Neural Modeling with GENESIS
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3.1 What is GENESIS?

Now that we have brie y describedhe numericalbasisfor the tutorialsincludedin the
rst partof this book, we arereadyto getstartedwith runningthetutorials. The tutorials
includedin thismanualreall constructedisingGENESISthe GeneraNEuralSImulation
Systemthat hasbeenunderdevelopmentin our laboratoryat Caltechsince 1985. This
chapteris intendedto introduceeachof the tutorials,aswell asprovide a demonstration
asto how to usethe GENESISgraphicalinterface. First, howvever, we provide somebasic
informationaboutthe GENESISsystemon which thetutorialsarebased.

3.1.1 Why Use a General Simulator?

In principle, eachof thesetutorialsandtheir graphicalinterfacescould have beenwritten
asadedicategieceof softwarenotdependenbn a generakimulationsystem(cf., Hugue-
nardandMcCormick 1994). In this case gachtutorial would have includedonly the code
necessaryo run the particularsimulation. If the simulationwerewritten well, this would
resultin themaximumuseof the speecandmemaoryof the computebeingused.However,

asthe speedof computershasincreasedand computermemoryhasbecomecheapeiand
cheapertheadwantageof dedicatedsimulationcodeascomparedo generakimulatorshas
becomdessandlessclear In addition,a well-designedheuralsimulatorcanprovide very
goodperformancegvenwhencomparedo dedicateccode. We have estimatedfor exam-
ple, thatthe overheadcostsassociateavith GENESISaverageto lessthana factorof two
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in simulationspeed.

With a usuallysmallcompromisén simulationspeedsimulationsystemdike GENE-
SIS canactuallyprovide mary importantadwantagesver dedicateccode. Many of these
adwantagesesultin a dramaticspeedupn the procesof building and expandingmodels
that usually morethancompensatefor the slight reductionin simulationspeed. Almost
always,the time takento build a modelis considerablygreaterthanthe time takento ac-
tually simulateit, oncebuilt. Furthermoreaddingnew componentso the simulationdoes
not requirerewriting all the existing code,asis oftenthe casewith dedicatedsimulations.

A secondadwantageof general-purpossimulatorsis that model componentsan be
sharedbetweendifferentsimulations. The ability to usepreviously developedandtested
componentdeadsto tremendouspeedupdn the time necessaryo develop new simula-
tions. The secondpart of this book demonstratethe easewith which GENESISallows
suchmodi cations.

Beyondissuesf e xibility andspeedf modelconstructiontherearealsoseveraltech-
nicaladvantageso generakimulationsystemsThesencludesomeassurancthatthesoft-
warecoreof thesimulationghemselesareaccuratemoreaccessibilityto new simulation-
relatedtechnologysuchasparallelcomputergNelson,Furmanskiand Bower 1989),nen
integrationtechniquegHines 1984), or new forms of graphics(Leigh, De Schutter Lee,
Bhalla, Bower and DeFanti 1993), and someform of standardizatiorior model descrip-
tions.

Perhapsnostimportantly generalsimulationsystemssuchas GENESIScanleadto
fundamentallynew mechanism®f communicationbetweenthoseinterestedn how the
brain computes.For example,by using GENESIS,it is possibleto testthe modelingre-
sultsof othersby actuallyrunningtheir simulations.The GENESISusers'group,BABEL,
maintainsa databasef publishedsimulationsfor this purpose.Several of the tutorialsin
this manualwere modi ed from researctsimulations. In addition, simulationscansene
asameanf communicatiorbetweerdifferentlaboratoriesnterestedn the samesystem.
We have recentlypointedout (Bower 1992)thatsimulationsystemsandtheircomponenti-
brariescanbecomeaform of neuraldatabaséhatnotonly representstructurainformation
aboutthe nenoussystemput doessoin suchaway thatstructuraldetailsarefunctionally
organized. Thus, whena generalsimulationsystemis properly designedthe moreit is
used,the moreinformationaboutthe nenous systemis included. Finally, a systemsuch
asGENESISallows bookslik e this oneto bewritten, leading,we hope,to a moreef cient
andinterestingwvay to learnaboutthe organizationof the nenoussystem.

3.1.2 GENESIS Design Features

GENESISwasdevelopedprimarily asa meansof constructingbiologically realisticneu-
ronalsimulations.In additionto our interestin supportinghe generabdwantage®f simu-
latorsjustdescribedthreeotherbasicobjectivesdeterminedur designphilosophy:(1) the
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simulatomustbecapableof addressingroblemsatmary levelsof detail(i.e., partsof neu-
ronsto large neuralsystems){2) the systemshouldbe open-endedplacingfew limits on
thekindsof problemsthatcanbe addressedand,(3) the systemshouldbe userextensible
to allow theincorporationof nevw modelingefforts. The following speci c featuresof the
systemhave evolved, basedn thefollowing criteria.

Modular Design

As a key principle conferringboth e xibility andorganizationon GENESIS we adopted
a highly object-orientegorogrammingapproach.Simulationsare constructedf “building
blocks” or modules eachof which performwell-de ned functionsand have standardized
meandor communicatingvith eachother Thelevel of detail of a simulationis thendeter
minedby the natureof the building blocksonechoosesTheuserhascompletefreedomto
assembl@ modelwith ary setof modules.Object-orientediesignalsoenablegheuserto
easilyaddnev moduleso extendGENESISfor a particularapplication.

Flexible Interface

The GENESISuserinterfaceconsistof two parts. The underlyinglevel is the ScriptLan-
guagdnterpreteror SLI. Thisis aninterpretie programmindanguagesimilarto the UNIX
shell, with an extensve setof commandselatedto building simulations. The interpreter
canreadSLI programg(scripts)eitherinteractively from the keyboard,or from les. The
graphicalinterfaceis XODUS, the X-windows OutputandDisplay Utility for Simulations.
This providesa higherlevel anduseffriendly meandor developingsimulationsandmon-
itoring their execution.XODUS consistf a setof graphicalmodulesthatareexactly the
sameasthe computationamodulesfrom the users point of view, exceptthatthey perform
graphicafunctions.As with the computationamodules XODUS modulescanbesetupin
ary mannetthatthe userchoosego displayor enterdata.Furthermorethe graphicaimod-
ulescancall functionsfrom the scriptlanguageso the full power of the SLI is available
throughthegraphicalinterface.

Device Independence

In orderto make the simulatorportableandavailableto the maximumnumberof usersthe
systemhasbeendesignedo run underUNIX andX-windows andhasbeencompiledand
testedon a numberof machinearchitecturesThis facilitatescommunicatiorby enabling
groupsutilizing differentmachinedo run eachothers simulations.A parallellizedimple-
mentationhasalsobeendevelopedthat dramaticallyextendsthe rangeof problemswhich
GENESIScanaddressTheuseof parallelGENESISis describedn Chapter21.
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3.1.3 GENESIS Development

GENESISwasinitially developedin our laboratoryby Matthev Wilson asan extension
of efforts to modelthe olfactory cortex (Wilson and Bower 1989,1992). The GENESIS
graphicalinterface, XODUS wassubsequentlgevelopedprimarily by UpinderBhallaasa
general-purposeaserinterfacefor the GENESISsystem.Sincethattime, mary additional
modelersdothat Caltechandat otherinstitutionshave contritutedto its design.

3.2 Introduction to the Tutorials

Oneof the interestingfeaturesof neuralmodelingis thatit is possibleto startat almost
ary scaleor level of detail. In the caseof realistic modeling,it is usuallythe casethat
whatever level onebgginswith, the resultsthemselespushthe modelerto considerother
levels. Thus,detailedsingle cell modelingquickly requiresa betterunderstandingf the
network in which the cell is embeddedOn the otherhand,network level modelingoften
senesto focusattentionon the detailsof singlecell physiology

Aswe have stated GENESISwvasspeci cally designedo allow andpromotethis multi-
scalemodelingwithin a singlesimulationsystem.At presentijt is the only simulatorwith
this capability Thetutorialsdescribedn Chaptersgi—10eachrepresensimulationsat dif-
ferentlevels. The sequencalsore ects the way in which large-scalesimulationscanbe
built up from moredetailedsimulations All of thesesimulationscanbeperformedwithout
ary knowledgeof the GENESISsimulationlanguageThesecondhalf of thisbookretraces
thissequencef topicswith aseriesf tutorialsandexerciseghataredesignedo teachyou
how to programyour own simulationswith GENESIS ,emphasizinghe processvhereby
ary GENESISmodelcanbe expandedand changednto a new simulation. The tutorials
presentedn the rst partof this book, andintroducedbrie y below, will rst familiarize
you with the variousmodelinglevels supportedn GENESISandusedby computational
neurobiologist$o understaneheuronabrganization.

Chapter4 describeghe experimentsand mathematicamodelsusedby Hodgkin and
Huxley to understandhe time- andvoltage-depender of theionic conductancesspon-
siblefor the generatiorof actionpotentials.In this case thetutorial simulationrepresents
a singlepieceof a neuronalaxon. However, theseHodgkin-Huxlg forms of voltageacti-
vatedchannelsareanimportantingredientof mary morecomplex neuronaimodels.Most
model tuning involves manipulationof the Hodgkin-Huxley parametergjoverning ionic
channels.The associate@quationsalsousuallyrepresenthe mostcomputationallyinten-
sive component®f singlecell simulations.In this tutorial, a GENESISre-creatiorof the
Hodgkin-Huxley modelis usedto performcurrentandvoltageclamp experimentsandto
understandhebasisof postinhibitoryreboundandneuronakefractoryperiods.

Chapters exploresthe “cable properties’of a seriesof passie compartmentsvithout
active ion channels.In this casethe tutorial haslinked togetherseveral compartmentsf
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thetype presentedn Chapterd, but without the Hodgkin-Huxleg/ channels Althoughsuch
modelsdonotincludeactive channelsywhichareoneof theprincipalfeature®f thenenous
system,thereis still a greatdealthat may be learnedfrom suchmodels. Studiesof the
passie propertieof neuronday thefoundationfor muchmorecomple simulations.They
canalsobeusedwith experimentaimeasurement®s determinghe morphologyof a cell.

Chapter6 combineselementsof Chapters4 and5 into a multi-compartmentaheu-
ronalmodel. This tutorial alsointroducesmodelsof synapticallyactivatedchannels.The
theorypresentedalongwith the simulationNeuwon, exploresthe effectsof temporalsum-
mationof multiple synapticinputs. The neuroncontainsspatiallyseparatediendritecom-
partmentswith both excitatory andinhibitory synapticallyactvatedchannelsanda soma
with Hodgkin-Huxlg sodiumandpotassiunthannels.

Chapter7 useswo differentsimulationgo understanthow interactiondetweerseveral
differenttypesof voltage-actiated channelscanleadto morecomple ring patternsin
singleneurons.In one simulation,a modelof the somaof a molluscanpacemar cell, a
particularcombinationof somaticchannelggenerateperiodicburstsof actionpotentials.
In asecondnodelof a hippocampapyramidalcell, burstingactionpotentialsareshavn to
arisethroughaninteractionbetweerthe somaandmoredistantdendriticregions.

ChapterB introducedor the rst time networks of neurons.In this case we explorea
simplenetwork takento represena centralpatterngeneratqror CPG.Circuits of this sort
have beenshavn to controlmary typesof rhythmicbehaior in awide rangeof different
animalspecies.As is often the casewith multi-neuronnetwork models,the CPG model
consideredhereis moreabstracthananactualbiologicalnetwork thatmight producesim-
ilar ring patterns. In this tutorial, we use GENESISto explore the circuit interactions
betweerfour neuronghataresimilarto themodelneuronusedin Chapte6. Thebehaior
of this network is comparedo mathematicamodelsof simple coupledoscillators. The
network mayalsobe usedto replicatethe variousfootfall patternsof ahorse.

Chapter9 incorporatesnary of the featuresexploredin the previous chaptersnto a
morecomple multi-neuronahetwork model. In this case the modelis intendedto allow
you to explore several aspectf the dynamicalpropertiesof cerebralcortical networks.
Unlike the idealizednetwork usedin Chapter8, this simulationattemptsto both realisti-
cally represenbasicfeaturef realneuronswhile atthe sametime linking themtogether
into a sizablenetwork. Theresultis a fairly complex simulationthat alsotakeslongerto
executethanary of the othertutorials. The simulationitself is a “userfriendly” version
of theresearchsimulationusedby Wilson andBower (1989,1992)to modelthe neuronal
dynamicsof themammaliarolfactorycortex.

We concludePart | of this book with Chapterl0, returningto the subcellularevel of
modelingto considera differenttype of network — the interactingbiochemicalsignaling
pathwaysthat underliethe processesf synaptictranmissionand channelactivation. The
theoryof biochemicakcomputatiorandthe useof the Kinetikit graphicalinterfacearedis-
cussedn this nal chapter
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3.3 Introduction to the GENESIS Graphical Interface

Beforewe explore the rst tutorial, it is rst necessaryor you to understandhe basics
of the GENESISgraphicalinterface, XODUS. By using this interface, it is possibleto

easilyinvestigatea wide variety of modelsandto vary their parametersvithout doing arny

programming. XODUS allows mary differentways of visualizingthe stateof the mary

relevant variablesthat are presentin neurobiologicakimulations. In orderto give you a
feel for the useof XODUS, we usethe tutorial Neuon, which is describedn Chapters.

This tutorial is intendedfor usein understandinghe effectsof synapticinputsto a model
neuron.However, its userinterfaceis fairly representate of mostof thetutorialsusedin

this book.

3.3.1 Starting the Simulation

In this book, it is assumedhat GENESISandits associatedcriptsfor the tutorialshave
beeninstalledon aworkstationthatuseshe UNIX operatingsystemandsomevariety of X
Windows. AppendixA describeshe procedurdor acquiringandinstallingthe softwareif
you have notalreadydoneso. We recommendhatif you arenotfully familiarwith UNIX
andits le systemthatinstallationof GENESISbe carriedout by the systemadministra-
tor or personresponsiblgor maintainingyour machine. Typically, the tutorialsandother
GENESISscriptswill be installedin subdirectorieof the /usr/genesis/Scrigt directory
We will referto this simply asthe Scriptsdirectory

Althoughyou will geta chanceto explore this tutorial morethoroughlyin Chapters,
it would be a goodideato run the simulationnow, in orderto becomefamiliar with the
procedureshatwe will usein the following chapters.n orderto useGENESIS,you will
obviously have to rst login to a UNIX workstationwith accesgo the GENESISscripts.
Follow your local proceduredor logging in and creatinga “terminal window” on your
workstation.Sothatit will notbe completelycoveredby the simulationdisplay maove the
window to the lower left cornerof the screen. This is usually accomplishedy holding
down the left mousebuttonwhile the cursoris on thetitle baranddraggingthe mouseto
move thewindow.

The next stepin runninga GENESISsimulationinvolves changingyour directoryto
that containingthe GENESIStutorial of interest. In keepingwith the modularstructure
of GENESISsimulations,mosttutorialsconsistof a shortmain simulationscriptthatin-
vokesseveral otherscripts. This collectionof scriptsis keptin its own subdirectoryof the
Scriptsdirectory Althoughthis practiceis by no meansuniversal,it is customaryto give
the main simulationscript a namethat startswith a capitalletter in orderto distinguish
it from the otherassociatedcripts. The scriptthatrunsthe Neuion simulationusedhere
for illustrationis calledNeuwon.g It is keptin the Scripts/neun directoryandis invoked
by typing “ " after changingto this directory The commandor starting
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otherGENESIStutorialsis of thesameform. Thus,instructiongfor startingtutorialsin this
booktypically startout by suggestingsomethindike “changeto the Scripts/newn direc-
tory”. This shouldbe interpretedo meanthatyou shouldgive the UNIX command’

". If Scriptshasbeenplacedelsevhere,you mayneed
to specifya differentpath.

Onceyou arein the correctdirectory type the command' ". (Don't
forgetthatUNIX is case-sensite, soyouwill have to typethecapitalN!) If the les have
beenproperlyinstalledandthe necessarpathshave beenset,you shouldberewardedwith
somemessagewhich indicatethat GENESISis loading. Eventually a numberof graphs
anda “control panel”’will appearmnthescreen.(If not, you or your systemadministrator
shouldconsultAppendixA, “AcquiringandinstallingGENESIS”.)

3.3.2 The Control Panel

Figure3.1 shaws the left-handportion of the control panelfor thetutorial Neuion, which
shouldnow be presennearthe bottomof your screen.

HELP RESET STOP QuIT I Injection Current {uf}

Inputs Defaults Overlay OFF] Flot Sona Sona Inj |0,0002

STEP {nse-::}l 80, Cable Eunpts.l o, Dend 1 Injl 0

dt {nse-::}l 0,01, Dend 2 Injl L

Figure3.1 Partof the Neuon control panel,shaving the varioustypesof XODUS widgetsthatareusedto
controlthe simulation.

Thecontrolpanelandthe otherwindows thatappeamlareexamplesof GENESISforms
Like theterminalwindow andthe otherwindows thatareusedwith X Windows, they may
be moved andresizedby clicking anddraggingwith the mouse.This s particularlyuseful
if theresolutionof your displaydoesnt allow everythingto bevisible onyour screen.Try
maving the controlpanelup anddown andresizingit. (The procedurewill vary depending
on the window managethatis usedwith your system but forms arenormally resizedoy
clicking ontheicon at theright endof thetitle baranddraggingthe mouse.) The several
rectangularareasin the control panelare XODUS button label, dialog box andtoggle
widgets.Onacolordisplay thesefour typesof widgetswill eachhave theirown distinctive
colors. Most simulationshave buttonscorrespondingo the , : and
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buttonsshawvn here.Clicking theleft mousebuttonon oneof thesewill causeGENESISto
performthe speci ed action. (Unlessotherwisestated theinstructions‘click on...” will
mean“click theleft mousebuttonon....")

Thethreedialogboxesunderneattthe labelareusedto display
informationor to enterdatafrom the keyboard. For example,the dialogbox s
usedto holdthevalueof theinjectioncurrentthatis beingappliedto thesomain this model
(seeChapter6). To changethe data eld of ary particulardialog box, usethe mouseto
move the cursorinto the dialog box. Thenusethe keyboardright andleft arronv keys to
move the“ " symbolto theright of the placewhereyou wish to make the change.Then
usethe“Delete” key to backup over anything youwishto changeandtypein thechanges.
To causehe changego beenterecandactedupon,you mustthenhit “Return” (or “Enter’
on somekeyboards)while the cursoris in thedata eld. (NOTE: forgettingto hit “Return”
afterchanginghecontentof adialogboxis acommormistale for novice GENESISusers.
If you ever suspecthatthe old valuesarebeingusedin the runningof a simulation,move
thecursorbackinto thedialogbox, hit “Return; andrepeatherun.) Clicking themouseon
thelabel eld attheleft of adialogbox hasthe sameeffectashitting “Return” in the data

eld. Thisis oftendonewhenyoudon't wantto changehedatain the dialogbox, but you
would like the simulationto act uponthe existing data. For example,the STEPdialogis
usedto bothenterthe numberof millisecondsof simulationtime andto run the simulation
for thisamountof time. Try clicking onthe labelof thebox or hitting “Return” when
thecursoris in thedata eld containing® " This shouldperformthe default simulation,
which is to apply a 0 2 nA currentinjection pulseto the somaof the cell. Whenit has
nished, click on to resetthesimulationto time stepO andclearthegraphs.

The dialogbox labeled givesthe stepsizeto be usedin the numericalintegration
of the differentialequationghatdescribehe model. Althoughthe default valueis usually
appropriateyou shouldpay attentionto the considerationsnentionedn Sec.2.4.2when
makingsigni cant changesn the simulationparameters.

The rectangulaareasiabeled and are examplesof toggle
widgets. Clicking on a toggle causeghe label and the associatedtateof the toggle to
alternatebetweenwo values.For example afterchangingo , thegraphswill
notbeclearedafterclicking on . Thisis usefulwhenyouwishto compargheresults
of two runsusingdifferentparametersClick on . Whathappens?

3.3.3 Using Help Menus

In mary casesclicking on a button causesinotherwindow or menuwith its own widgets
to appear This is the casewith the button. Eachtutorial hasa buttonthatmay
be usedto call up a menuof topics. Both scrollabletext windows andimagewindows
areavailable. Thelatterareusedfor dravingsthatillustratethe experimentalarrangement
of the modelbeingused,or to displaytypical experimentalresultsscannedrom journal
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articles.Figure3.2 shavs the helpmenufor this tutorial attheright.

Figure3.2 TheHELP menuontheright hasbeenusedto call upthe 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 windowv with a descriptionof the modelthatis
depictedin the diagram,aswell asa descriptionof eachof the control
panelwidgets.

In this particulartutorial, we have asomaandtwo dendritecompartmentshatarecon-
nectedby axial resistanceggsshavn in Fig. 2.3 (pagell). Thesomahasvoltage-actiated
channeldike the onesmodeledby HodgkinandHuxley anddescribedn Chapterd. The
dendritecompartmentdiave both excitatory andinhibitory synapticallyactivatedchannels
that respondto spikes appliedat the synapses.Thesespike trainsrepresenpossiblein-
putsdeliveredfrom the axonsof otherneurons.Chapter6 useshis simulationto illustrate
the propertiesof thesetypesof channels. The diagramillustratesthe different types of
stimulationthat we canapply For example,we caninject pulsesof currentinto ary of
the compartmentsor connectspike trainsto ary of the synapsesvith a speci ed synaptic
weighting. The buttonin the controlpanelbringsup a window with dialogboxes
to setthetiming of theinjectionpulsesandthe burstsof spikesfrom sourcesA andB.

In ary particulaimodelor tutorial, therearetypically mary parametersf themodelthat
onewould like to vary. Otherbuttonsin the control panel(not shawn in Fig. 3.1) bring up
menuswith dialogboxesfor changinghevaluesof mary of theparameterthatcharacterize
thevariablesn Eq.2.1. Most of the tutorial simulationshave help menuselectionsimilar
to thatdescribeaheseoptions.Usually thereis aselectionlike

thatdescribeshe useof the helpsystemandhow to move throughthetext in thetext
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windows. Thesesecondarypop-up” menuswill have a button (usuallylabeled , or
) thatis usedto hidethewindow again.Whenyou have nished with the
diagram,click onthe button. Likewise, clicking on the buttonin the

helpmenuhidesit from view.

In sometutorials,includingNeuion, theinterfacehasbeendesignedo allow the model
itself to be altered. In Neuon, for example,one canput ary numberof passie “cable”
compartmentdetweenthe two dendritecompartmentsTheseare similar to the dendrite
compartmentdyut have novariablechannetonductancesthiswill letusseewhathappens
if we have spatiallyseparatethputsto theneuron.Chaptels treatsthe passie propagation
of electricalsignalsin neuronakablesin considerabl@letail. In the Neuion tutorial, cable
compartmentare addedby enteringa numberin the dialog box. Other
menug(describedn Sec.6.5)allow youto vary the parametersf thesecompartments.

3.3.4 Displaying the Simulation Results

GENESIScanusethe XODUS graphwidgetsto plot ary quantityof interest.For example,
in Neuononecanlook atthemembrangotentialor channetonductancesf ary particular
compartmentFigure3.3shavs theresultsof performingoneof the experimentsdescribed
inthe helpmenuselection.Thisexperimenis alsodescribedn Chaptel6.
A trainof spikesat2 msedntenalsis deliveredto theexcitatorysynapsén the rst dendrite
compartmenanda burstof spikesto theinhibitory synapserrives10 msedater Theplots
shav the channelconductanceand membranepotentialin this compartmentandin the
soma.

XODUS allows e xible control of all the graphsit generatesFor example,the scales

of the graphscanbe changedy clicking on the button, changingthe valuesin the
appropriatadialog boxes which appearand pressingthe button. For example,you
may wish to increasehe time scale( ) if you click on morethanoncewithout

resetting,or you may wish to view a morelimited rangeof datain orderto increasethe
resolution.Theexisting datawill bereplottedwheneerthescaleis changed.

In additionto generatinglotslike thoseshavn in Fig. 3.3 or presentingmagedik e the
diagramin Fig. 3.2, XODUS alsohasthe ability to generate representationf acell or a
network of cellsthatcanbe usedto interactwith the simulationor to view somequantity
of interestthroughouthecell or the network. In severalof the simulationscoloris usedto
displaythe propagatiorof actionpotentialsthroughouta multi-compartmentamodeland
to identify thecompartmenti whichthey aregeneratedAn exampleof this canbefound
in Chapter7.

Figure7.3 represents modelof a hippocampalCA3 pyramidalcell. The mousewas
usedto plantaninjectionelectroden the soma,andrecordingelectrodesn the somaand
apositionin the apicaldendrite.In this gray-scaleenderingof the color display thelight
region to theright representsireasn the apicaldendritewherecalciumchannelgenerate
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Figure3.3 Someof thegraphsthatareproducedafter providing a combinationof excitatoryandinhibitory
inputsto themodelneuron.

actionpotentials.Thesearetriggeredby the propagatiorof actionpotentialsirom sodium
channelsn thesoma.ln Chapter7, we discusgheinterestingnteractiondetweerdifferent
voltage-actiatedchannelghatleadto the behaior shavn in the gure. However, our rst
stepis to understandhow voltage-actiated sodiumand potassiunchannelscangenerate
actionpotentials.Thisis the subjectof thefollowing chapter
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