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Neural Modeling with GENESIS

JAMES M. BOWERandDAVID BEEMAN

3.1 What is GENESIS?

Now that we have brie�y describedthe numericalbasisfor the tutorials includedin the
�rst partof this book,we arereadyto getstartedwith runningthe tutorials. Thetutorials
includedin thismanualareall constructedusingGENESIS,theGeneralNEuralSImulation
Systemthat hasbeenunderdevelopmentin our laboratoryat Caltechsince1985. This
chapteris intendedto introduceeachof the tutorials,aswell asprovide a demonstration
asto how to usetheGENESISgraphicalinterface.First,however, we provide somebasic
informationabouttheGENESISsystemonwhich thetutorialsarebased.

3.1.1 Why Use a General Simulator?

In principle,eachof thesetutorialsandtheir graphicalinterfacescouldhave beenwritten
asadedicatedpieceof softwarenotdependentonageneralsimulationsystem(cf., Hugue-
nardandMcCormick1994). In this case,eachtutorial would have includedonly thecode
necessaryto run theparticularsimulation. If thesimulationwerewritten well, this would
resultin themaximumuseof thespeedandmemoryof thecomputerbeingused.However,
asthe speedof computershasincreasedandcomputermemoryhasbecomecheaperand
cheaper, theadvantageof dedicatedsimulationcodeascomparedto generalsimulatorshas
becomelessandlessclear. In addition,a well-designedneuralsimulatorcanprovide very
goodperformance,evenwhencomparedto dedicatedcode.We have estimated,for exam-
ple, that theoverheadcostsassociatedwith GENESISaverageto lessthana factorof two
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18 Chapter 3. NeuralModelingwith GENESIS

in simulationspeed.
With a usuallysmallcompromisein simulationspeed,simulationsystemslike GENE-

SIScanactuallyprovide many importantadvantagesover dedicatedcode. Many of these
advantagesresultin a dramaticspeedupin theprocessof building andexpandingmodels
that usuallymorethancompensatesfor the slight reductionin simulationspeed.Almost
always,the time taken to build a modelis considerablygreaterthanthe time taken to ac-
tually simulateit, oncebuilt. Furthermore,addingnew componentsto thesimulationdoes
not requirerewriting all theexistingcode,asis oftenthecasewith dedicatedsimulations.

A secondadvantageof general-purposesimulatorsis that modelcomponentscanbe
sharedbetweendifferentsimulations.The ability to usepreviously developedandtested
componentsleadsto tremendousspeedupsin the time necessaryto develop new simula-
tions. The secondpart of this book demonstratesthe easewith which GENESISallows
suchmodi�cations.

Beyondissuesof �e xibility andspeedof modelconstruction,therearealsoseveraltech-
nicaladvantagesto generalsimulationsystems.Theseincludesomeassurancethatthesoft-
warecoreof thesimulationsthemselvesareaccurate,moreaccessibilityto new simulation-
relatedtechnologysuchasparallelcomputers(Nelson,FurmanskiandBower 1989),new
integrationtechniques(Hines1984),or new forms of graphics(Leigh, De Schutter, Lee,
Bhalla, Bower andDeFanti 1993),andsomeform of standardizationfor modeldescrip-
tions.

Perhapsmost importantly, generalsimulationsystemssuchasGENESIScanleadto
fundamentallynew mechanismsof communicationbetweenthoseinterestedin how the
brain computes.For example,by usingGENESIS,it is possibleto test the modelingre-
sultsof othersby actuallyrunningtheirsimulations.TheGENESISusers'group,BABEL,
maintainsa databaseof publishedsimulationsfor this purpose.Severalof the tutorialsin
this manualweremodi�ed from researchsimulations.In addition,simulationscanserve
asameansof communicationbetweendifferentlaboratoriesinterestedin thesamesystem.
Wehaverecentlypointedout(Bower1992)thatsimulationsystemsandtheircomponentli-
brariescanbecomeaform of neuraldatabasethatnotonly representsstructuralinformation
aboutthenervoussystem,but doessoin sucha way thatstructuraldetailsarefunctionally
organized. Thus,whena generalsimulationsystemis properlydesigned,the more it is
used,the moreinformationaboutthe nervoussystemis included. Finally, a systemsuch
asGENESISallows bookslike this oneto bewritten, leading,wehope,to a moreef�cient
andinterestingway to learnabouttheorganizationof thenervoussystem.

3.1.2 GENESIS Design Features

GENESISwasdevelopedprimarily asa meansof constructingbiologically realisticneu-
ronalsimulations.In additionto our interestin supportingthegeneraladvantagesof simu-
latorsjustdescribed,threeotherbasicobjectivesdeterminedourdesignphilosophy:(1) the
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simulatormustbecapableof addressingproblemsatmany levelsof detail(i.e.,partsof neu-
ronsto largeneuralsystems);(2) thesystemshouldbeopen-ended,placingfew limits on
thekindsof problemsthatcanbeaddressed;and,(3) thesystemshouldbeuser-extensible
to allow the incorporationof new modelingefforts. Thefollowing speci�c featuresof the
systemhave evolved,basedon thefollowing criteria.

Modular Design

As a key principleconferringboth �e xibility andorganizationon GENESIS,we adopted
a highly object-orientedprogrammingapproach.Simulationsareconstructedof “building
blocks” or modules,eachof which performwell-de�ned functionsandhave standardized
meansfor communicatingwith eachother. Thelevel of detailof asimulationis thendeter-
minedby thenatureof thebuilding blocksonechooses.Theuserhascompletefreedomto
assemblea modelwith any setof modules.Object-orienteddesignalsoenablestheuserto
easilyaddnew modulesto extendGENESISfor aparticularapplication.

Flexib le Interface

TheGENESISuserinterfaceconsistsof two parts.Theunderlyinglevel is theScriptLan-
guageInterpreter, or SLI. Thisis aninterpretiveprogramminglanguagesimilarto theUNIX
shell,with an extensive setof commandsrelatedto building simulations.The interpreter
canreadSLI programs(scripts)eitherinteractively from thekeyboard,or from �les. The
graphicalinterfaceis XODUS,theX-windowsOutputandDisplayUtility for Simulations.
This providesa higherlevel anduser-friendly meansfor developingsimulationsandmon-
itoring their execution.XODUS consistsof a setof graphicalmodulesthatareexactly the
sameasthecomputationalmodulesfrom theuser's pointof view, exceptthatthey perform
graphicalfunctions.As with thecomputationalmodules,XODUSmodulescanbesetup in
any mannerthattheuserchoosesto displayor enterdata.Furthermore,thegraphicalmod-
ulescancall functionsfrom the script language,so the full power of the SLI is available
throughthegraphicalinterface.

Device Independence

In orderto make thesimulatorportableandavailableto themaximumnumberof users,the
systemhasbeendesignedto run underUNIX andX-windows andhasbeencompiledand
testedon a numberof machinearchitectures.This facilitatescommunicationby enabling
groupsutilizing differentmachinesto run eachother's simulations.A parallellizedimple-
mentationhasalsobeendevelopedthatdramaticallyextendstherangeof problemswhich
GENESIScanaddress.Theuseof parallelGENESISis describedin Chapter21.
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3.1.3 GENESIS Development

GENESISwas initially developedin our laboratoryby Matthew Wilson asan extension
of efforts to model the olfactorycortex (Wilson andBower 1989,1992). The GENESIS
graphicalinterface,XODUSwassubsequentlydevelopedprimarily by UpinderBhallaasa
general-purposeuserinterfacefor theGENESISsystem.Sincethat time,many additional
modelersbothat Caltechandat otherinstitutionshave contributedto its design.

3.2 Intr oduction to the Tutorials

Oneof the interestingfeaturesof neuralmodelingis that it is possibleto startat almost
any scaleor level of detail. In the caseof realisticmodeling,it is usually the casethat
whatever level onebeginswith, theresultsthemselvespushthemodelerto considerother
levels. Thus,detailedsinglecell modelingquickly requiresa betterunderstandingof the
network in which thecell is embedded.On theotherhand,network level modelingoften
servesto focusattentionon thedetailsof singlecell physiology.

Aswehavestated,GENESISwasspeci�cally designedto allow andpromotethismulti-
scalemodelingwithin a singlesimulationsystem.At present,it is theonly simulatorwith
this capability. Thetutorialsdescribedin Chapters4–10eachrepresentsimulationsat dif-
ferentlevels. The sequencealsore�ects the way in which large-scalesimulationscanbe
built up from moredetailedsimulations.All of thesesimulationscanbeperformedwithout
any knowledgeof theGENESISsimulationlanguage.Thesecondhalf of thisbookretraces
thissequenceof topicswith aseriesof tutorialsandexercisesthataredesignedto teachyou
how to programyour own simulationswith GENESIS,emphasizingthe processwhereby
any GENESISmodelcanbe expandedandchangedinto a new simulation. The tutorials
presentedin the �rst part of this book,andintroducedbrie�y below, will �rst familiarize
you with the variousmodelinglevels supportedin GENESISandusedby computational
neurobiologiststo understandneuronalorganization.

Chapter4 describesthe experimentsandmathematicalmodelsusedby Hodgkin and
Huxley to understandthetime- andvoltage-dependence of theionic conductancesrespon-
siblefor thegenerationof actionpotentials.In this case,thetutorial simulationrepresents
a singlepieceof a neuronalaxon. However, theseHodgkin-Huxley formsof voltageacti-
vatedchannelsareanimportantingredientof many morecomplex neuronalmodels.Most
model tuning involves manipulationof the Hodgkin-Huxley parametersgoverning ionic
channels.Theassociatedequationsalsousuallyrepresentthemostcomputationallyinten-
sive componentsof singlecell simulations.In this tutorial, a GENESISre-creationof the
Hodgkin-Huxley modelis usedto performcurrentandvoltageclampexperimentsandto
understandthebasisof postinhibitoryreboundandneuronalrefractoryperiods.

Chapter5 exploresthe“cableproperties”of a seriesof passive compartmentswithout
active ion channels.In this casethe tutorial haslinked togetherseveral compartmentsof
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thetypepresentedin Chapter4, but without theHodgkin-Huxley channels.Althoughsuch
modelsdonotincludeactivechannels,whichareoneof theprincipalfeaturesof thenervous
system,thereis still a greatdeal that may be learnedfrom suchmodels. Studiesof the
passivepropertiesof neuronslay thefoundationfor muchmorecomplex simulations.They
canalsobeusedwith experimentalmeasurementsto determinethemorphologyof acell.

Chapter6 combineselementsof Chapters4 and 5 into a multi-compartmentalneu-
ronalmodel. This tutorial alsointroducesmodelsof synapticallyactivatedchannels.The
theorypresented,alongwith thesimulationNeuron, explorestheeffectsof temporalsum-
mationof multiple synapticinputs.Theneuroncontainsspatiallyseparateddendritecom-
partmentswith bothexcitatoryandinhibitory synapticallyactivatedchannels,anda soma
with Hodgkin-Huxley sodiumandpotassiumchannels.

Chapter7 usestwo differentsimulationsto understandhow interactionsbetweenseveral
different typesof voltage-activatedchannelscan leadto morecomplex �ring patternsin
singleneurons.In onesimulation,a modelof thesomaof a molluscanpacemaker cell, a
particularcombinationof somaticchannelsgeneratesperiodicburstsof actionpotentials.
In asecondmodelof ahippocampalpyramidalcell, burstingactionpotentialsareshown to
arisethroughaninteractionbetweenthesomaandmoredistantdendriticregions.

Chapter8 introducesfor the �rst time networksof neurons.In this case,we explorea
simplenetwork takento representa centralpatterngenerator, or CPG.Circuitsof this sort
have beenshown to controlmany typesof rhythmicbehavior in a wide rangeof different
animalspecies.As is often the casewith multi-neuronnetwork models,the CPGmodel
consideredhereis moreabstractthananactualbiologicalnetwork thatmightproducesim-
ilar �ring patterns. In this tutorial, we useGENESISto explore the circuit interactions
betweenfour neuronsthataresimilar to themodelneuronusedin Chapter6. Thebehavior
of this network is comparedto mathematicalmodelsof simplecoupledoscillators. The
network mayalsobeusedto replicatethevariousfootfall patternsof ahorse.

Chapter9 incorporatesmany of the featuresexploredin the previous chaptersinto a
morecomplex multi-neuronalnetwork model. In this case,themodelis intendedto allow
you to explore several aspectsof the dynamicalpropertiesof cerebralcortical networks.
Unlike the idealizednetwork usedin Chapter8, this simulationattemptsto both realisti-
cally representbasicfeaturesof realneurons,while at thesametime linking themtogether
into a sizablenetwork. Theresultis a fairly complex simulationthatalsotakeslongerto
executethanany of the other tutorials. The simulationitself is a “user-friendly” version
of theresearchsimulationusedby Wilson andBower (1989,1992)to modeltheneuronal
dynamicsof themammalianolfactorycortex.

We concludePart I of this bookwith Chapter10, returningto thesubcellularlevel of
modelingto considera differenttypeof network — the interactingbiochemicalsignaling
pathwaysthatunderlietheprocessesof synaptictranmissionandchannelactivation. The
theoryof biochemicalcomputationandtheuseof theKinetikit graphicalinterfacearedis-
cussedin this �nal chapter.
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3.3 Intr oduction to the GENESIS Graphical Interface

Beforewe explore the �rst tutorial, it is �rst necessaryfor you to understandthe basics
of the GENESISgraphicalinterface,XODUS. By using this interface, it is possibleto
easilyinvestigatea wide varietyof modelsandto vary their parameterswithout doingany
programming.XODUS allows many differentwaysof visualizingthe stateof the many
relevant variablesthat arepresentin neurobiologicalsimulations. In order to give you a
feel for the useof XODUS, we usethe tutorial Neuron, which is describedin Chapter6.
This tutorial is intendedfor usein understandingtheeffectsof synapticinputsto a model
neuron.However, its userinterfaceis fairly representative of mostof thetutorialsusedin
thisbook.

3.3.1 Star ting the Simulation

In this book, it is assumedthat GENESISandits associatedscriptsfor the tutorialshave
beeninstalledonaworkstationthatusestheUNIX operatingsystemandsomevarietyof X
Windows. AppendixA describestheprocedurefor acquiringandinstallingthesoftwareif
you have notalreadydoneso.Werecommendthatif you arenot fully familiarwith UNIX
andits �le system,that installationof GENESISbecarriedout by thesystemadministra-
tor or personresponsiblefor maintainingyour machine.Typically, the tutorialsandother
GENESISscriptswill be installedin subdirectoriesof the /usr/genesis/Scripts directory.
Wewill referto thissimplyastheScriptsdirectory.

Althoughyou will geta chanceto explorethis tutorial morethoroughlyin Chapter6,
it would be a goodideato run the simulationnow, in order to becomefamiliar with the
proceduresthatwe will usein thefollowing chapters.In orderto useGENESIS,you will
obviously have to �rst login to a UNIX workstationwith accessto the GENESISscripts.
Follow your local proceduresfor logging in and creatinga “terminal window” on your
workstation.Sothat it will not becompletelycoveredby thesimulationdisplay, move the
window to the lower left cornerof the screen.This is usuallyaccomplishedby holding
down the left mousebuttonwhile thecursoris on the title baranddraggingthemouseto
move thewindow.

The next stepin runninga GENESISsimulationinvolveschangingyour directoryto
that containingthe GENESIStutorial of interest. In keepingwith the modularstructure
of GENESISsimulations,mosttutorialsconsistof a shortmain simulationscript that in-
vokesseveralotherscripts.This collectionof scriptsis kept in its own subdirectoryof the
Scriptsdirectory. Althoughthis practiceis by no meansuniversal,it is customaryto give
the main simulationscript a namethat startswith a capital letter in order to distinguish
it from theotherassociatedscripts. Thescript that runstheNeuron simulationusedhere
for illustrationis calledNeuron.g. It is kept in theScripts/neuron directoryandis invoked
by typing “ ���������	����
���
������ ” afterchangingto this directory. Thecommandfor starting
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otherGENESIStutorialsis of thesameform. Thus,instructionsfor startingtutorialsin this
booktypically startout by suggestingsomethinglike “changeto theScripts/neuron direc-
tory”. This shouldbe interpretedto meanthat you shouldgive the UNIX command“ �
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����
������ ”. If Scriptshasbeenplacedelsewhere,you mayneed
to specifyadifferentpath.

Onceyou arein thecorrectdirectory, typethecommand“ ���������	����
���
������ ”. (Don't
forget thatUNIX is case-sensitive, soyou will have to typethecapitalN!) If the�les have
beenproperlyinstalledandthenecessarypathshavebeenset,youshouldberewardedwith
somemessageswhich indicatethatGENESISis loading. Eventually, a numberof graphs
anda “control panel”will appearon thescreen.(If not, you or your systemadministrator
shouldconsultAppendixA, “AcquiringandInstallingGENESIS”.)

3.3.2 The Contr ol Panel

Figure3.1 shows the left-handportionof thecontrolpanelfor the tutorial Neuron, which
shouldnow bepresentnearthebottomof yourscreen.

Figure 3.1 Part of theNeuron controlpanel,showing thevarioustypesof XODUS widgetsthatareusedto
controlthesimulation.

Thecontrolpanelandtheotherwindows thatappearareexamplesof GENESISforms.
Like theterminalwindow andtheotherwindows thatareusedwith X Windows, they may
bemovedandresizedby clicking anddraggingwith themouse.This is particularlyuseful
if theresolutionof your displaydoesn't allow everythingto bevisible on your screen.Try
moving thecontrolpanelupanddown andresizingit. (Theprocedurewill varydepending
on thewindow managerthat is usedwith your system,but formsarenormally resizedby
clicking on the icon at theright endof the title baranddraggingthemouse.)Theseveral
rectangularareasin the control panelare XODUS button, label, dialog box and toggle
widgets.Onacolordisplay, thesefour typesof widgetswill eachhave theirown distinctive
colors. Most simulationshave buttonscorrespondingto the 	�

��� , ��


�



� ,
�

����� and �������
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buttonsshown here.Clicking theleft mousebuttonononeof thesewill causeGENESISto
performthespeci�edaction. (Unlessotherwisestated,theinstructions“click on . . . ” will
mean“click theleft mousebuttonon . . . .”)

Thethreedialogboxesunderneaththe � ��������� ��������
��	������� labelareusedto display
informationor to enterdatafrom thekeyboard.For example,the

�

����� � ��� dialogbox is
usedto holdthevalueof theinjectioncurrentthatis beingappliedto thesomain thismodel
(seeChapter6). To changethe data�eld of any particulardialog box, usethe mouseto
move the cursorinto the dialog box. Thenusethe keyboardright andleft arrow keys to
move the “ 	 ” symbolto the right of theplacewhereyou wish to make thechange.Then
usethe“Delete” key to backupoveranythingyouwishto change,andtypein thechanges.
To causethechangesto beenteredandactedupon,youmustthenhit “Return” (or `Enter,”
onsomekeyboards)while thecursoris in thedata�eld. (NOTE: forgettingto hit “Return”
afterchangingthecontentsof adialogboxis acommonmistakefor noviceGENESISusers.
If you ever suspectthattheold valuesarebeingusedin therunningof a simulation,move
thecursorbackinto thedialogbox,hit “Return,” andrepeattherun.) Clicking themouseon
thelabel �eld at theleft of a dialogbox hasthesameeffect ashitting “Return” in thedata
�eld. This is oftendonewhenyou don't wantto changethedatain thedialogbox,but you
would like the simulationto act uponthe existing data. For example,the STEPdialog is
usedto bothenterthenumberof millisecondsof simulationtimeandto run thesimulation
for thisamountof time. Try clicking on the

�

��

� labelof theboxor hitting “Return” when
thecursoris in thedata�eld containing“ 
�� .” This shouldperformthedefault simulation,
which is to apply a 0 
 2 nA currentinjection pulseto the somaof the cell. Whenit has
�nished, click on ��


�


�� to resetthesimulationto timestep0 andclearthegraphs.
The dialog box labeled

�

� givesthe stepsizeto be usedin the numericalintegration
of thedifferentialequationsthatdescribethemodel.Althoughthedefault valueis usually
appropriate,you shouldpayattentionto theconsiderationsmentionedin Sec.2.4.2when
makingsigni�cant changesin thesimulationparameters.

The rectangularareaslabeled ��� � ������� ����� and ��� � �

�

����� areexamplesof toggle
widgets. Clicking on a togglecausesthe label and the associatedstateof the toggle to
alternatebetweentwo values.For example,afterchangingto ����� ������� � 
 , thegraphswill
notbeclearedafterclicking on ��


�


�� . This is usefulwhenyouwishto comparetheresults
of two runsusingdifferentparameters.Click on ��� � �

�

����� . Whathappens?

3.3.3 Using Help Menus

In many cases,clicking on a buttoncausesanotherwindow or menuwith its own widgets
to appear. This is thecasewith the 	�
���� button. Eachtutorial hasa 	�
��
� buttonthatmay
be usedto call up a menuof topics. Both scrollabletext windows and imagewindows
areavailable.Thelatterareusedfor drawingsthat illustratetheexperimentalarrangement
of the modelbeingused,or to displaytypical experimentalresultsscannedfrom journal
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articles.Figure3.2shows thehelpmenufor this tutorialat theright.

Figure3.2 TheHELPmenuon theright hasbeenusedto call up the ���������	��
���
������ diagramontheleft.

The drawing at the left was broughtup by clicking on the 
���
 ����� � �
��
�� � button
in the help menu. Many of the tutorialshave a help menuselectionsimilar to �	
	��� � ���

�����

�

� ��
 ��� ��� ��� . This bringsup a text window with a descriptionof the model that is
depictedin the 
 ��
�� ��� � ���	
�� � diagram,aswell asa descriptionof eachof the control
panelwidgets.

In thisparticulartutorial,wehave asomaandtwo dendritecompartmentsthatarecon-
nectedby axial resistances,asshown in Fig. 2.3(page11). Thesomahasvoltage-activated
channelslike theonesmodeledby HodgkinandHuxley anddescribedin Chapter4. The
dendritecompartmentshave bothexcitatoryandinhibitory synapticallyactivatedchannels
that respondto spikes appliedat the synapses.Thesespike trainsrepresentpossiblein-
putsdeliveredfrom theaxonsof otherneurons.Chapter6 usesthis simulationto illustrate
the propertiesof thesetypesof channels.The diagramillustratesthe different typesof
stimulationthat we canapply. For example,we can inject pulsesof currentinto any of
thecompartments,or connectspike trainsto any of thesynapseswith a speci�edsynaptic
weighting.The � ���	
�� � buttonin thecontrolpanelbringsup a window with dialogboxes
to setthetiming of theinjectionpulsesandtheburstsof spikesfrom sourcesA andB.

In any particularmodelor tutorial,therearetypicallymany parametersof themodelthat
onewould like to vary. Otherbuttonsin thecontrolpanel(not shown in Fig. 3.1)bring up
menuswith dialogboxesfor changingthevaluesof many of theparametersthatcharacterize
thevariablesin Eq.2.1. Most of thetutorial simulationshave helpmenuselectionssimilar
to ���

�

� � � � � ��� � ��� � � thatdescribetheseoptions.Usually, thereis aselectionlike � � � ���

	������ thatdescribestheuseof thehelpsystemandhow to move throughthetext in thetext
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windows. Thesesecondary“pop-up” menuswill have a button (usuallylabeled��� 


 , or
� ��� � � ��� ) thatis usedto hidethewindow again.Whenyou have �nished with the 
���
������

� �
��
�� � diagram,click on the � ��
�
 button. Likewise,clicking on the � ��
�
 button in the
helpmenuhidesit from view.

In sometutorials,includingNeuron, theinterfacehasbeendesignedto allow themodel
itself to be altered. In Neuron, for example,onecanput any numberof passive “cable”
compartmentsbetweenthe two dendritecompartments.Thesearesimilar to the dendrite
compartments,but havenovariablechannelconductances.Thiswill letusseewhathappens
if wehavespatiallyseparatedinputsto theneuron.Chapter5 treatsthepassivepropagation
of electricalsignalsin neuronalcablesin considerabledetail. In theNeuron tutorial, cable
compartmentsareaddedby enteringa numberin the �������	� �	������� � dialog box. Other
menus(describedin Sec.6.5)allow you to vary theparametersof thesecompartments.

3.3.4 Displa ying the Simulation Results

GENESIScanusetheXODUSgraphwidgetsto plot any quantityof interest.For example,
in Neurononecanlook atthemembranepotentialor channelconductancesof any particular
compartment.Figure3.3shows theresultsof performingoneof theexperimentsdescribed
in the ��� � ����� ��� �	��� helpmenuselection.Thisexperimentis alsodescribedin Chapter6.
A trainof spikesat2 msecintervalsis deliveredto theexcitatorysynapsein the�rst dendrite
compartmentandaburstof spikesto theinhibitory synapsearrives10mseclater. Theplots
show the channelconductancesand membranepotentialin this compartmentand in the
soma.

XODUS allows �e xible controlof all thegraphsit generates.For example,thescales
of thegraphscanbechangedby clicking on the �
��� � � button,changingthevaluesin the
appropriatedialog boxeswhich appear, andpressingthe � � 


 button. For example,you
maywish to increasethe time scale( � ����� ) if you click on

�

��

� morethanoncewithout
resetting,or you may wish to view a morelimited rangeof datain orderto increasethe
resolution.Theexistingdatawill bereplottedwhenever thescaleis changed.

In additionto generatingplotslikethoseshown in Fig.3.3or presentingimageslike the
diagramin Fig. 3.2,XODUS alsohastheability to generatea representationof a cell or a
network of cells thatcanbeusedto interactwith thesimulationor to view somequantity
of interestthroughoutthecell or thenetwork. In severalof thesimulations,color is usedto
displaythepropagationof actionpotentialsthroughouta multi-compartmentalmodeland
to identify thecompartmentsin whichthey aregenerated.An exampleof thiscanbefound
in Chapter7.

Figure7.3 representsa modelof a hippocampalCA3 pyramidalcell. Themousewas
usedto plantan injectionelectrodein thesoma,andrecordingelectrodesin thesomaand
a positionin theapicaldendrite.In this gray-scalerenderingof thecolor display, thelight
region to theright representsareasin theapicaldendritewherecalciumchannelsgenerate
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Figure3.3 Someof thegraphsthatareproducedafterproviding a combinationof excitatoryandinhibitory
inputsto themodelneuron.

actionpotentials.Thesearetriggeredby thepropagationof actionpotentialsfrom sodium
channelsin thesoma.In Chapter7,wediscusstheinterestinginteractionsbetweendifferent
voltage-activatedchannelsthatleadto thebehavior shown in the�gure. However, our �rst
stepis to understandhow voltage-activatedsodiumandpotassiumchannelscangenerate
actionpotentials.This is thesubjectof thefollowing chapter.
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