Adding Dendrites and Synapses

DAVID BEEMAN

In the previous chapters tutorial, we createda single somacompartmentvith Hodgkin-
Huxley sodiumandpotassiunchannels.Your scriptfor this simulationshouldlook some-
thing like the onegivenin thelisting of tutorial3.gin AppendixB. In this simulation,we
will build uponthis scriptin orderto constructa multi-compartmentaheuronwith a den-
drite compartmentontaininga synapticallyactvatedchannelanactive somaandanaxon.

15.1 Adding a Dendrite Compar tment

We will startby makinga single dendritecompartmenthatwe will connectto the soma.
For a more detailedmodel of a single neuron,we might have mary suchcompartments
linked together possiblywith muchbranching.In this case,it would be advisableto use
oneof GENESIS'implicit numericalintegrationmethodghataredescribedn Chapter20,
in orderto avoid the needfor very smalltime steps. However, for our two-compartment
model,andfor modelscontainingonly a few compartmentsthe default methodusedby
GENESISwill provide sufcient numericalaccurag with amoderatentegrationstepsize.

An appropriatesizefor thecompartmentvouldbe 100pmlongand2 pmin diameterso
we addthefollowing de nitions to our scriptafterthede nitions of the somadimensions:
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244 Chapter 15. Adding DendritesandSynapses

Youmaywishto verify thatthesedimensionsareconsistentwith thecriterionthatthecom-
partmentlength shouldbe small comparedo the electrotoniclength of the compartment
(Seev, FleshmarandBurke 1989).We canmake the dendritecompartmentvith the same
malecompartmentunctionthatwasusedto createthe soma,giving it the name/cell/dend
andusingthedendritedimensionsnsteaddf thesomadimensionsAs thedendritecompart-
mentwill not have Hodgkin-Huxlg channelsthe eld Emshouldbe setto ERESTACT,
ratherthanEleak Ourcellis now becomingcomplex enoughto merita maleneuon func-
tion of its own. Themainscriptshouldcreatethe cell with thefunctioncall

and the statementdhat make the dendritecompartmentnd the somawith its channels
shouldgo into thede nition of this function. As it will make useof the malecompartment
function,its de nition will have to comeafterthatof malecompartment

As we will generallystimulatethe neuronwith input to the dendriteratherthanwith
currentinjection, let's now setthe somainjection eld valueto zeroinsteadof usingthe
previousvalueof 03 10 ° amperesThis shouldbe donein the mainbody of the script,
after the call to maleneuon. For consisteny, the initial value of the dialog box in the
functionmale_contol shouldalsobe setto zero.

Now we needto link the dendriteto the soma. In Fig. 2.2, the dendritecompartment
would correspondo the “primed” compartmenshavn at the left. The dendritecompart-
ment needsto sendboth its axial resistanceand its membranepotentialat the previous
simulationstepto the somacompartment.This allows the somato calculatethe current
enteringfrom thedendritecompartmentThisis donein the rst messag&elov, wherethe
dendritecompartmenis linkedto thesomawith amessagef thetypeRAXIAL. Thismes-
sagehastwo value elds, Raandpreviousstate Thepreviousstate eld givesthevalueof
the membrangootentialVm at the previous integration step. We usethis eld ratherthan
Vmbecaus&ENESISupdateghe elds of all the compartmentén parallel,andwe want
eachcompartmento updateits data elds usingdatafrom the previous simulationstep.

As the dendriteknows its own axial resistancdo the soma,it only needsto receve
the somas previous membrangotentialin orderto updateits state. Thisis accomplished
with the secondmessagewhich is namedAXIAL. If we wereto usethe variablepathas
the nameof the parametethatwill bereplacedy /cell whenmaleneuon is invoked, the
statementthatsetup the messagewould be

Now we needto adda synapticallyactivatedchanneto thedendritecompartmentThe
GENESISobjectmostsuitablefor thisis thesynchan object. This objectwasusedo create
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the synapticallyactivated channelsin the Neuon tutorial, which we usedin Chapter6.
Someolder simulationscripts make use of a similar GENESISobject, the channelC2,
whichis usedwith the obsoleteaxon object.

The synchan may receve delta-function‘spike events, eachlastingfor a singleinte-
grationtime step,from a SPIKE messagelt thencalculatesa netchannekconductanc&k
summingthe effectsof eachspike. The parameterelds gmax taul andtau2 areusedto
determinghetime behaior of theconductanceWhenthetaulandtau2 elds areequal,a
singlespike impulsegivesa conductancevith thetime dependence
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This cause<Gk to reacha maximumvalue of gmaxafteratime taul Theinitial risein
conductances linear andthe decayis exponential,with time constantaul This is the
“alphafunction” form, correspondingo Eq.6.16.

Whenthetwo time constantgliffer, the conductancassumes dualexponentiaform,

(15.1)
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whereA is anormalizationconstanthosersothat Gk assumesa maximumvalueof gmax
Theseelds correspondo thevariablesthatappeatin Eq.6.17. As with voltage-actiated
channelsthereis a eld Ek for the equilibrium potentialof the channel. You may nd
furtherinformationaboutthis objectwith the GENESIScommand' ". The
mathematicbehindtheimplementatiorof the synchan objectaredescribedy Wilsonand
Bower (1989).

It maybe usefulto addotherchanneldater, soit would bea goodideato write afairly
generalfunctionthatlets us specifyargumentsfor the pathto the compartmentthe name
of the channelandthe valuesof thefour parametergk, taul, tau2 andgmax You might
startthe declaratiorwith:

exp (15.2)

Thebody of thefunctionshouldbewritten sothatthe statement

will createachannehamedcell/dend/Exchannelandwill setthe elds to thestatedvalues.

Thefunctionalsoneeddo link the channelo its parentcompartment.As usual,this
is doneby passingmessages.The compartmenneedsto know the conductancef the
channelandthe equilibriumpotentialof the channel(the voltageof the “battery” in series
with theconductance)Thisis usedby thecompartmenin its calculationof the netcurrent
o w into the compartment. Although the channelconductancés not dependenbn the
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membrangotential,the synchan objectalsocalculateghe channelcurrent,soit needso
receve a messagdérom the compartmenthatgivesthe membranegotential. Therequired
messagemay be setup with the statementssimilar to the onesusedwith the Hodgkin-
Huxley channelsn thesoma,

Usethisfunctionwithin maleneuon to createanexcitatorychannehaving a sodiumequi-
librium constant,both time constantsequalto 0.003 second,and a gmaxof 5 10 1°
siemens.

In orderto do arythinginterestingwith our neuronwe will needto give it somesynap-
tic inputto thedendriteexcitatorychannel However, beforecontinuing,it would beagood
ideato testwhatwe have sofar. Try runningthescriptasit existsatthisstageandusethedi-
alogboxto give thesomaaninjectioncurrent.Doesit still work asbefore?Althoughthere
is nodialogbox for injectioncurrentto thedendrite you cangive it someinjectionby typ-
ing the command" " to the GENESISprompt.
With noinjectionto the soma,doesinjectionto the dendritestill produceactionpotentials
in thesoma?Canyou detectary differencein theresultswheninjectingthedendriterather
thanthesoma?

15.2 Providing Synaptic Input

The GENESISReferenceManualdescribesariousmethodsof activating a synchan ele-
ment. Themostcommonmethods to corverttheactionpotentialgoroducedn anothemeu-
ronto asequencef unit amplitudespikesthataresentto the synchan with a SPIKEmes-
sage.As we don't have anothemeuronto provide synapticinputto /cell/dend/Exchanne]
it wouldbeniceto have afunctionthatwould provide arandomlydistributedtrain of spikes
to agivenchannel.This mightrepresentherandomspontaneou%ackgroundevel” ring
of mary otherneuronghathave inputsto our cell. Let's call thefunctionmaleinput(path)
sothat*” _ " will provide the necessarynput. GEN-
ESIShasa numberof objectsthat canbe usedto generatdrainsof pulses. We will use
therandomspike objectto createan elementhat producegandomspikes. Let's call this
elementrandomspig also.

The randomspike objecthasthe settableparameterelds, rate min.amp maxamp
reset andresetvalue The rst of thesegivesthe averagenumberof randomlygenerated
spike eventsper unit time. Whenan eventhasbeengeneratedihe amplitudeof the event
is a randomvariableuniformly distributed betweemmin.ampandmaxamp Thereis also
a eld namedstatewhich is updatecdat every simulationstep. Thestate eld hasthevalue
of the eventamplitudeif an eventhasbeengenerated.If aneventis not generatedthen
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thevalueof the state eld depend®nthereseteld. If resetis non-zerothenstatetakes
on thevaluegivenin resetvalue Otherwisestatewill behae like a latch containingthe
amplitudeof the previousevent.

An averageof twenty spikes per 0.1 secondrun of the simulationwould be a good
spikingrateto usein orderto representheinputfrom severalotherneurons We would like
themall to be of unit amplitude andto lastfor justa singletime step. After /randomspi&
is createdthis canbeaccomplisheadvith the statement

We canthensendthe spike trainto thechannelith

Note thatthe SPIKE messageaisesno parameters Whenaer a spike eventis produced,
/randomspi& noti es thechannelof the event. The synchan regardsthis asa spike of unit
amplitude without makinguseof the state eld of therandomspike object.

A typical axonalconnectionfrom anothemeuroninvolves a propagatiordelay This
canbecalculatedrom theaxonalpropagatiorvelocity (ontheorderof 1 meterpersecond)
andthe lengthof the axon. Typical valuesof this delayarein the rangeof 1 to 10 msec
In addition, there can be a time lag of slightly lessthan 1 msecbetweenthe arrival of
a presynapticevent and the postsynaptiadesponse.Also, we may needto scalea large
network down to a smallermodel. This meansthat a single synapticconnectionin our
modelmightrepresenseveralsimilarinputsin thebiologicalsystem.Thereforewe would
like awayto scalethe effect of a singlesynapticconnectiorby a “weight” factoraswe did
in the Neuon tutorial experimentsdescribedn Sec.6.5.1.

Eachsynapticconnectiorthatis establishedby the additionof a SPIKE messageon-
tainsa eld for thetotal delayandfor the synapticweight. In this particularcase we don't
careaboutthe delay andthe spike rateis fastenoughto provide a reasonabl@mountof
input for a single synapse.The synapticconnectionsare numberedstartingwith zero,so
we would setthese elds with the statement

It would beusefulto plot theoutputof /randomspi& onthesamegraphaswe usefor the
somavm Thiscouldbedoneby sendinga* " messageo thegraph.However,
we have a problemwith the very differentmagnitude®f Vmandthe stateof randomspi&
Fortunately the xgraph objectcanreceve a messagealled PLOTSCALE which allows
oneto specifyascalefactorandoffsetfor the eld to beplotted,in additionto thelabeland
color. Thesyntaxfor thismessagés
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Usethis messageo plot the spikes,giving thema heightof 0.01. After having madethese
additionsto your script,try it out. Are theresultsreasonable?

A plot of the conductancef /cell/dend/Exchannelcanhelp our understandingf the
conditionsunderwhich actionpotentialsaregeneratedn the soma.Thereshouldberoom
for sucha graphto the right of the graph/data/voltge. Useyour understandingf the
functionmale_Vmgraphto make ananalogous$unctionto createagraphchannel Gk within
theform /condgaphs Setthevertical scale(ymay to 10gmax Notice the effect of each
spike onthechannektonductancegandtherelationshipof theconductancéo the production
of actionpotentials.

Youshouldbeawareof thefactthatwe have donesomethingsthehardway in this sec-
tionin ordertoillustratesomeGENESISfeatures For example theuseof thePLOTSCALE
messagéeo thegraphwasnot strictly necessaryAs the synchan objectusesa SPIKEmes-
sageonly to detectthe existenceof a spike event, we are free to setthe min.amp and
maxamp elds of /randomspi& to valuesthatarecorvenientfor plotting. If we hadbeen
interestednly in randomlyactivatingthechannelwe couldhave doneit muchmoreeasily
by settingthe synchan frequencyeld to the desiredfrequenyg of randomactivation. You
may wish to try deletingthe SPIKE messagdor deleting/randomspi& and settingthe
frequencyeld to 200.

15.3 Connections Between Neurons

Normally, our cell would have a synapticconnectiorto anothemeuron asin the MultiCell
demonstrationln orderto seehow this would be done,we canprovide a positive feedback
connectiorfrom our cell to itself.

If wewereinterestedn thedetailsof thepropagatiorof actionpotentialsalonganaxon,
we mightwishto build amulti-compartmentahodelof anaxonconnectedo thesoma.For
mostpurposeswe canusea muchsimplermodelof anaxon,regardingit asa simpledelay
line for the propagatiorof spikes. As we have describedthe axonalpropagatiordelayis
combinedwith thesynaptidateng andis implementedvithin the synchan object.

Typically, a presynaptiderminalreleases quantityof neurotransmittenearthe peak
of anactionpotential. This meanghatwe canachieve somecomputationakf ciency by
convertingeachactionpotentialto a singlespike beforeit is sentto the synchan, insteadof
explicitly calculatingthe postsynapticesponséo the time-varying presynaptieanembrane
potential.(Whenit is necessaryo modelthepostsynapticesponsé¢o agradechon-spiking
potential,an ACTIVATION messagenay be sentto the synchan.) We canaccomplish
this corversionby linking the somato a spikegen objectwith an INPUT message.The
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command' " revealsthatthis objectsetsits state eld to avalue
outputampfor a singletime step. This occurswheneer it recevesan input greaterthan
thevalueof the eld threshandtherehasnotbeena spike for atleasttheintenal speci ed
by absrefract As theactionpotentialsarequite steepnearVm 0, this would bea good
valueto usefor thethresh eld of thespike element.

During anactionpotential, Vmwill generallybe abore the thresholdfor longerthana
singletime step.As wewanteachactionpotentialto generatasinglespike, wealsoneedo
settheabsrefract eld to avaluecorrespondingo theminimumexpectedntenal between
actionpotentials. A typical refractoryperiodwould be on the orderof 0.01seconds.As
with the /randomspik& element,we would like the spikes to be of unit amplitude. The
necessargtatementsvould be of theform

At this point, you shouldaddsimilar statement$o maleneuon thatwill adda spikegen
elemento the somawith thenameof the cell beingspeci ed by thepathagument.

Oncethe cell hasbeencreatedwe canusea SPIKE messagéo establisha synaptic
connectiorfrom /cell/soma/spikto /cell/dend/Exchanne] just asfor the connectiorfrom
/randomspi& As asinglesynapticinputto a dendriteis generallynotsufcient to excite a
neuronwe will weighttheinputby afactorof 10, asif the cell werereceving inputsfrom
tenidenticalsynapsesWe will alsogive theinputa propagatiordelayof 5 msec Try this
out, addingthe necessargtatements$o your simulationscript. Remembethatthis second
connectiorwill benumberedassynapse[1]

As a nal embellishmento our simulation,we canadda “button” to the conductance
graphform that togglesthis feedbackconnectionon and off.  The xtoggle widget was
mentionedn Chapterl4 asa possibleway to togglethe overlay ag eld of anxgraph
object. This objectis similar to the xbutton object, with mary of the same elds and
options. In addition,the eld state which may be accessedvith the GENESISget eld
function,togglesbackandforth betweerD and1 whenthetogglebuttonis clickedwith the
left mousebutton. It alsohasthe elds of abel andonlabel Thesemay be setto the two
stringsthatwill bedisplayedvhenthetogglestateis 0 or 1. As usual,the option
canbe usedto specifythe nameof a functionto be invoked whenthe toggleis clicked.
Typically, this functionwill inspectthe stateof the toggle and usean if-else constructto
performtheappropriateoperation.n our casethefunctionmightlook like this:



250 Chapter 15. Adding DendritesandSynapses

In this function,we have madeuseof thensynapse<ld of the synchan object. As it
is often easyto losetrack of the numberof the mostrecentlycreatedconnectionwe can
usensynapseo nd thenumberof SPIKEmessagethatexist. It is thendecrementedly
oneto take into accounthefactthatthe rst synapses numberO.

Createanxtoggle elementvith appropriatéabelsin the/contol form andusethisfunc-
tion to allow it to togglethe feedbackconnectioron andoff. If you have doneeverything
correctly your simulationresultsshouldresemblethosein Fig. 15.1, whenthe feedback
connectioris “off.”
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Figure15.1 Typicalresultsfor thesimulatiorwhenthedendriteexcitatorychannels stimulatedwvith random
spike events.Thefeedbaclkconnectiorfrom the axonhasbeentoggled?off.
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15.4 Learning and Synaptic Plasticity

To implementlearningor otherforms of adaptve behaior in a GENESISsimulation,we
needsomewayto modify thesynaptioveight,or to otherwisechangeheeffectof providing
synapticinput. Thefollowing sectiongescribesomeof thewaysthatthis canbedone.

15.4.1 Continous Modication of the Synaptic Weight

Whenimplementindearningalgorithmsyouwill likely wantto modify speci ¢c connection
weights,aswith:

However, youwill wantto make thesechangesontinouslywith changingraluesof the
variablenew_weight while the simulationis beingstepped.

This could be donewith a functionwritten in the GENESISscriptlangauge.Thereis
a GENESISobjectcalledscript_out thatcould be usedto invoke this functionat speci ed
intenals during the simulation. Alternatively, you could usea synchan asthe basisfor
anextendedobjectthatperformssomeweight-changinglgorithmaspartof its PROCESS
action.

15.4.2 Use of the MOD Message

Thesynchan is ableto receve aMOD messageawhichis intendedor implementingheuro-
modulation put couldalsobe usedto causdearnedime-dependennodi cation of synap-
tic actvation. Thismessagsimply scaleshechannehctvationfor thecurrenttime stepby
afactorthatis sentwith the MOD messageNotethatthis globally affectsall the synapses
in thesynchan. If youwantsomesynapse$o bemodi able, but notothers you shoulddi-
vide your channeinto two synchans andsenda MOD messagenly to themodi able one.
As with themethodof directly settingthesynaptioweight elds, youwould mostlikely use
ascript_out or extendedobjectto provide themodi cation algorithmandcalculateavalue
to besentto the synchan with theMOD message.

15.4.3 Hebbian Learning with the hebbsync han

Hebb (1949) postulateda simplerule for learningthat was basedon a correlationof the
presynapti@andpostsynapti@ctiity of aneuron.More recently Hebb's rule hasbeenap-
pliedto theunderstandingf thebasisof long termpotentiationLTP), a persistenincrease
in synapticef ciency thatcanberapidly induced.Brown, KairissandKeenan(1990)have
given a detailedreview of theseHebbiansynapsesndthe biophysicalmechanismshat
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underlietheirbehaior. A modernde nition of a Hebbiansynapsele nesit asonethatin-
creaseds strengthwith correlatedpre-andpostsynapti@ctiity, anddecreasess strength
with negatively correlatedactiity. An anti-Hebbiarsynapsanodi es its synapticstrength
by rewardingnegatively correlatecactiity andpunishingcorrelatedactiity.

The hebbsynchan objectprovidesfor both Hebbianandanti-Hebbiarmodi cation of
theweight eld of asynapticconnectionThisobject,describedn theGENESISReference
Manual,is very similar to the synchan, exceptthatthe synapticweightsarenot x ed, but
vary asafunctionof boththe pre-andpostsynapti@ctiities. In additionto theweightand
delay elds, thesesynapse$iave a eld calledpre_activity which representsn averaging
of thepresynaptispikingactvity throughthatsynapseNotethateachsynapséasits own
pre_activity eld, justaseachsynapséiasits own eld for its weightanddelay The post-
synapticactivity is the samefor all synapse@ the hebbsynchan, andis afunctionof the
averagedmembrangotentialof the compartmento which the hebbsynchan is connected.
The Scripts/@amples/hieb directorycontainsa demonstratiomasedon the scriptthatwas
developedin this chapterbut which usesthe hebbsynchan insteadof thesynchan.

15.4.4 Customizing the sync han or hebbsync han

If yourlearningalgorithmdoesnot fall into a cateyory thatis implementedy the hebb-

synchan, you shouldconsidemwriting your own customizedsynapticchannelobjectin C,

to becompiledinto thesimulator Althoughit maybehelpfulto usescript_out or extended
objectsfor initial developmentandtestingof yourlearningmodel,your simulationwill run

fasterif youusecompiledobjects.The GENESISReferencéManualchapter‘Customizing
GENESIS"providesdetailedinstructionsfor addingnew objectsandcommandgo GEN-
ESIS.If your new objectis basedon a modi cation of the synchan or hebbsynchan, the
section‘CreatingNew SynapticObjects"will beparticularlyuseful.In orderto make mod-
i cation of theweightchangealgorithmfor the hebbsynchan easyit hasbeenisolatedto

asinglefunctionin thesourcele hebbsynican.c

15.5 Where Do We Go from Here?

At this pointtherearea numberof directionsto go for learningmoreaboutGENESISpro-
gramming.ThedemonstratiosimulationMultiCell connectgwo neuronssuchaswe have
createcherein anexcitatory-inhibitoy loop to produceburstsof pulses.The accompay-
ing le MultiCell.docgivesdetailedcommentaryn the syntaxof the scriptsthatareused
in the simulation. You may wish to modify your scriptfor this tutorial to createa second
neuronandproduceyour own versionof MultiCell. It would alsobe a goodideato study
the scriptsfor the CPG simulationfrom Chapter8. The Neuwon tutorial scriptshave good
examplesof functionsfor providing shorttrainsof spikesasinputsto a synapse.
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For learninghow to copy acell into alarge arrayof interconnectegells,the Orient tut
demonstratiorfdiscussedn Chapterl8)is worthy of study This simulationalsodemon-
stratessomeadwancedXODUS featuresusingthe “draw” (xdraw) widget. Someof these
arediscussedh Chapter22.

Thenext two chaptersisethe GENESIScell readerto createthis samecell with afew
concisecommanddby readingadata le. Theuseof thecell readeiis the preferredmethod
for constructingcomplex neuronswith mary compartmentandchannels.

15.6 Exercises

1. Examinethe scriptsfor the MultiCell simulationanddeterminethe parametershat
wereusedfor thetwo neuronsandthe mutualconnectiondetweerthem. Useyour
maleneuon functionto createthe two cells andthenprovide synapticconnections
with the samecharacteristicasthosein MultiCell. Demonstratehatthe ring pat-
ternsarethesame.

2. Try graduallyreducingthe amountof delayin the feedbackconnectiorusedin our
model. Why doesthis eventuallyincreasetheintenal betweeractionpotentials?

3. At theendof Chapterl4, we mentionedheoverlay eld of thexgraph object. Add
atogglebuttonto eachof your graphssothatyou canswitchbackandforth between
overlaymode.

4. Whenwe connectedhe somacompartmento the dendritecompartmentye setup
the messageso that the membranepotentialsof the two compartmentsvere con-
nectedhroughthedendrites axial resistanceMake anothercopy of your simulation
scriptthatconnectghe two compartmentshroughthe somas axial resistanceUse
theshowmsgommando verify thatthe connectionarereally different.

Thenmodify bothversionsof the simulationsothatthereareno channelsandpro-
vide 0 3 nA currentinjection to the dendritecompartmentjnsteadof to the soma.
(Ratherthan modifying the simulationscript, you may nd it easiesto deletethe
channelsoncethe simulationis loaded,andto setthe dendriteinject eld from the
GENESISprompt.)

Explain the differencesbetweenthe resultsthat you obtainfor the two situations.
Whathappensf you signi cantly reducethe simulationtime step?(You may either
usesetclo& for this, or useadialogboxlik e the onedescribedn Exercisel of Chap-
ter 14.) How smalldoesit needto bein orderto getaccurataesultswhenthe two
compartmentareconnectedhroughthe somas axial resistance Explainthis result
in termsof therelevanttime constantshatarisefrom theresistanceandcapacitances
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in this model. Whenmakinga realisticneuralmodel,why is it conceptuallywrong
to connecthe compartmentthroughthe somaRa?



