Constructing Neural Circuits and
Networks

MICHAEL VANIER AND DAVID BEEMAN

18.1 Introduction

In this chapterwe demonstratbow to useGENESISto setup a simplenetwork of biolog-
ically realisticneuronsThis will notbea“neuralnetwork” in theusualsenseof a network
of highly abstractunits with no direct connectionto biological neurons(suchasa back-
propagatiometwork). Rathey the approachwe take is to simulatea group of biological
neuronsat a moderatdevel of detail andthenconnectthemin a network. In the process
we discussaa numberof GENESISfunctionsthatareusedfor this purposeaswell asa few
scriptcommandghathave not beendescribedearlierin this book. Our examplesaretaken
from a tutorial simulationcalledOrient tut, which is a simpli ed modelof orientationse-
lectivity originally written by UpinderS. Bhalla. This tutorial containsseveral script les,
of which abouthalf dealwith settingup the XODUS graphicaluserinterface. We do not
discusghesescriptsin this chapterithe GENESIScommandsisedto setup the interface
aredescribedn Chapter22, “AdvancedXODUS Techniques. The emphasisn this chap-
teris on shawving you how to useGENESIScommandavhoseprimary purposerelatesto
simulationof networks of neurons.Commandghathave beendiscussedn detailin other
chaptersaarementionedonly brie y here. Anotherexampleof a large network simulation
in GENESISis providedin Chapter9, onthepiriform cortex simulation.
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280 Chapter 18. ConstructingNeuralCircuitsandNetworks

18.2 The Orient _tut Simulation

The Orient tut simulationis a simpli ed modelof orientationselectity in thevisual sys-
tem. It is availablein the Scripts/orienttut directoryin the GENESISdistribution. This
simulationconsistof two groupsof cells, “retinal” cellsand“V1" corticalcells. Thereti-
nal cellsgeneratespikesrandomlyataratecontrolledby thesimulation.They in turnmalke
synapticcontactswith two typesof V1 cells: horizontalbar detectorsandvertical bar de-
tectors.The simulationallows you to sweepa horizontalor vertical bar patternacrosshe
“retina’’ Youwill obsere thatsweepinga horizontalbaracrosgheretinacauseshe hori-
zontally selectve cellsin V1 to becomeactivated,whereasweepinga vertical bar across
theretinacauseghe vertically selectve cellsin V1 to becomeactivated. As you will see,
this selectvity resultsfrom the speci ¢ patternsof connectiity betweenthe retinal cells
andthehorizontallyandvertically selectve V1 cells. The degreeof orientationselectvity
is quiteweak:occasionallya verticalbarwill causea horizontally-seledte cell to become
active andvice versa.Theexercisesatthe endof thechapterdiscussvaysof improving the
orientationselectvity. Oneshouldbearin mindthatthisis notavery realisticsimulationof
the mammaliarvisual system;for instancethereis no representationf the lateralgenic-
ulate nucleus(LGN) andthereare no feedbackconnectionswithin V1. The aim of this
simulationis not to provide a state-of-the-arinodelof orientationselectvity but to shav
in a relatively simple settingmostof the commandghat are usedin settingup network
simulationdn GENESIS.

18.3 Running the Simulation

Thesimulationis startedoy changingo theScripts/orienttut directoryandtyping*

_ . A graphicaldisplaywill comeup like thatin Fig. 18.1. The controlpanel
is in the upperleft corner This containsvariousbuttons,togglesand dialog boxes, all
of whosefunctionsare explainedin the README le for the simulation. For the pur
posesof this chapterthe mostimportantbuttonsarethe two buttonson thetop row, called

_ and _ . Clicking the mouseon _ causes verticalbar
of retinal cellsto becomeactive, slowly creepingfrom left to right, accompanietby some
backgroundring. Youcanlook atthe ring patternof theretinalcellsin thedisplayto the
right of the controlpanel,underthelabel . Youwill seesquareghat ick
from the backgrounccolor to red and back again;this happensvheneer a spike occurs
in the correspondingell. Thereare 100 suchcellsin the display andthey arearranged
accordingto their x-y coordinates.This part of the displayis actuallycomposedf two
XODUS objectscalledxview andxdraw; seeChapter22 for details. We referto sucha
displayhencefortrasa draw widget

You can stop the simulation by clicking on the button. If you click on the
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Figure18.1 Theupperportionof the Orienttut simulationdisplay Thewindow to theright of the control
panelshavs theretinalreceptorcell arrayandthetwo planararraysof horizontallyandvertically selectve V1
cells.

_ button, a bar of active cells will creepfrom the bottom of the drawv wid-
getto thetop. The outputsof the cellsaredisplayedn a differentdrav widget, underthe
label . Thiswidgethastwo groupsof 25 squarestepresentinghe 25
horizontallyand vertically selectve V1 cells (horizontalto the left, verticalto the right).
You canview thevalueof ary of several elds in thiswidget, but the mostusefulone(and
thedefault) is the membrangotential(Vy,) of theV1 cells. TheVm eld of thecell'ssoma
compartmenis displayedasthecolor of thesquarewith bluebeinghyperpolarizedndred
beingdepolarized Whena horizontalbaris sweptacrosgheretina,obsere how a bar of
horizontalV1 cellsbecomesctive andtracksthemotionof thebaracrosgheretina. There
will alsobesomeactvity in thevertically selectve cells,but considerablyess.Corversely
whena vertical bar is sweptacrossthe retina, a bar of vertically selectve cells becomes
active andtracksthe inputs,whereaghe horizontallyselectve cells aremuchlessactive.
This resultfollows from the differentconnectiity patternsof the horizontally-andverti-
cally selectve cells. This canbeviewed by clicking onthetogglemarked
This bringsup yet anotherdrav widgetwith threecell displaysshavn in perspectie; the
leftmostonerepresenttheretinalcells,the upperright onerepresentsheverticalcellsand
thelowerright onerepresentghe horizontalcells. Clicking the mouseon aretinal cell will
shav you the projectionpatternof thatcell in bothV1 elds, whereaslickingonaV1 cell
will displaythereceptve eld of thatcell in theretinal eld. You shouldbeableto gure
outwhatconfersthe orientationselectvity uponthe V1 layersby looking atthe projectve
andreceptve elds in thisway.

For moredetailsonthegraphicainterface,seeChapter22 ortheREADME le accom-
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parying the simulation. Now, we will discussthe GENESIScommandsieededo setup
thenetwork for this simulation.

18.4 Creating a Network Simulation

The procesof settingup a neuralnetwork simulationin GENESIScanbe dividedup con-
ceptuallyinto several stages.First, the basiclow-level component®f the simulationthat
areusedto constructcells mustbe speci ed. Theseincludecompartmentsion channels,
andotherelementghatmayincludeelementdo simulatecalcium ux es,detectwhenspike
thresholdshave beenreachedandso on. The secondstageis to link theselow-level el-
ementsinto single cells representindghe differentcell classedo be incorporatednto the
model. The third stageis to createarraysof thesecells correspondingo the biological
structuresbeingmodeled. In our case,this meanscreatingan array of retinal cells, and
arraysof bothverticallyandhorizontallyselectve V1 cells. In thefourth stagewe connect
thecellsin anetwork, specifyingtheconnectiorstrengthsaxonalandsynaptidransmission
delays,andall otherparametersf the synapticconnectionsThen,we createary needed
externalinputsto the system.The nal stageis to setup the userinterfaceandoutputrou-
tinesthatallow the userto run the simulation,view the databeinggeneratedand/orsave
thedatato disk for furtheranalysis.

Of course you may not alwaysrigorouslyfollow this order Usually you will wantto
do sometestinganddehuggingwhile you areconstructingyour network. This may mean
providing someinputto the systemandsomegraphicaldisplaybeforeyou have completely

nished stagefour. Section18.7.3describesomeutility functionsthatwill be usefulin
deluggingnetwork simulations.

The focus of this chapteris on the third and fourth stages(settingup the network)
sinceotherchaptergive moredetailson settingup singlecell modelsanduserinterfaces.
However, wewill rst brie y describehemanneiin whichtheOrient.tut script les handle
the rst two stages.

18.5 De ning Prototypes

In the Orient.tut simulation the prototypeelementsarede nedin the les constants.@nd
protodefs.g The rst scriptde nesthevaluesof constantsuchasthe Nernstequilibrium
potentialgor thedifferention classe¢Na, K andCl), restingpotentialssinglechanneton-
ductanceschannedensitiescell dimensionsaxonalandsynapticpropagatiordelays,and
soon. In someGENESISsimulationgheNernstpotentialsarecomputedy thenernst ob-
jectasthesimulationis running;however, sincethe Orient tut simulationis somavhatless
detailedthe Nernstpotentialsareassumedo beconstantThe protodefs.gcriptde nesthe
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componentlementfieededo constructhecells. Thedifferentobjectsusedincludea ba-
siccompartmenbbject,actve Na andK Hodgkin-Huxlg typeionic channelssynaptic
channelgdepolarizingNa channelshyperpolarizindk channelandshuntingCl chan-
nels),anda spike detectorspikegenobject. Theseobjectshave beendescribedn previous
chaptersespeciallyChapterl5.

In protodefs.gwe createthe neutral element/library to storethe basicsynapticand
ionic channeltypes,aswell asa basiccompartmenélementinda spike detector(spikegen
element). Thenwe disablethe library usingthe command " sothat
theelementsn /library arenotsimulatedduringthesimulation. Thepurposeof thisis to use
thelibrary elementastemplateshatcanbecopiedto otherplacesvherethey will belinked
into themainsimulation,asdescribedn Chapterd6and 17. In thiscasethey will beused
to male prototypecells, which we will copy into the network arrays. Anotherapproach
would beto male the library prototypesnto GENESISextendedobjects,asdiscussedn
Sec.14.5.However, theapproachdescribedhereis adequatdor our purposes.

After protodefs.ghasbeenloaded,all the prototypechannelsand compartmentsre
subelementsf the/library element.Now we wantto usetheseelementso build up proto-
type cellsfor the simulation. Therearetwo typesof cells: thereceptorcells,which canbe
thoughtof asvery cruderepresentationsf retinalganglioncells,andthe V1 cells,which
representhesynaptic‘targets”of theretinalcells. Thesecell typesarede nedin thescript

les retina.gandV1.g whichwe describenext.

In retina.g a sample‘receptor” cell is createdn thelibrary. Thisis notarealcell in
the senseof having compartmentsr ion channels.It is merelya spike generatothatcan
be connectedo postsynapticellsin the sameway asa cell. Only oneobjectis required
for this: therandomspike object.randomspike is a spike generatothatgeneratesandom
(Poisson-distribted spikes at an averagerate setby its rate eld; for more details,see
Chapterl5s.

The retina.gscript createsa prototypereceptorcell called/library/rec wherelibrary
andrecarebothneutral elementslit thencreategherandomspike elemen{randomspike
generatorkalledinputin library/recandsetsits averagering rateandabsoluteefractory
period.

The script V1.gworks in a similar manney building a V1 cell in the library (as/li-
brary/soma. In thiscasethebaseelemen{/library/soma is derivedfrom acompartment
object,not a neutral object. We couldhave madethe baseelementirom a neutral object,
but conceptuallyall theotherpartsof the V1 cell areconnectedo thesomaarnyway, sothis
was moreconvenient. The V1 cell consistsof a single compartment/library/soma that
is linkedto Hodgkin-Huxley Na andK channelsgxcitatory andinhibitory synaptically
activatedchannelsanda spikegenelementwhich detectsspikesoccurringin thecell.
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18.6 Creating Arrays of Cells

Now thatwe have a prototypereceptorcell anda prototypeV1 cell, we arereadyto create
theretinaandV1 arrays.Thestatement

in retina.gis usedto make multiple copiesof rec andits childreninto /retina/lecplane
arrangingtheir x-y coordinateson a two-dimensionabrid. /retina/recplaneis a neutral
elementcreatedby the commandor the purposeof storingthe copiesof the receptorcell.
Theusagéfor the createmagommands

whereNx andNy arethe numberof cellson a sidein thex andy directions(giving a total
of Nx Ny cellsin all), dx anddy arethephysicalseparations thex andy directions,and
xminandymingive the positionof the rst elemento be createdi.e., with the lowestx-y
values).If the entity to be copiedis a GENESISobjectin its own right (asopposedo the
baseof atreeof elementsyou shouldusethe option. Thisis mainly for usewith
GENESISextendedbbjecty(seethe GENESISReferencéManual)andis notneededn this
simulation.HereRECNX andRECNY (the dimension®f thereceptorcell array i.e., the
numberof cells on a sidein the x andy directions)are both 10, andthe cell separations
(RECSEPXandRECSEPY areeach40 10 ¢ (meters;i.e., 40 pm— all units are Sl
unlessotherwisenoted).

Thus,the command' " gives" ", meaningthat it
hascreatedec[0] throughrec[99]. The“ " indicateghateachelemenhaschild elements.
In this casethe only child elementwill be the randomspike elementinput The “cells”
rec[0] throughrec[99] areneutral elementsecausall they needto do is to containthe
randomspike generatar It would alsohave beenpossibleto createthesecopieswith the
command" ". How-
ever, the useof createmapassignsvaluesto the x andy coordinate elds of the elements
correspondingo their locationson the grid. Thesecoordinateswill be usednot only to
displaythecellsin adrav widget,but to assignsynapticconnectionssynapticweightsand
propagatiordelays.

Occasionallyit mightalsobeusefulto specifyanon-rectangulageometryfor theposi-
tionsof theretinalcells. For example we mightwish for theretinalcellsto bearrangedo
thatthey Il uptheinteriorof acircularregion centerecbn the origin with a radiusof 200
microns. In this casecreatemapwill notwork, sinceit arrangeghe cellsin arectangular
grid. However, we couldwrite a scriptfunctionto implementthis arrangemenrasfollows:
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This functionis instructive in thatit demonstratethe useof someof GENESIS'loop-
ing andconditionalconstructs Like ary modernprogramminganguageGENESIShasa
full rangeof suchcommandsincluding for, foread, while, if/felse andsoon. All such
commandderminatewith an end statement.The syntaxof thesecommandss similar to
thatof thecorresponding functions(or C shell,in the caseof foread); for full details,see
the GENESISReferencévlanual.In this casethefunctiongeneratepairsof integersrang-
ing from 5to 5 andtestswhetherthesumof their squaress lessthanor equalto 25, i.e.,
whetherthenumbersrewithin acircle of radiusb centeredttheorigin. If so,aretinalcell
is copiedfrom thelibrary to the/retina/iecplane/ec|] arrayandgivenx-y coordinateshat
arescaledversionsof i and j usingthe positioncommand.The positioncommandasits
namesuggestssetsthe positioncoordinate®f anelemento equalits lastthreearguments
(which arex-value y-value z-value respectiely). You maywish to checkthatthe abore
function doesin factarrangethe cellsin a circular arraywith a diameterof 200 microns
centeredntheorigin.

This functionalsoillustratesanotherfeatureof GENESISprogramming:if thereis no
built-in commando performa particulartask,you canusuallywrite a scriptfunctionto do
it. If thereis a built-in commandhowever, it is nearlyalwaysmoreef cient (i.e., faster)
thananequialentscriptfunction.

Now we returnto theactualsimulation.The statement

reveals(amongotherthings)

Thismeanghatthex, y, z positionsof thecellare( 200, 200,0) (in microns).Likewise,
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This shaws thatall theretinalcellshave the samez coordinatg0) but arepositioneddiffer-
entlyin x-y space.

In asimilarmannerthescriptV1.gmakes25 copiesof theV1 cellin /V1/horizwith the
statement:

Executingthe command' " gives* " againthe nal “ ”
indicatesthatthe arrayof cellshave subelementsonnectedo them. This arrayis 5 by 5
with spacingsof 80 10 ® m (V1.SEPXandV1.SEPY in the x andy directions. These
representheV1 cellsselectve to horizontallyorientedstimuli. A similar statemenis used
to createthe planeof vertically selectve cells (called/V1/ver). All of thecellsin both
planeshave z coordinate®f 0.0. In this casethe spatialcoordinateof the horizontaland
vertical cells overlap,but this will causeno problemssincethetwo groupsof cellscanbe
referredto andmanipulatedseparately

At this point we have threearraysof cells, representinghe sourceretinal” cells,and
the vertically and horizontally selectve destinatiori'V1l” cells. The next stepis to setup
connectiondbetweerthesecellsto form a network.

18.7 Making Synaptic Connections

Therearetwo differentwaysof specifyingthe natureof connectiondetweercellsin GEN-
ESIS.We canindividually specify eachconnectionand its associategharametersor we
canusespecialGENESIScommandghat de ne and parameterizgroupsof connections
betweergroupsof elementsTheOrient tut simulationemplg/s thesecondapproachusing
the commandgplanarconnect planadelay andplanarweight(in the script le retV1.g.
First, though,we will remindyou how we manuallysetup connectionsn Chapterl5.
This approachmight be feasiblein modelinga systemwith preciseconnectiondbetween
identi ed cells,suchassomeinvertebratesystemsandthe centralpatterngeneratocircuits
treatedin Chapter8. For larger networks with lesspreciseconnectiities, the commands
operatingon groupsof elementsandconnectiongaremoreappropriate.
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A synapticconnectionn GENESISis madebetweena spike generatingobject(such
asrandomspike or spikegen anda synapticchannelobject(suchassynchar). Axonsas
suchare not modeledexplicitly (althoughthereis an obsoleteaxon objectthatis usedin
someolder simulations). In general the somaticcompartmendf a cell will belinked to
a spikegenobject,which will detectwhena spike hasoccurredandpassthatinformation
alongto thesynapticchannebbject. TheV1 cellsin ourcasearesetupin thisway, although
in this simplemodeltheV1 cellsarenot connectedo anything (but seetheexercisesatthe
endof the chapter).Alternatively, arandomspike objectcanbe usedto provide randomly
occurringspikesatagivenfrequeng to thesynapticchannebbject. Theretinalcellsin our
modelaremodeledasrandomspike objects,andwe imposea ring patternon theretina
by manipulatinghe ring ratesof theretinalcell directly (discussedn Sec.18.8).

18.7.1 Specifying Individual Synaptic Connections

The connectiorbetweernthe spike generatingobjectandthe synapticobjectis established
by addinga messagéetweenthe two objects. For instanceto connectthe retinal cell

with anexcitatorysynaps@nthecell :
we couldusethefollowing command.

Here,the presynaptielementis a randomspike objectandthe postsynaptielement
is a synchanobject,or synapticallyactivatedchannel discussedn Chapterl5. Sincethe
synapticconnectiorpresumablyncludesatime delaybetweerthetime the spike occurred
andthetimeitsin uenceis felt onthesynapticchanneldueto boththeaxonalandsynaptic
transmissiordelays,we have to specifythat delay explicitly (the default is a delay of O,
which is not very realistic). Also, the effectsof differentsynapse®n their postsynaptic
targetswill differin magnitude Thisis modeledby aweight eld onthesynapseAssuming
thattheabose SPIKEmessagereatedsynapseiumberO onthesynchanobject,theweight
anddelaymaybe setasfollows.

for a weight of 20 anda delayof 01 msec(10 4 seq. It shouldbe emphasizedhat
synaptic“weight” is a dimensionlesseld: aweightof 1 0 meanghata single spike will
causea conductancehangewith a maximumheightof gmax the “maximal” conductance
of the synapseHowever, aweightof 2 0 will causea conductancehangethatis twice as
large. Thus,thegmax eld in thesynchanobjectrefersto the maximalconductancef the
channelwhenthe synapticweightis 1.0.

To malke thingseven easieron us,we could alternatvely write a script-level command
to setup synapsesasfollows.
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Whenwe adda SPIKEmessageahelastsynapseorrespondi themessagg@istadded.
We have to setnsynapseto (nsynapses 1) sincesynapsegrenumberedstartingwith O.
Oncethisfunctionis de ned, settingup a synapsés aseasyastyping:

We've just shawn you how to setup synapsendividually in GENESIS.However, in
ary reasonablysizednetwork simulation,it would be extremelytediousto setup all the
connectiondn this way. We could usea for loop alongwith the malesynapsdunction
de ned above, but thereis aneasiemway. GENESISincludesseveralcommandshatcanbe
usedto setup large numberf synapsesll atonce thussimplifying the procesf setting
up network-level simulations.This is the approachtakenin the Orient.tut simulation,and
is describechext.

18.7.2 Commands Involving Groups of Synapses
Connecting Groups of Synapses

The connectiondbetweertheretinaplaneandthetwo V1 planesaremadein ret V1.gwith
statementtike:

Thepurposef thisrathercomplex commands to connectregionof identicalelements
toanotheregionof identicalelementgtheelement®f thesecondegionarenotnecessarily
the samekind of elementsasthoseof the rst region). The planarin planarconnectrefers
to the factthatthe sourceelementsareviewedaslying in atwo-dimensionaplane. Since



18.7.Making SynapticConnections 289

GENESISobjectscanhave three-dimensiondbcations,this meanghat only the x andy
dimensionsareusedin this command.The commands intendedto be usedfor elements
locatedin atwo-dimensionasheewith aconstant value,whichis truefor objectscreated
with the createmapgommandiescribedibore. Thefull usageor thiscommands:

Incidentally noticethatin GENESIScommandshat spanseveral lines andthatare con-
tinuedusingbackslashe¢ ) you canincludecommentsafter the backslashesThe empty
braclets (rec[] andsoma][) indicatethatall of the spikegenelementsdn the retinal cells
(i.e., /retina/recplanefec[0-99]/input) will be connectedto the synchan elementsin
/V1/horiz/soma[0-24]ke_syn “ " meanghatthe(x, y) coordinate®f thedesti-
nationelementwill bemeasuredelative to thoseof the sourceelementsThedefaultis to
usethe absolutecoordinate®of the destinatiorelements.The optionspeci-
es therangeof sourceelementdo connectaseitherarectanglgbox)in thex-y coordinate
spaceof the elementor anellipse. For arectangulabox) region, the coordinate1 and
y1 referto theminimumx andy valuesof therectangularegion,andthecoordinatex2 and
y2 referto the maximumx andy valuesof therectangularegion. For an elliptical region,
x1 andyl arethe coordinate®f the centerof the ellipsewhereas2 andy?2 arethelengths
of theprincipalaxesin thex andy directionsrespectiely. Thecurly bracesneanyou have
to chooseoneor theotherof box,ellipse .

In this case,the coordinates for the sourcemaslspana region far larger
thanthetotal extentof the sourceregion (2 meterssquare)sothatall sourceelementawill
be connected.You canspecify multiple sourceregionsby specifyingseveral lines of the
form . The optionindicates
arangeof elementsot to connect;this is usefulwhenyou wantto connectall elements
in arectangularegion exceptfor someinsidetheregion (seebelov for examples).Again,
you can specifymultiple “holes” if you want. The and options
similarly specifythe coordinate®of the destinatiorelements.Finally, the
option speci es the probability of connectionswhich is 1 0 by default (all elementsin
the sourceregion(s)speci ed are connectedvith all elementdn the destinatiorregion(s)
speci ed).
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The way this works in practiceis asfollows. GENESISlooks at the list of source
elementsandrejectsthosenot in the sourceregion. For eachsourceelementwithin the
sourceregion, it scanghelist of destinatiorelementsaindpicksoutthosewhosepositionis
in the destinatiorregion (measureeitherin absolutecoordinate®r relative to thespeci ¢
sourceelement,if the option hasbeenselected). Thenit makes a synaptic
connectiorbetweerthe sourceanddestinatiorelementslf the optionhas
beenselectedhe connectiorwill be madewith the given probability so not all possible
connectionsvill bemade.

Confused™erearesomeexamples.First, saywe wantedthe sourceregion to consist
of all thereccellsexceptfor arectangularegion of 20 micronssquarein the middle, with
thedestinatiorcellsthe sameasabove. Thenyou would usethe command:

Alternatively, saywe wantedto have two destinationregionsfor the connectionsde-
tweenthereceptorandthevertically selectve V1 cells,oneof whichincludesall thecells
whosex coordinatesare betweenl0 and20 um lessthanthe receptorcells' x coordinates
andoneof whichincludesall the cellswhosex coordinatesarebetweerl0and20 ummore
thanthereceptorcells’ x coordinatesAlso supposave wantedto excludea circularpartof
thesourceregion centeredttheorigin and20 umin diameterbut otherwiseincludeall the
sourcecells. Thenwe couldwrite this:
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Of course theseexamplesarejust to illustratethe optionsavailable; we don't claim that
theseconnectiorpatternsareidealfor generatingyoodorientationselectvity.

Thereis alsoa three-dimensionanalogto planatconnect which we'll mentionhere
for completenessven thoughit isn't usedin Orienttut. It is volumeconnectwith the
following usage.

The syntaxis exactly the sameas planaiconnect exceptthatx1, yl, and z1 referto
the minimum x, y, andz coordinatesvhile x2, y2, 22 refer to the maximumcoordinates
for abox region; for anellipsoidregion x1, y1, andzl arethe coordinate®f the centerof
the region while x2, y2, 22 arethe lengthsof the principal axesin the x, y andz regions
respectiely.

NOTE: if, throughan error in syntax,you mistalenly specify sourceor destination
elementghatdon't exist, no errormessagavill be given. Therefore,it is a goodideato
checkto seeif the connectiongxist. Onewayto nd outwhatsynapticconnectiongxist
is to usethefollowing command:

Thisrefersto therandomspike elementalledinput, whichis partof receptorcell 54. The
outputgivesthe messagesentfrom this element:

Thisshavsthatthereceptoiis connectedo theexcitatorysynapsesf thesomataof several
cells. The elementsreceving the messagesre synchan objects. If you have a lot of
messagebeingpassedrom the sourceelementasidefrom the SPIKE messageyou can

type

whichwill only displaythe SPIKEmessagesTheshowmsgommandioesnt tell youwhat
theweightor delayis for eachconnectionthatinformationis storedn thesynchanobjects
(onthepostsynaptiside).Likewise,you cancheckthat
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shavs tagetsin theV1 horiz layerof somasl1-19,notincluding 15.
Onthepostsynaptiside , we canusethe showmsgommando displaythe connections
( messagegjominginto a synapsésynchanobject). For example,if wetype

we get

SeeSec.18.7.3for amorecomprehense way of obtaininginformationaboutsynaptic
connections.

Setting the Delay Fields of Groups of Synapses

Thetransmissiordelaysaresetwith the planamdelayfunction. In this simulation,thecom-
mand

usesthe x andy coordinatego calculatethe radial distancefrom eachof the sourceele-

ments(rec[0]/inputthroughrec[99]/inpu) to eachtargetfor thesynapticconnectionsThis

distances divided by thescalefactor CABLEVEL, in orderto assigravaluefor thedelay
eld of theaxonconnection.CABLEVEL standgfor the velocity of axonalpropagation,
in m sec Dividing the distancebetweentwo objectsby the propagatiorvelocity givesthe

time delayfor a spike occurringat onecell to reachthe postsynapticell, assuminghatthe

axonsareorientedradially Note thatthe distancebetweerthe two planesdoesnot enter
into this calculation. Also note that sourceelementsor this commandmustbe derived

from objectsthatcansendSPIKEmessagesyhich usuallymeangandomspike objectsor

spikegenobjects.

Thefull syntaxfor the planadelayfunctionis:
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Thereareseveral optionsfor the planadelayfunction. The rst two options(
and ) aremutually exclusive. meanghatthe delaysfrom the sourceare
all nominally equalto : meanghatthe delaysfrom the sourcearescaled
accordingto the radial distancebetweenthe sourceandthe targets. conductionvelocity
representtheconductiorvelocity of thespike alongthe(hypotheticallaxon.As mentioned
above, the computeddelay betweentwo elementsequalsthe radial distancebetweerthe
elementgcomputedby the function)divided by the conductionvelocity. The option
causeshedelayscomputedusingeitherthe or commandso beaddedo
thepreisting delay(thedefaultis to simply replacetheexisting delaywith thenew value).
This canbe usefulif you are modelingcells connectedby ber tractsthat have sections
with differentconductionvelocities,for example,whenfast-conductingxonsgive rise to
slowver-conductingaxoncollaterals.In thatcaseyou cancall planaidelayonceto setup the
delaysfrom theaxonandcall it againusingthe optionto addthedelaysfrom theaxon
collateralsusingadifferentconductiorvelocity.

The otheroptionsrepresentvays of addingrandomcomponentgo the delays. Since
thesesameoptionsareusedfor seseralcommandsthey arediscussedh furtherdetaillater
in this sectionunder* Adding Randomnesdo Weightsand Delays”

Thereis alsoathree-dimensionainalogof thiscommandcalledvolumedelaywith the
samesyntax,

The only differencebetweerplanadelay andvolumedelays thatvolumedelaycalculates
theradialdistanceusingall threedimensionsnsteadof justthex andy dimensions.

Thereis alsoa separateommandcalledsyndelayfor addinga smallsynapticcompo-
nentto thedelays.Thisis usefulwhencellsarevery closetogetherandthedelaycalculated
usingthe optionof planaidelayor volumedelays unrealisticallysmall. Theusage
of thiscommands:
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In this casethe pathspeci cationis to a group of postsynaptiobjects(i.e., synchan
elements)Thedelayis equalto the“delay” amumentof thecommandwith theappropriate
randomcomponentdded.If you wantto addthis delayto a delaypreviously determined
usingplanadelay, say usethe option aswith planadelay If not, the computed
delaysbecomethe delaysof the synapsesandif you wantto add axonaldelaysyou will
have to useplanadelayor volumedelayvith the option. In generalpneusuallysets
theaxonaldelay rst andthenaddsonthe synapticdelayif desired.It is importantto note
thatthesynaptiadelayis NOT aseparateeld in thesynapsetheaxonalandsynapticdelays
arelumpedtogethelin asingle“delay” eld.

Setting the Weight Fields of Groups of Synapses

Finally, we have to assignweightsto the synapsessincetheplanarconnectunctioninitial-
izesall weightsto zero.In the Orient tut simulation this is donewith thecommand

This commands of theform

wheresourcepathnormallyrefersto the spikegenor randomspike elementf the source

cells. In thiscommandthe rst options( and ) aremutually exclusive and
determinewhetherthe weightsfall off with distancefrom the source.The option
malkes all weightsfrom that sourcepatnominally equalto weight The option

workslike planadelaycalculatinga radial distancebetweerthe sourceelementsandeach
target. The parametedecayrategivestheratefor anexponentialdecayof theweightswith

radialdistance Notethatdecayratehastheunitsof meers . Thefunctiondescribinghe
weightasa functionof maxweightandmin weightfor this optionis

weight= (maxweight minweigh) exp( decayrate radial distancé
min.weight
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Thereasoronemightwantweightsthatdecayexponentiallywith distancedepend®n
the conceptuaframework of the simulation. If eachsynapseén your network simulation
is intendedto represenbne synapséan the real system,thenthe weightscould have ary
(physiologicallyreasonableyalue, and it might be bestto setthemto a randomvalue
within reasonabldimits if you hadno a priori reasonto setthemto particularvaluesfor
particularcells. On the otherhand,sincea simulatortypically modelsa large network of
neuronswith a much smallernumberof simulatedcells, eachcell can be thoughtof as
representate of agroupof cellsin aparticularregion. In this casejt makessensehat,on
average simulatedcells closetogetherwill have strongerconnectiondetweerthem(i.e.,
synapsewith largerweights)thansimulatedcellslocatedfartherapartfrom eachother for
the simplereasorthatthereal cells of which the simulatedcells arerepresentate will in
generaform moreconnectiondetweerthemif they areclosetogetherthanif they arefar
apart. It hasto bekeptin mind thatunlessyou intendto modelevery cell in the network,
eachcell is really anabstractiorof a classof cells,andthe strengthof the synapsesasto
re ect the natureof this abstractionIf you don't wantexponentialdecayof weights,you
shouldusethe option. In the Orient tut simulationwe usethe optionsince
we arent modelingconnectiondetweenV1 cells (but seethe exercisesat the endof the
chapter). Remembethatif youdon't useplanarweight(or volumeveight describechext),
you have to settheweightsexplicitly, sincethey areequalto zeroby default.

Asusualthereis alsoathree-dimensionanalogof thiscommandcalledvolumeveight
with the samesyntaxandfunction:

The only differencebetweernvolumeveightand planarweightis that, for the
option, the distancesare calculatedusingall threedimensionsnsteadof justthe x andy
dimensions.

Adding Randomness to Weights and Delays

The abare commanddor settingweightsand delayshave a setof optionsfor addinga
randomcomponento the weightsanddelaysset. Theseoptionsarethe samefor all these
commandsandhave theform:
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Eachof the rst threeoptionsselectsa randomnumberout of a particularprobability
distribution. The scaleoption of givesa randomnumberuniformly distributed
in therange -scale scale. The option givesa Gaussian-distrilted random
value with a meanof zero, a standarddeviation of stdes, and a maximumdeviation of
maxde. The option givesan exponentiallydistributed value with a mini-
mum value of zero, 1/e point (i.e., the point at which the probability densityfunction has
decayedo 1/e of its maximumvalue)at mid and maximumvalue of max The maxor
maxd® agumentsareusefulin casesvhereyou wantto truncatethe endsof a distribution
to preventweightsanddelaysfrom beinglarger or smallerthansomelimit. Forinstancea
suitablechoiceof maxor maxde will preventthe possibilityof settingweightsor delaysto
anegative value,which is biologically meaninglessHowever, asanaddedprecautionthe
commanddor settinggroupsof weightsanddelayswill setnegative valuesthatmayarise
from usingtherandomoptionsto zero.

The way theseoptionsare usedis asfollows. Firstthe weightor delayis calculated
accordingo thecommand-speci @ptionsof thecommandLet's saythatval is thevalue
of aweightor delaybeforeary randomnesis added After therandomnumbetis included,
we have

val=val (val randomnumbey
unlesshe optionis used,in which casewe have
val=val randomnumber

In otherwords,normally the value of the randomnumberis scaledto the existing weight
or delaybeforeaddingit to theweightor delay Thisis reasonablén mostcasessinceyou
usuallywantto adda certainproportionof variability to all weightsor delays.Thusit' seasy
to add,say upto 10%randomnes® your weights— justuse . If youwant
to add randomnumbersfrom the samedistrikbution to all weightsor delaysregardlessof
theiroriginal size,usethe option(whichyou canabbreiate as ).

In all thesecasesthe randomnumberis chosenseparatelyffor eachsynapticconnec-
tion. Thecommand’ " will initialize the randomnumbergenerator
with number If randseeds calledwith no argumentst will initialize therandomnumber
generatowith thecurrenttime, giving randomnumberghatwill bedifferenteachtimeyou
runthesimulation.

Herearea coupleof examples. In the above case,if you wantedto have delayscor
respondingto conductionvelocities uniformly distributed betweenl and2 m sec(i.e.,
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15 05msecorl5 33%)youcouldtype

(We're assumingyou're using Sl unitshere.)Notethatthe scalingis importanthere,since
thedelaysarecalculateddy dividing thedistanceby theconductiorvelocities. Thus,delays
correspondingo nearbyelementswill be shorterthanthosecorrespondingo elements
separatetly agreateistance Thereforejt is importantthattherandomcomponenof the
delaybescaledo a valuethatis a constanproportionof thetotal delay

If youwantedweightsnormallydistributedwith ameanof 2 0, a standardieviation of
10%of themean(i.e., 0.2),anda maximumdeviation of 40% of themean(0.8), giving the
weightstherangeof 1.2,2.8 , youcouldtype

In this case,we could have usedthe option with the amguments
to getthe sameeffect, sinceherethe weightsareall the sameatthe
beginning. It is very importantto bearin mind thatthe agumentgo the optionsinvolving
randomnesarerelatie to the actualweightor delayvalueunlessthe
optionis used.

After settingup weightsanddelayswith the aborze commandsit would bea goodidea
to checkthatthey arein thedesiredrangesWe coulduseshow eldfor this, but it would be
atediousprocedureo track down all the connectionsandto inspectthe varioussynchan
elds. Fortunately GENESIShassomecommandshatmale this easier

18.7.3 Utility Functions for Synapses

In general,we do not wantto be concernedwith the synapsenumber(hereaftercalled
the synapseandex, sinceit representshe index of an arrayof synapsesjvhensettingup
weightsanddelays.In addition,sometimesve mayneedto acces®therinformationabout
synapsessuchasthe sourceelementof a given synapseor the total numberof synapses.
GENESISprovidesseveralutility functionsfor thispurposewhichwe describenere.These
functionswill be particularlyusefulfor delugginga simulation. Althoughthe commands
describedabore aremuchmoreef cient thanthe useof for loopsfor the establishmenof
network connectionsit is easyto make a mistale in syntaxandnotgettheconnectionsghat
wereintended.

Thefunctiongetsyncounhastheusage
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This functionis usedto countsynapsewnumbers.Eitheroneor both optionsmustbe spec-
i ed. The mostcommonusages to specifyonly the presynaptielement.In this casejt
returnsthenumberof SPIKEmessagethataresentby thatelementIf only the postsynap-
tic element(e.g.,a synchar) is presentjt returnsthe numberof synapse# thatelement.
As we have seenin Chapterl5andin Sec.18.7.1,we couldalsoobtainthis resultby using
get eld to retrieve the nsynapseseld of the postsynaptielement.If both argumentsare
presentjt returnsa countof the numberof synapsesn the postsynaptielementthatre-
ceive SPIKEmessageffom the presynaptielement.(This will almostalwaysreturnO or
1, asredundantonnectiondetweerthe samesourceanddestinatiorare moreef ciently
handledby increasinghe synapticweightof the connection.)

Thefunctiongetsyninde hastheusage

It isusedto nd theindex of synapsebetweerthe givenpresynapti@andpostsynaptiele-
ments.The optionwill give theindex of thenth synapsdetweerthe presynaptic
and postsynaptidamget. This option shouldrarely be necessarysinceusuallythereis at
mostone synapséetweena given presynaptiand postsynaptielement.If no matching
synapsés found,awarningmessagés printedandthefunctionreturns 1.

We canusethegetsyninde functionin GENESISto helpussettheweightsanddelays
of asynapsevhosepresynaptielementis knowvn but whoseindex is not. For examplewe
couldtype

Thefunctiongetsynst hastheusage

This functionreturnsa stringthatis the pathof the presynaptie@lementsendinghe SPIKE
messagéeo the synapsef the postsynaptielementwith thegivenindex.
Thefunctiongetsyndeshasthe usage

This functionreturnsa string that is the path of the postsynaptielementwhich receves
the nth SPIKE message&entby the presynapticelement. The optionreturnsthe
index of the synapsecorrespondingo this messageAlternatively, after having foundthe

destinatiorsynapseyoumay nd its index by usinggetsyninde.
As anexampleof the useof theabove functions,we canwrite a scriptfunctionto give
informationaboutall the synapse@ a particularsynchan
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This function alsousesthe oatformat commando setthe format of the outputto %.3g
which displaysat mostthreesigni cant gures androundsthe outputto reasonablealues.
The GENESISdefaultis to print out 10 signi cant digits, whichis oftenunnecessary

We canusethis functionto checkthe rangesof the weightsanddelaysof the synapses
in the Orient tut simulation.For example,

givesthe output

18.8 Setting Up the Inputs

After the network is constructedye will usuallywanta way to provide someinputto the
network. The detailsof this will generallybe speci ¢ to your simulation. The inputsto
the Orient tut network arespeci edin the le retinput.g This le de nes sereral func-
tions whosepurposeis to sweepa vertical or horizontalbar acrossthe retinal cells. This
is doneby imposingan average ring rate on thesecells by settingthe rate eld of the
randomspike elementdn /retina/iecplane/ec[0-99]/input. Thereare a numberof ways
to accomplishthis in GENESIS.One possibility would be to setup a for loop that runs
throughall the elementsaandsetstherateto a high or low valuedependingon the position
of the cell in space. Anotherapproachwhich is usedin the le, is to de ne a function
calleddo_autosweepvhichis invoked on eachstepof the simulation.Yetanothempproach
would be to de ne a GENESISextendedobjectthat performsthe samefunction. More
informationis givenin the README le in the Orient.tut directoryandin thecommentsn
theretinput.g le.
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18.9 Summary

In this chapterwe have shavn you the GENESIScommanddor creatinggroupsof cells
andconnectinghemin networks. We have discussedhow to setup synapsedividually
and also have describedvariouscommandghat allow you to setup groupsof synapses
simultaneouslyThesecommand£nableyouto con gure theconnectiity patternssynap-
tic weights,and synapticdelaysof a network in very e xible ways. We have usedthe
Orient.tut simulationasan exampleto shawv how thesecommandsreusedin areal sim-
ulation. The Orient tut simulationalsoimplementsa graphicaluserinterfacethat allows
the userto look at variousaspectf the network asit is being simulated,including the
ring patternsof theinput (retinal) cells,the membrangotentialsof the output(V1) cells,
andthe connectiorpatterngn the network. The objectsandcommandsisedto setup the
interfacearedescribedn Chapter22.

18.10 Exercises

1. Verify that with CABLEVEL = 1, the delays for the connectionsfrom
rec[54]/axonto the targetsin the V1 horiz layer of somasl1, 12 and13 arecorrect
(i.e.,areequalto theradialdistances).

2. Modify the “synapsenfo” function, usingthe synapticutility functionsdescribed
previously, to generatehe pathnamesynapseéndex, weight,anddelayvaluesof all
synapsegrojectingfrom a givenrandomspike element;j.e., all synapseseceving
SPIKE messagefrom that element. You might wantto save this functionfor later
use.

3. Lookatthe le retV1.g How istheorientation-selectity conferreconthenetwork?
Canyouimprovetheselectity justby changingsomeparametersf thecommands?

Thecellsin thetwo V1 planescontainsomeelementshatarenotusedn thesimulation.
The spike generator®f the cells connecto nothingandthereis no input to the inhibitory
channelsinh_syn As anexercisein usingthecommandsliscussedbove,

4. Modify theretV1.gscriptby addingsynapsedetweenthe retinal cellsandthein-
hibitory synapse®f the V1 cellsin orderto improve the quality of the orientation
selectvity.

5. Modify theretV1.gscriptto generateconnectionsbetweenVvil cells. Canyou use
thefeedbaclconnectionso furtherimprove thequality of the orientationselectvity?



