM]).

synapsesare non-depressingsynapsesand  R hasa con-
stantvalue(0.5). Thelatencyfrom a presynapticspiketo a
postsynapticresponsealsoexists(5.0 [ms]).

3. Results

Thesimulationintervalhastwo parts,thecueperiod(the
first 500 [ms]) and the delay period (the subsequent500
[ms]). In the cue period, excitatoryneuronsin the PFC
receive inputspikesfrom thePPC.Theneuronsin thePPC
stochasticallyfire at therateof 80 and0 [Hz] duringa cue
anda delayperiod,respectively.

For analysisof the neuralactivity dynamics,we illus-
tratesthe time coursesof the variablesof the model and
the correspondingphaseplots (Fig. 2). In the phaseplot,
thearrowsrepresenttheschematictrajectoryof population
averagedfiring ratesof thePFCneuronsduringthecuepe-
riod. The nullcline for the inhibitory neurongroupin the
PFC(circles)wasdefinedasthesetof frequenciesin IPFC

( G N ) in thesteadystatewhenthevariousspikefrequencies
of EPFC neurons( GHL ) were applied. Similarly, the null-
clines for the excitatoryneuronsduring the cue(squares)
and the delay (triangles)periodsweredefinedas the sets
of frequenciesin EPFC ( GHL ) in the steadystatewhen the
variousspikefrequenciesof IPFC ( G N ) wereapplied.

Themodelnetworkexhibits four typesof firing patterns
dependingon the shortterm depressionparameter[ V�RUT as
shown in Fig. 2:

pattern 1

As mentionedabove, GABA � currenthasso large in-
hibitory effect that it is difficult for theexcitatoryneurons
to sustaintheir activity. To demonstratethis, the effect of
theshorttermdepressionin themodelis weakenedby set-
ting [ V�RUT to a very smallvalue(10 [ms]). Sucha too weak
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depressionshows a long term and large periodicalwave
duringthecueperiodandcannotsustaintheneuralactivity
duringthedelayperiod.This longandlargewaveis caused
by thestrongfeedbackinhibition aftertheexcessiveexcita-
tory recurrentcurrent.Fromthepointof view of thevesicle
state,both of the variables V and  W extremelyfluctuate
duringthecueperiod.Whenenteringthedelayperiod,all
theneuronsareinactivatedby thelongterminhibition gen-
eratedby the GABA � receptors,andthencannotstart to
fire again.

In the phaseplane,the trajectoryof the excitatoryand
inhibitory firing ratesshows a limit cycle alongaboutthe
nullclinesduringthecueperiod(Fig. 2e). This limit cycle
passestheorigin (0,0). However, if oncetheactivity state
( G N , G L ) reachestheorigin (0,0) duringthedelayperiod,it
cannotescapefrom theorigin becauseof no driving force
( GMO � E ). This impliesthatsustainedactivity disappears.
pattern 2

If theeffect of theshorttermdepressionis strengthened
( [ V�R,T � u E [ms]), theexcitatoryandinhibitory neuronsin
thePFCsucceedto show thesustainedactivity during the
delayperiod(Fig. 2b). This seemsto bedifficult to under-
standbecausethesynapticdepressiondecreasesexcitatory
currentsso that the activities of the excitatoryneuronsis
weakened.However, the processof the vesiclerecovery
becomesslow down dueto theshorttermdepression.Con-
sequently, comparingwith theexcitatoryhighfiring rate,it
is hardfor theinhibitory neuronsto fire becauseof a small V value.In thephaseplane(Fig. 2f), thetrajectoryof the
activity state( G N , G L ) rapidlyapproachesthecrossingpoint
of thenullclines.
pattern 3

If the effect of the short term depressionis more
strengthened( [ V!R,T ��y E [ms]), only theexcitatoryneurons
in the PFCsucceedto show the sustainedactivity during
the delayperiod(Fig. 2c) becauseof 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. 2g). In this case,theslow vesiclerecovery regulates
theexcitatoryactivity.
pattern 4

If the short term depressionis too strong ( [ V!RUT =130
[ms]), thesustainedactivity doesn’tappearduring thede-
lay period (Fig. 2 d) from lack of availablevesicles. In
this case,the crossingpoint of the nullclinesof the delay
periodis equalto theorigin (Fig. 2 h). This indicatesthat
thesustainedactivity is impossible.

4. Discussion

In this study, we showed that the moderateshort term
depressioncanrealizethe sustainedactivities of the exci-
tatoryneurons.This sustainedactivity alsoappearsin the

othernetworksizes(400excitatoryand100inhibitory neu-
rons, or 100 excitatoryand 25 inhibitory neuronsin the
PFC,not shown). Theshorttermdepressioncouldchange
effective excitatorycurrentsadaptingto the excitatory fir-
ing rate,andthenprevent the excitatoryneuronsfrom re-
ceiving a strongexcitatoryand inhibitory feedback.Due
to this autonomousbalancingmechanism,we suggestthat
the short term depressionshouldbe onebasisof the sus-
tainedfiring activities. Thefunctionalroleof theinhibitory
feedbackis thoughtasthe lateral inhibition for signalse-
lection[10,18,19].
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Figure2: Responsesof thePFCneuronswith various[ V�RUT values. [ V�RUT is 10,40,90,and130[ms] from thetop. In each
figureof the left column(a–d), populationaverageof firing rates(top), theaverageof  V and  W of excitatoryneurons
(middle), andsynapticcurrents(bottom) areshown. The right column(e–h) displaysthe phaseplots of thefiring rates
of the left figures,showing nullclines(seetext) andtheschematictrajectories.The frequenciesat the timing which are
labeledwith theintegers1–4or 5 in theleft figurescorrespondto thepointslabeledwith thesameintegers.
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