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Adding Dendrites and Synapses

DAVID BEEMAN

In the previous chapter's tutorial, we createda singlesomacompartmentwith Hodgkin-
Huxley sodiumandpotassiumchannels.Your scriptfor this simulationshouldlook some-
thing like theonegiven in the listing of tutorial3.g in AppendixB. In this simulation,we
will build uponthis script in orderto constructa multi-compartmentalneuronwith a den-
dritecompartmentcontainingasynapticallyactivatedchannel,anactivesoma,andanaxon.

15.1 Adding a Dendrite Compar tment

We will startby makinga singledendritecompartmentthatwe will connectto thesoma.
For a moredetailedmodelof a singleneuron,we might have many suchcompartments
linked together, possiblywith muchbranching.In this case,it would be advisableto use
oneof GENESIS'implicit numericalintegrationmethodsthataredescribedin Chapter20,
in orderto avoid the needfor very small time steps.However, for our two-compartment
model,andfor modelscontainingonly a few compartments,the default methodusedby
GENESISwill providesuf�cient numericalaccuracy with amoderateintegrationstepsize.

An appropriatesizefor thecompartmentwouldbe100µmlongand2 µmin diameter, so
weaddthefollowing de�nitions to ourscriptafterthede�nitions of thesomadimensions:
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244 Chapter 15.AddingDendritesandSynapses

Youmaywishto verify thatthesedimensionsareconsistentwith thecriterionthatthecom-
partmentlengthshouldbe small comparedto the electrotoniclengthof the compartment
(Segev, FleshmanandBurke 1989).Wecanmake thedendritecompartmentwith thesame
makecompartmentfunctionthatwasusedto createthesoma,giving it thename/cell/dend
andusingthedendritedimensionsinsteadof thesomadimensions.As thedendritecompart-
mentwill not have Hodgkin-Huxley channels,the �eld Emshouldbesetto ERESTACT,
ratherthanEleak. Our cell is now becomingcomplex enoughto merit a makeneuron func-
tion of its own. Themainscriptshouldcreatethecell with thefunctioncall
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and the statementsthat make the dendritecompartmentand the somawith its channels
shouldgo into thede�nition of this function. As it will make useof themakecompartment
function,its de�nition will have to comeafterthatof makecompartment.

As we will generallystimulatethe neuronwith input to the dendriteratherthanwith
currentinjection, let's now setthe somainjection �eld valueto zeroinsteadof usingthe
previousvalueof 0 � 3 � 10� 9 amperes.This shouldbedonein themainbodyof thescript,
after the call to makeneuron. For consistency, the initial valueof the dialog box in the
functionmake control shouldalsobesetto zero.

Now we needto link the dendriteto the soma. In Fig. 2.2, the dendritecompartment
would correspondto the “primed” compartmentshown at the left. Thedendritecompart-
ment needsto sendboth its axial resistanceand its membranepotentialat the previous
simulationstepto the somacompartment.This allows the somato calculatethe current
enteringfrom thedendritecompartment.This is donein the�rst messagebelow, wherethe
dendritecompartmentis linkedto thesomawith amessageof thetypeRAXIAL. Thismes-
sagehastwo value�elds, Raandpreviousstate. Thepreviousstate�eld givesthevalueof
the membranepotentialVm at theprevious integrationstep. We usethis �eld ratherthan
VmbecauseGENESISupdatesthe�elds of all thecompartmentsin parallel,andwe want
eachcompartmentto updateits data�elds usingdatafrom theprevioussimulationstep.

As the dendriteknows its own axial resistanceto the soma,it only needsto receive
thesoma's previousmembranepotentialin orderto updateits state.This is accomplished
with thesecondmessage,which is namedAXIAL. If we wereto usethevariablepathas
thenameof theparameterthatwill be replacedby /cell whenmakeneuron is invoked, the
statementsthatsetup themessageswouldbe
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Now weneedto addasynapticallyactivatedchannelto thedendritecompartment.The
GENESISobjectmostsuitablefor thisis thesynchan object.Thisobjectwasusedto create
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the synapticallyactivatedchannelsin the Neuron tutorial, which we usedin Chapter6.
Someolder simulationscriptsmake useof a similar GENESISobject, the channelC2,
which is usedwith theobsoleteaxon object.

The synchan mayreceive delta-function“spike events,” eachlastingfor a singleinte-
grationtimestep,from a SPIKEmessage.It thencalculatesa netchannelconductanceGk
summingtheeffectsof eachspike. Theparameter�elds gmax, tau1andtau2areusedto
determinethetimebehavior of theconductance.Whenthetau1andtau2�elds areequal,a
singlespike impulsegivesaconductancewith thetimedependence

Gk � gmax
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This causesGk to reacha maximumvalueof gmaxafter a time tau1. The initial rise in
conductanceis linear andthe decayis exponential,with time constanttau1. This is the
“alphafunction” form, correspondingto Eq.6.16.

Whenthetwo timeconstantsdiffer, theconductanceassumesa dualexponentialform,
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(15.2)

whereA is anormalizationconstantchosensothatGk assumesamaximumvalueof gmax.
These�elds correspondto thevariablesthatappearin Eq.6.17. As with voltage-activated
channels,thereis a �eld Ek for the equilibrium potentialof the channel. You may �nd
furtherinformationaboutthis objectwith theGENESIScommand“

�5����� ���	��/ �5���
”. The

mathematicsbehindtheimplementationof thesynchan objectaredescribedby Wilsonand
Bower (1989).

It maybeusefulto addotherchannelslater, soit wouldbea goodideato write a fairly
generalfunctionthat letsusspecifyargumentsfor thepathto thecompartment,thename
of thechannel,andthevaluesof thefour parametersEk, tau1, tau2, andgmax. You might
startthedeclarationwith:
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Thebodyof thefunctionshouldbewrittensothatthestatement
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will createachannelnamed/cell/dend/Exchannelandwill setthe�elds to thestatedvalues.

The functionalsoneedsto link the channelto its parentcompartment.As usual,this
is doneby passingmessages.The compartmentneedsto know the conductanceof the
channelandtheequilibriumpotentialof thechannel(thevoltageof the“battery” in series
with theconductance).This is usedby thecompartmentin its calculationof thenetcurrent
�o w into the compartment.Although the channelconductanceis not dependenton the
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membranepotential,thesynchan objectalsocalculatesthechannelcurrent,soit needsto
receive a messagefrom thecompartmentthatgivesthemembranepotential.Therequired
messagesmay be setup with the statements,similar to the onesusedwith the Hodgkin-
Huxley channelsin thesoma,
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Usethis functionwithin makeneuron to createanexcitatorychannelhaving asodiumequi-
librium constant,both time constantsequal to 0.003 second,and a gmaxof 5 � 10� 10

siemens.
In orderto doanything interestingwith ourneuron,wewill needto give it somesynap-

tic input to thedendriteexcitatorychannel.However, beforecontinuing,it wouldbeagood
ideato testwhatwehavesofar. Try runningthescriptasit existsatthisstage,andusethedi-
alogbox to give thesomaaninjectioncurrent.Doesit still work asbefore?Althoughthere
is nodialogbox for injectioncurrentto thedendrite,youcangive it someinjectionby typ-
ing the command“

�������5-������4'�/	������'����1�<�(-*�����</$�(#�������%��
” to the GENESISprompt.

With no injectionto thesoma,doesinjectionto thedendritestill produceactionpotentials
in thesoma?Canyoudetectany differencein theresultswheninjectingthedendriterather
thanthesoma?

15.2 Providing Synaptic Input

TheGENESISReferenceManualdescribesvariousmethodsof activatinga synchan ele-
ment.Themostcommonmethodis toconverttheactionpotentialsproducedin anotherneu-
ron to a sequenceof unit amplitudespikesthataresentto thesynchan with a SPIKEmes-
sage.As we don't have anotherneuronto provide synapticinput to /cell/dend/Exchannel,
it wouldbeniceto haveafunctionthatwouldprovidearandomlydistributedtrainof spikes
to agivenchannel.Thismightrepresenttherandomspontaneous“backgroundlevel” �ring
of many otherneuronsthathave inputsto ourcell. Let's call thefunctionmakeinput(path),
so that “

+=� � ��-*���	���4'�/�������'������<��'���� / �<�����<���
” will provide thenecessaryinput. GEN-

ESIShasa numberof objectsthat canbe usedto generatetrainsof pulses.We will use
therandomspike objectto createanelementthatproducesrandomspikes. Let's call this
element/randomspike, also.

The randomspike objecthasthe settableparameter�elds, rate, min amp, maxamp,
reset, andresetvalue. The�rst of thesegivestheaveragenumberof randomlygenerated
spike eventsperunit time. Whenaneventhasbeengenerated,theamplitudeof theevent
is a randomvariableuniformly distributedbetweenmin ampandmaxamp. Thereis also
a �eld namedstatewhich is updatedat every simulationstep.Thestate�eld hasthevalue
of the event amplitudeif an event hasbeengenerated.If an event is not generated,then
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thevalueof thestate�eld dependson thereset�eld. If resetis non-zero,thenstatetakes
on the valuegiven in resetvalue. Otherwisestatewill behave like a latchcontainingthe
amplitudeof thepreviousevent.

An averageof twenty spikes per 0.1 secondrun of the simulationwould be a good
spikingrateto usein orderto representtheinputfrom severalotherneurons.Wewouldlike
themall to beof unit amplitude,andto lastfor just a singletime step.After /randomspike
is created,thiscanbeaccomplishedwith thestatement
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Wecanthensendthespike train to thechannelwith
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Note that the SPIKE messageusesno parameters.Whenever a spike event is produced,
/randomspike noti�es thechannelof theevent.Thesynchan regardsthis asa spike of unit
amplitude,withoutmakinguseof thestate�eld of therandomspike object.

A typical axonalconnectionfrom anotherneuroninvolvesa propagationdelay. This
canbecalculatedfrom theaxonalpropagationvelocity(ontheorderof 1 meterpersecond)
andthe lengthof the axon. Typical valuesof this delayarein the rangeof 1 to 10 msec.
In addition, therecan be a time lag of slightly lessthan 1 msecbetweenthe arrival of
a presynapticevent and the postsynapticresponse.Also, we may needto scalea large
network down to a smallermodel. This meansthat a singlesynapticconnectionin our
modelmightrepresentseveralsimilar inputsin thebiologicalsystem.Therefore,wewould
like away to scaletheeffectof asinglesynapticconnectionby a “weight” factoraswedid
in theNeuron tutorialexperimentsdescribedin Sec.6.5.1.

Eachsynapticconnectionthat is establishedby theadditionof a SPIKEmessagecon-
tainsa �eld for thetotaldelayandfor thesynapticweight. In thisparticularcase,wedon't
careaboutthe delay, andthe spike rateis fastenoughto provide a reasonableamountof
input for a singlesynapse.Thesynapticconnectionsarenumberedstartingwith zero,so
wewouldsetthese�elds with thestatement
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It wouldbeusefulto plot theoutputof /randomspikeonthesamegraphasweusefor the
somaVm. Thiscouldbedoneby sendinga“ G ! 
�� �$�������

” messageto thegraph.However,
wehave aproblemwith theverydifferentmagnitudesof Vmandthestateof randomspike.
Fortunately, the xgraph objectcanreceive a messagecalledPLOTSCALE which allows
oneto specifyascalefactorandoffsetfor the�eld to beplotted,in additionto thelabeland
color. Thesyntaxfor thismessageis
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Usethis messageto plot thespikes,giving thema heightof 0.01.After having madethese
additionsto yourscript,try it out. Are theresultsreasonable?

A plot of theconductanceof /cell/dend/Exchannelcanhelpour understandingof the
conditionsunderwhich actionpotentialsaregeneratedin thesoma.Thereshouldberoom
for sucha graphto the right of the graph/data/voltage. Useyour understandingof the
functionmake Vmgraphto makeananalogousfunctionto createagraphchannelGkwithin
the form /condgraphs. Settheverticalscale(ymax) to 10gmax. Notice theeffect of each
spikeonthechannelconductance,andtherelationshipof theconductanceto theproduction
of actionpotentials.

Youshouldbeawareof thefactthatwehavedonesomethingsthehardwayin thissec-
tion in orderto illustratesomeGENESISfeatures.Forexample,theuseof thePLOTSCALE
messageto thegraphwasnotstrictly necessary. As thesynchan objectusesaSPIKEmes-
sageonly to detectthe existenceof a spike event, we are free to set the min amp and
maxamp�elds of /randomspike to valuesthatareconvenientfor plotting. If we hadbeen
interestedonly in randomlyactivatingthechannel,wecouldhavedoneit muchmoreeasily
by settingthesynchan frequency�eld to thedesiredfrequency of randomactivation. You
may wish to try deletingthe SPIKE message(or deleting/randomspike) andsettingthe
frequency�eld to 200.

15.3 Connections Between Neurons

Normally, ourcell wouldhave asynapticconnectionto anotherneuron,asin theMultiCell
demonstration.In orderto seehow thiswouldbedone,wecanprovideapositive feedback
connectionfrom ourcell to itself.

If wewereinterestedin thedetailsof thepropagationof actionpotentialsalonganaxon,
wemightwishto build amulti-compartmentalmodelof anaxonconnectedto thesoma.For
mostpurposes,wecanuseamuchsimplermodelof anaxon,regardingit asasimpledelay
line for thepropagationof spikes. As we have described,theaxonalpropagationdelayis
combinedwith thesynapticlatency andis implementedwithin thesynchan object.

Typically, a presynapticterminalreleasesa quantityof neurotransmitternearthepeak
of anactionpotential. This meansthatwe canachieve somecomputationalef�ciency by
convertingeachactionpotentialto asinglespike beforeit is sentto thesynchan, insteadof
explicitly calculatingthepostsynapticresponseto thetime-varyingpresynapticmembrane
potential.(Whenit is necessaryto modelthepostsynapticresponseto agradednon-spiking
potential,an ACTIVATION messagemay be sentto the synchan.) We can accomplish
this conversionby linking the somato a spikegen objectwith an INPUT message.The
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command“
�<����� � ��- � ��3������ + ��0��

” revealsthatthis objectsetsits state�eld to a value
outputampfor a singletime step. This occurswhenever it receivesan input greaterthan
thevalueof the�eld threshandtherehasnotbeena spike for at leasttheinterval speci�ed
by abs refract. As theactionpotentialsarequitesteepnearVm � 0, this would bea good
valueto usefor thethresh�eld of thespike element.

During anactionpotential,Vmwill generallybeabove thethresholdfor longerthana
singletimestep.Aswewanteachactionpotentialto generateasinglespike,wealsoneedto
settheabs refract �eld to avaluecorrespondingto theminimumexpectedinterval between
actionpotentials.A typical refractoryperiodwould be on the orderof 0.01seconds.As
with the /randomspike element,we would like the spikes to be of unit amplitude. The
necessarystatementswouldbeof theform
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At this point, you shouldaddsimilar statementsto makeneuron that will adda spikegen
elementto thesoma,with thenameof thecell beingspeci�edby thepathargument.

Oncethe cell hasbeencreated,we canusea SPIKE messageto establisha synaptic
connectionfrom /cell/soma/spike to /cell/dend/Exchannel, just asfor theconnectionfrom
/randomspike. As asinglesynapticinput to adendriteis generallynotsuf�cient to excitea
neuron,wewill weighttheinputby a factorof 10,asif thecell werereceiving inputsfrom
tenidenticalsynapses.We will alsogive theinput a propagationdelayof 5 msec. Try this
out,addingthenecessarystatementsto your simulationscript. Rememberthatthis second
connectionwill benumberedassynapse[1].

As a �nal embellishmentto our simulation,we canadda “button” to theconductance
graphform that togglesthis feedbackconnectionon andoff. The xtoggle widget was
mentionedin Chapter14 asa possibleway to togglethe overlay �ag �eld of an xgraph
object. This object is similar to the xbutton object, with many of the same�elds and
options. In addition, the �eld state, which may be accessedwith the GENESISget�eld
function,togglesbackandforth between0 and1 whenthetogglebuttonis clickedwith the
left mousebutton. It alsohasthe �elds of�abel andonlabel. Thesemaybesetto the two
stringsthatwill bedisplayedwhenthetogglestateis 0 or 1. As usual,the

%
��/105- ���
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canbe usedto specify the nameof a function to be invoked whenthe toggle is clicked.
Typically, this function will inspectthe stateof the toggleandusean if-elseconstructto
performtheappropriateoperation.In ourcase,thefunctionmight look like this:
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In this function,we have madeuseof thensynapses�eld of thesynchan object.As it
is ofteneasyto losetrackof thenumberof themostrecentlycreatedconnection,we can
usensynapsesto �nd thenumberof SPIKEmessagesthatexist. It is thendecrementedby
oneto take into accountthefactthatthe�rst synapseis number0.

Createanxtoggle elementwith appropriatelabelsin the/control form andusethisfunc-
tion to allow it to togglethefeedbackconnectionon andoff. If you have doneeverything
correctly, your simulationresultsshouldresemblethosein Fig. 15.1,whenthe feedback
connectionis “off.”

Figure 15.1 Typicalresultsfor thesimulationwhenthedendriteexcitatorychannelis stimulatedwith random
spike events.Thefeedbackconnectionfrom theaxonhasbeentoggledªoff.º
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15.4 Learning and Synaptic Plasticity

To implementlearningor otherformsof adaptive behavior in a GENESISsimulation,we
needsomewayto modify thesynapticweight,or to otherwisechangetheeffectof providing
synapticinput. Thefollowing sectionsdescribesomeof thewaysthatthiscanbedone.

15.4.1 Continous Modi�cation of the Synaptic Weight

Whenimplementinglearningalgorithms,youwill likely wantto modifyspeci�c connection
weights,aswith:
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However, youwill wantto makethesechangescontinously, with changingvaluesof the
variablenew weight, while thesimulationis beingstepped.

This couldbedonewith a functionwritten in theGENESISscript langauge.Thereis
a GENESISobjectcalledscript out thatcouldbeusedto invoke this functionat speci�ed
intervals during the simulation. Alternatively, you could usea synchan as the basisfor
anextendedobjectthatperformssomeweight-changingalgorithmaspartof its PROCESS
action.

15.4.2 Use of the MOD Message

Thesynchan is ableto receiveaMOD message,whichis intendedfor implementingneuro-
modulation,but couldalsobeusedto causelearnedtime-dependentmodi�cation of synap-
tic activation.Thismessagesimplyscalesthechannelactivationfor thecurrenttimestepby
a factorthatis sentwith theMOD message.Notethatthis globallyaffectsall thesynapses
in thesynchan. If youwantsomesynapsesto bemodi�able, but notothers,youshoulddi-
videyourchannelinto two synchans andsendaMOD messageonly to themodi�able one.
As with themethodof directlysettingthesynapticweight�elds, youwouldmostlikely use
a script out or extendedobjectto provide themodi�cation algorithmandcalculateavalue
to besentto thesynchan with theMOD message.

15.4.3 Hebbian Learning with the hebbsync han

Hebb(1949)postulateda simplerule for learningthat wasbasedon a correlationof the
presynapticandpostsynapticactivity of a neuron.More recently, Hebb's rulehasbeenap-
pliedto theunderstandingof thebasisof longtermpotentiation(LTP),apersistentincrease
in synapticef�ciency thatcanberapidly induced.Brown, KairissandKeenan(1990)have
given a detailedreview of theseHebbiansynapsesand the biophysicalmechanismsthat
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underlietheirbehavior. A modernde�nition of aHebbiansynapsede�nesit asonethatin-
creasesits strengthwith correlatedpre-andpostsynapticactivity, anddecreasesits strength
with negatively correlatedactivity. An anti-Hebbiansynapsemodi�es its synapticstrength
by rewardingnegatively correlatedactivity andpunishingcorrelatedactivity.

Thehebbsynchan objectprovidesfor bothHebbianandanti-Hebbianmodi�cation of
theweight�eld of asynapticconnection.Thisobject,describedin theGENESISReference
Manual,is very similar to thesynchan, exceptthat thesynapticweightsarenot �x ed,but
varyasa functionof boththepre-andpostsynapticactivities. In additionto theweightand
delay�elds, thesesynapseshave a �eld calledpre activity which representsanaveraging
of thepresynapticspikingactivity throughthatsynapse.Notethateachsynapsehasits own
pre activity �eld, just aseachsynapsehasits own �eld for its weightanddelay. Thepost-
synapticactivity is thesamefor all synapsesin thehebbsynchan, andis a functionof the
averagedmembranepotentialof thecompartmentto whichthehebbsynchan is connected.
TheScripts/examples/hebb directorycontainsa demonstrationbasedon thescriptthatwas
developedin thischapter, but whichusesthehebbsynchan insteadof thesynchan.

15.4.4 Customizing the sync han or hebbsync han

If your learningalgorithmdoesnot fall into a category that is implementedby the hebb-
synchan, you shouldconsiderwriting your own customizedsynapticchannelobjectin C,
to becompiledinto thesimulator. Althoughit maybehelpful to usescript out or extended
objectsfor initial developmentandtestingof your learningmodel,yoursimulationwill run
fasterif youusecompiledobjects.TheGENESISReferenceManualchapter“Customizing
GENESIS”providesdetailedinstructionsfor addingnew objectsandcommandsto GEN-
ESIS.If your new objectis basedon a modi�cation of the synchan or hebbsynchan, the
section“CreatingNew SynapticObjects”will beparticularlyuseful.In orderto makemod-
i�cation of theweightchangealgorithmfor thehebbsynchan easy, it hasbeenisolatedto
asinglefunctionin thesource�le hebbsynchan.c.

15.5 Where Do We Go from Here?

At thispoint therearea numberof directionsto go for learningmoreaboutGENESISpro-
gramming.ThedemonstrationsimulationMultiCell connectstwo neuronssuchaswehave
createdherein anexcitatory-inhibitory loop to produceburstsof pulses.Theaccompany-
ing �le MultiCell.docgivesdetailedcommentaryon thesyntaxof thescriptsthatareused
in thesimulation.You maywish to modify your script for this tutorial to createa second
neuronandproduceyour own versionof MultiCell. It would alsobea goodideato study
thescriptsfor theCPGsimulationfrom Chapter8. TheNeuron tutorial scriptshave good
examplesof functionsfor providing shorttrainsof spikesasinputsto asynapse.
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For learninghow to copy acell into a largearrayof interconnectedcells,theOrient tut
demonstration(discussedin Chapter18) is worthy of study. This simulationalsodemon-
stratessomeadvancedXODUS featuresusingthe“draw” (xdraw) widget. Someof these
arediscussedin Chapter22.

Thenext two chaptersusetheGENESIScell readerto createthis samecell with a few
concisecommandsby readingadata�le. Theuseof thecell readeris thepreferredmethod
for constructingcomplex neuronswith many compartmentsandchannels.

15.6 Exercises

1. Examinethescriptsfor theMultiCell simulationanddeterminethe parametersthat
wereusedfor thetwo neuronsandthemutualconnectionsbetweenthem.Useyour
makeneuron function to createthe two cells andthenprovide synapticconnections
with thesamecharacteristicsasthosein MultiCell. Demonstratethat the �ring pat-
ternsarethesame.

2. Try graduallyreducingtheamountof delayin the feedbackconnectionusedin our
model.Why doesthiseventuallyincreasetheinterval betweenactionpotentials?

3. At theendof Chapter14,wementionedtheoverlay�eld of thexgraph object.Add
a togglebuttonto eachof yourgraphssothatyoucanswitchbackandforth between
overlaymode.

4. Whenwe connectedthesomacompartmentto thedendritecompartment,we setup
the messagesso that the membranepotentialsof the two compartmentswerecon-
nectedthroughthedendrite's axial resistance.Makeanothercopy of yoursimulation
script thatconnectsthe two compartmentsthroughthesoma's axial resistance.Use
theshowmsgcommandto verify thattheconnectionsarereallydifferent.

Thenmodify bothversionsof thesimulationsothat thereareno channels,andpro-
vide 0 � 3 nA currentinjection to the dendritecompartment,insteadof to the soma.
(Ratherthanmodifying the simulationscript, you may �nd it easiestto deletethe
channelsoncethesimulationis loaded,andto setthedendriteinject �eld from the
GENESISprompt.)

Explain the differencesbetweenthe resultsthat you obtain for the two situations.
Whathappensif you signi�cantly reducethesimulationtime step?(You mayeither
usesetclock for this,or useadialogboxlike theonedescribedin Exercise1 of Chap-
ter 14.) How smalldoesit needto be in orderto getaccurateresultswhenthe two
compartmentsareconnectedthroughthesoma's axial resistance?Explainthis result
in termsof therelevanttimeconstantsthatarisefrom theresistancesandcapacitances
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in this model. Whenmakinga realisticneuralmodel,why is it conceptuallywrong
to connectthecompartmentsthroughthesomaRa?


