Adding Voltage-Activ ated Channels

DAVID BEEMAN

14.1 Review

In the previous tutorial, we createda neuronsomacompartmenhaving the samephysio-
logical propertiesasthoseof the squidgiantaxonstudiedoy HodgkinandHuxley (1952d).
In this tutorial, we will addvoltageactivatedsodiumandpotassiunchannelgo the soma
by modifying a copy of the scriptthatyou producedn the previous tutorial. Beforecon-
tinuing with this tutorial, you may wish to review the discussiorof the Hodgkin-Huxley

channelmodelsin Chapter4. In othertutorials,we will build uponthisto producemulti-

compartmentaimodelsof neuronsand networks of theseneurons. Your script from the
previoustutorial shouldlook somethindik e thelisting of tutorial2.gin AppendixB.

A numberof corventionshave beenusedin this examplescriptin orderto illustrate
someprinciplesof goodGENESISprogrammingstyle. Any declarationandassignments
of globalvariablesareperformedatthebeginningof the script,followedby functionde ni-
tions,andthenthemainbodyof thescript. Althoughfunctionsto createXODUSformsand
theirassociatetvidgetsoftentendto beratherspeci c, it is bestto make generallyapplica-
ble functionswheneer possible aswe have donewith the malecompartmentunction. If
avariableis notlikely to be usedoutsidea particularfunction, it shouldbedeclaredocally
to the function. Of course the liberal useof commentswill make it easierfor you or oth-
ersto understangour scripts. Your own scriptis unlikely to be exactly like this example.
However, if it hasdivergedtoo muchfrom this generaktyle,now mightbeagoodtime for
arewrite and“cleanup. Duringthe courseof developmentof a simulation,hindsightcan
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226 Chapter 14. Adding Voltage-ActvatedChannels

bevaluable.lt is bestto frequentlygo backandrewrite early code,ratherthancontinuing
to build uponprogramghatcould have beenwritten morecleanly

14.2 More Fun With XODUS

In previous chapterswe have learnedhow to usethreeXODUS graphicalobjects,or wid-
getsthatareavailablewithin GENESIS.Theseobjects(xform, xgraph andxbutton) and
othersare well documentedn the GENESISReferenceManual. As you develop more
sophisticategimulationsand needto exercisemore control over the placementsize and
labelingof graphicalelementsyouwill wantto readaboutthe mary optionsthatcanbeset
whentheseelementsarecreated.

For example,the default title appearingon the graph( ) may be changedy us-
ing the option whenthe graphis created. The labelson the buttonswere setby
default to the nameof the xbutton element.Usuallyyou canchoosean appropriatename
to correspondo the label you want, but you may gain additional e xibility by settingthe
onlabelandofabel elds. Typing* " will give you a list
of the elds thatyou cansetto modify theappearancef the buttons.You mayalsowish to
changeahesizeandlocationof theform andtheelementsontainedvithin it. For example,
the and  buttonscouldbeplacedsideby side.It wouldalsobeagoodideato iso-
latethe controlbuttonsto a “control” form like thoseappearingn mary of the simulations
weusedin Partl of thebook. If weremaore thecontrolbuttonsfrom theVmgraphform, the
male_ Vmgaphfunctionwill bemoreversatileandcanbeusedn othersimulationghatwe
create.

Thefollowing statementdlustratesomewaysin which we could changehelayoutof
aform called/contwl thatcontainghe controlbuttonswe have usedsofar.

The horizontalandvertical positionsandthe width and heightof an XODUS widget
arespeci ed by the four geometry elds xgeom,ygeom,wgeomandhgeom These elds
may be setat ary time with the set eld command.You may alsosetthemwhenthe wid-
getis createdpy usingthe options , : and . The rst line
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illustratesa shorthanchotationfor specifyingthesefour options. The four numberdn the

squarebraclets representhe four geometry elds for the form, measuredn pixels. For

xform elementspositionsaremeasuredelative to theupperleft-handcornerof thescreen.
In this casewe've giventheform someextra heightto save roomfor widgetsthatwe might

wantto addlater You maywantto experimenta bit to nd the bestsizefor your forms.

Oneway to do thisis to usethe mouseto resizea form thatyou have createdusuallyby

clicking anddraggingthe mouseon theicon at the right endof theform's title bar). Then
useshow eldto nd theresultinggeometry

For otherwidgets,positionsare measuredelative to the upperleft-handcornerof the
form thatcontainsthem. If thesearent speci ed, they aresetby default to be at the left-
handside of the parentform andjust belov the previously createdwidget. The default
width wgeomis the width of the parentform. Eachtype of widget hasits own default
heighthgeom

The secondine createsanothertype of widget,the xlabel. It is simply arectangular
box containinga string of text. It performsno actionwhenyou click onit. As only the
hgeom eld wasspeci ed whenthe labelwascreatedit will have the width of the form
andwill bejustbelown thetop of theform. It will be 50 pixels high andwill have thelabel
“ ". Theoption* " setsthebackgroundf thelabelto acolorthat
will clashnicelywith thedefault colorsof the otherwidgets.You mightwantto experiment
with othercolor schemes!You may do this interactiely for the variouswidgetsby using
set eld to setthebg eld.

A percenssignmaybeusedaftera numberto indicatethatit represents percentagef
thescreeror form dimension.Thisis usedto createa buttonthatis 33%of thewidth
of theform. The statementhatcreateshe buttonillustratesanothemway to specifya
position. Thenotation” " indicateghatthebuttonis to beplaced0 pixels
to the right of the button. The option * ” meansthatit will be
placedjust belav the label. Whatwould happenf this speci cationwere omitted? Note
thataswe suggestedh the previous chapterwe have useda steptmaxfunctionto runthe
simulationfor atime tmax

After remoring thelinesin male_Vmgraph that createthesebuttonsandaddingsome
extra“bells andwhistles; yourfunctionmightlook like
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In thisexample the defaulttitle hasbeenreplacedvith amoredescriptve one.In addi-
tion, theinternal elds of thexgraph elementXUnitsandYUnits have beensetto provide
meaningfulhorizontalandverticalaxislabels.Try modifying your simulationscriptto use
thesenew male_contiol andmale Vmgraphfunctionsandobsere the effectthatthey have.

The GENESISReferenceManualdescribesomeotherwidget elds thatyou may set
to specifycolors,font sizesandalternatdabels. Furtherexamplesof the useof XODUS
widgetsmay be foundin the variousforms.gscriptsusedin the tutorial simulationsfrom
Part| of this book. The modularityof GENESISmalkesit easyto “steal” usefulfunctions
or bits of codefrom thesesimulations. For example,the Cable Neuwon, and MultiCell
simulationsall containa scriptxtools.g This containsa usefulfunction (malegraphscalg
to pop up a menufor changingthe scaleof the graphsthat are createdin their forms.g
scripts. The Squid simulationusesa slightly differentfunction to accomplishthe same
thing.

If you prefer you may leave thesedetailsof “prettifying your display” until afteryou
have learnedio addchannelgo the model. However, we shouldnow spenda few minutes
learningto useanotheusefulXODUS object,thedialog widget Thefollowing statement
createsanelementalledinjectionwithin the/contiol form, usingthe xdialog object.

This elementconsistof alabeladjacento a dialogboxin which theusercaneditor enter

text. The optionis followed by the stringusedfor thelabelin placeof thedefault,
whichwould bethenameof theelement.Thebackslaslt " indicatesa continuatiorof the
createstatemento anothedine. Theargumentof the optionis theinitial valuethat

appeardn thedialogbox andis storedin thevalue eld of theelement.As with ary other
elementthis eld maybeinspectedandsetwith the show eld andset eld commandsin
addition,thevaluemaybe editedwithin the dialogbox. Whenthe userhits “Return” while
thecursoris within thedialogbox, thevalue eld is set.In addition,this causeshefunction
usedastheamgumentto to beexecuted.Here,setinjectis a functionthatwe will
de ne. (NOTE: it is acommonmistale to changethe contentsof the dialog box without
hitting “Return”. In this casetheold valueis still beingused.)

The agumentof in our dialog box exampleemplo/s anotheruseful bit of
shorthandThe notation standdor thewidgetthatis beingde ned. Thus,

is equivalentto
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In our example,we wouldlike to de ne afunctionthatgetsthe variablestoredin thevalue
eld of the xdialog elementand usesit to setthe inject eld of our somacompartment.
Thefollowing functiontakesthe nameof the xdialog elementasits agumentandusesthe
GENESISget eld functionto returnthevalueof thevalue eld.

Theget eld functionis anothetusefulcommandor dealingwith theinternaldata elds
of anelement It takesthe nameof the elementandthe nameof the eld asargumentsand
returnsthevalueof the eld. Thus,thestatement

would print outthe valueof the dialogbox. Likewise,

will useget eld to retrieve this valueandset eld to setthe inject eld of /cell/soma If
you malke thesechangego your script,youwill now be ableto changehe somainjection
currentby usingthedialogbox.

14.3 \Voltage-Activ ated Channel Objects

GENESISprovidesseveral differenttypesof objectsfor implementingvoltagedependent
ion channelsThe hh_channel object,which we will usein this tutorial, providesthe sim-
plestway to implementthe equationsusedby Hodgkin andHuxley to modelsodiumand
potassiunchanneldn the squid giant axon. Anotherobject, the vdep_channel may be
linked to vdep_gate objectsto createchannelghathave a moregeneralform of the equa-
tions. This latterapproachs somevhat slowver becausenessagemustbe passedetween
the separatehanneland gateobjects. For maximumgeneralityin channelmodeling,one
mayusethetabchannelor tab2Dchannelobject,or acombinatiorof tabgate objectsused
with vdep_channel objects. The tabchannel tab2Dchannelandtabgate which arede-
scribedin Chapterl9, allow the useof tableswith interpolationratherthan equationgo
representhevoltagedependenciesThis malesit possibleto modelchannelsisingexper
imentaldatathatdo not t the Hodgkin-Huxleg form. For seriousmodeling,we strongly
recommendheuseof tabchannelor tab2Dchannelobjects.As we will seein Chapterd 9
and20, thisis particularlyimportantfor accuratesimulationof cellscontainingalargenum-
berof compartmentsThe GENESISdirectory Scripts/neuwkit/prototypes containsscripts
thatillustratethe useof all of thesewaysto implementvoltage-dependemrhannels.
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14.3.1 The hh_channel Object

In theHodgkin-Huxlgs model,thegeneraForm for thechannektonductancés represented
as being proportionalto an activation statevariableraisedto an integer power, timesan
inactivationstatevariableraisedto anotheiintegerpowver. Thehh_channelobjectcalculates
thechannekonductancé&om theequation

Gk Gbar X*XPoweryYpower (14.1)

The hh_channel elds in Eq. 14.1correspondo thevariablesin Eqs.4.8and 4.9. In the
usualHodgkin-Huxlegy notationfor the Na channelthe activation statevariablem corre-
sponddgo ourvariableX, with Xpower 3, andtheinactiationvariableh correspondso
Y with Ypower 1. TheHodgkin-Huxley K channelactivation variablen is represented
by X in our notation,with Xpower 4. TheK channehasno inactivation statevariable,
soweuseY power 0. As we areusingSI units, the constanbf proportionalityGbar (Q)
shouldbe expressedn siemeng1/ohms).

GENESISuseghecorventionthatapositve currentrepresenta o w of positve chage
into thecompartmentsothe currentthroughthe channels givenby

Ik GKEKk Vm (14.2)

Here,Vmis the membrangotentialof the compartmenthatcontainghe channelandthe
othervariablesusedin theseequationsarethe namesof elds of the hh_channel object.
Thesecorrespondo the subscripted/ariablesin Eq.4.2. The eld Ekrepresentshevalue
of theionic equilibriumpotential whichwewill expresdn volts. Channeklementsghatare
createdrom thehh_channelobjectcalculatebothX andY by solvingdifferentialequations
of theform

dx
dt
correspondingo Eqgs.4.11-4.13.The voltage-dependemate constantsa andb caneach
assumeneof thethreefunctionalforms:
FORM1 (EXPONENTIAL):

al X bX (14.3)

B

aVm Aexp (14.4)

FORM 2 (SIGMOID):

aVm A exp 1 (14.5)

FORM 3 (LINOID):

aVm AVm W exp 1 (14.6)
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NotethatEqs. 4.23,4.24and4.26-4.29 usedby HodgkinandHuxley to t the K andNa
channelrate constantseachfall into one of thesethreeforms. The form to be usedand
the constant®\, B, andV, arespeci edfor eachrateconstanby settingthe corresponding
elds in thehh_channelelement.Theseare:

(a for X): X_alphaFORM,X alpha A, X_alphaB, X _alpha VO
(b for X): X_betaFORM, X betaA, X_betaB, X_betaVO0
(aforY): Y.alphaFORM,Y alphaA, Y alphaB, Y_alpha V0
(b forY): Y_betaFORM,Y_betaA, Y_betaB, Y_betaVO

14.3.2 Adding Hodgkin-Huxle y Na and K Channels to the Soma

In orderto simplify the processf settingall theseinternal elds, we will borrav a script
from the Neuokit library of channelprototypes.The le hhcan.g whichis listedin Ap-
pendix B, de nes two functions,male_Na squid hh and male K_squidhh. Thesecreate
thetwo channeldrom hh_channel objectsandsettheinternal elds to the propervalues.
In orderto understandiow we will usethesefunctions,you shouldnow take alook atthe
hhdan.gscript.

The elds X alpha FORM, X beta FORM, etc.take integervalues(1, 2 or 3) to specify
which form of therateconstanequationgo use.For clarity, it is moredesirableo referto
theseformsby name,asis donein hhdan.g In orderto allow this, hhchan.gcontainsthe
statements

atthe begginning of the script. The contentof the hhchan.gscriptcanbe madepartof our
simulationby usingthe GENESISincludecommand' " afterthesedef-
initions. This scriptis foundin the GENESISScripts/neuskit/prototypes directory Nor-
mally, the .simic le in your homedirectorywill setthe GENESISernvironmentvariable
“SIMPATH” sothatthe prototypesdirectorywill be searchedvhena le is speci ed for
inclusion. Thus,you may usethis or oneof the otherchannel‘prototype” scriptswithout
having acopy in thedirectorythatcontainsyour simulationscripts.

As with ary moderncomputerlanguage you can make your GENESISsimulations
mucheasierto understandby breakingtheminto modulesthatare combinedby the useof
include Forexample large GENESISsimulationsoftenputthegraphicfunctionstogether
in ascriptcalledforms.g sothatit maybeincludedif graphicsareto beused,andmaybe
omittedif thesimulationis to beperformedn thebackgroundvith outputto les. Although
GENESISmalkesnodistinctionbetweerconstantandvariablesit is oftenusefulto include
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a le with anamelike constants.@tthebeginningof the mainsimulationscript. This will
containassignmentsf globalvariables suchasionic equilibriumpotentialswhich arenot
expectedto changeduringthe courseof a simulation. The MultiCell demonstrationn the
Scriptsdirectoryillustratesthis structure.

As oursimulationscriptwill berelatively short,wewill only usetheoneincludedscript
hhdan.g but will try to keepour globalvariablesand constantsogetherat the beginning
of thescript. As we addmoregraphics-relatetlinctionde nitions, it will beusefulto keep
themtogetherin one part of the script, ratherthaninterspersinghemwith non-graphics
functions. However, looking at the listing for hhchan.g we seethatit makesa necessary
exceptionto the guidelineof keepingglobalvariablestogethelin oneplace.

After someinitial commentsthe script de nes and initializes somevariables(ER-
ESTACT, ENA, EK, andSOMAA) for themembraneestingmembrangotential,channel
equilibriumpotentials andthe areaof the soma. Theseareneededy the following func-
tion de nitions. As this scriptandthe otherchannelprototypescriptswereintendedto be
availablefor inclusionin mary differentsimulations,it makessenseo de ne the needed
“constants’in thesescripts.In thecaseof hhdhan.g thevaluesof theseconstantsverecho-
senfor a granulecell simulationusingHodgkin-Huxlg channelsput with potentialsthat
areslightly shiftedfrom the squidpotentialswhich we de ned in thelasttutorial. Thus,it
is importantto placethe” " statemenbeforeour own de nitions of these
constantssothatourswill prevail. It is alsoa goodideato putin commentghat explain
thenecessargrderof thesestatements.

We canunderstanthow theseconstantandthe SOMAA constanareusedby lookingat
thede nition of thefunction male_Na_ squid hh, which follows someextendedcomments
describinghe hh_channelobject. Thefunctionbegins by checkingfor the existenceof an
elementcalledNa_squidhh. If this channeldoesnt alreadyexist, oneis createdandthe
internal elds aresetwith alengthyset eld commandhatbeginswith

The eld Ekis the“battery” thatis in serieswith the sodiumconductancelt will be set
to the value(in volts) thatwe have de ned for the sodiumequilibrium potential, ENA. In
their paper HodgkinandHuxley (1952d) t Gbar to a valueof 120 milli-mhos (mS per
squarecentimeterof membranearea. You shouldverify thatif we calculateSOMAA in
squaremeters,the expressionabove will correspondo the Hodgkin-Huxlg resultin S
units. In your script, usethe valuesthat we have given for the somadimensionssomal
andsomad, to calculateSOMAA for our cylindrical somacompartmentin doingso,you
are letting this single Na channelrepresenthe compositebehaior of the mary sodium
channelghatwould befoundin a patchof membranavith areaSOMAA. If you have the
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time (andinclination)you maywishto verify thatthevaluesusedto settheremaining elds
correspondo thoseusedby HodgkinandHuxley. You shouldnote,however, thatthe sign
conventionusedfor voltagesby HodgkinandHuxley is reversedirom our modernusage.

Thefunctionmale K_squid hh worksin a similar mannerto createa potassiunchan-
nel calledK_squidhh. Thesetwo channelswill be createdat the currentpositionin the
hierarchicalelementtree. For a corvenientgroupingof elementswe would like to refer
to thesechannelsis/cell/soma/Nasquidhh and/cell/soma/Ksquidhh. Theeasiestvay to
accomplishthisis to usethe pusheandpopecommandso temporarilymake /cell/somahe
currentworking element.We cancreatethetwo channelsn the properlocationby putting
the statements

in themainpartof our script, afterthe statementthatcreatethe somacompartment.

At this stage we now have the two channelsput we have not yet linked themto the
soma. The somaneedso know the value of the channelconductancendits equilibrium
potentialin orderto calculatehecurrentthroughthechannel. Thesomawill usethiscurrent
aspartof its calculationto updatethe somamembrangotential. The channekalculatests
voltage-andtime-dependentonductanceising the currentvalue of the somamembrane
potential. As usual,thesecommunicationlinks are establishedy settingup messages
betweertheelementsThe somamaybelinkedto the sodiumchannelwith the statements

You shouldnow addtheseto your script, alongwith the correspondingnessagefor the
potassiunchannel. Before runningthe simulation,ask yourselfif thereis arything else
thatneedgo bedone.

14.4 Final Additions and Improvements

At theendof the previoustutorial, we discussedomeguidelinesor choosinganappropri-
ateintegrationstepto be speci ed with the GENESISsetclo& command.With no active

channelsthis simulationproduceda smoothasymptotidncreaseo a constanwvalueof V.

Now thatwe have addedhe channelsye expectto seeactionpotentialswith afairly short
risetime. You shouldthereforeuseeitheryour knowledgeof neurobiologyor trial anderror
to setthe stepsizeto asuitablevalue.
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You shouldnow be ableto click on the button to producea sequencef realistic
looking action potentials. With the injection currentsetat 0 3 nA, they shouldoccurat
intenals of roughly 14 msec You maynoticesomethinga little strangeaboutthe rst few
stepsof the simulation,however. Insteadof startingat a restingpotentialof 70 mV, the
membrangotentialstartsat about 59 mV andthenbecomesnorengyative. This effect
becomesnoreobviousif you settheinjectioncurrentto zero. You would expectto seea
constanvVmof 70mV, butthe rst 10msemf thesimulationshav adifferentbehaior. In
generaltheinitial stepsof a neuralsimulationwill notbegin with the systemin a“natural”
state.Onesolutionto this problemis simply to run the simulationuntil it reaches steady-
statebehaior beforetaking data. In our case,it is possibleto performa more realistic
initialization if we understana few detailsof the GENESISresetfunction andits effect
uponcompartment objectsandchannels.

14.4.1 Use of the Compar tment initVm Field

In Sec.12.5,we have discussedomeof the actionsperformedby GENESISobjects.The
resetcommandcausegachelemento performits own RESETaction. For example,this
will causean xgraph objectto clearthe graph,unlessthe overlay eld ag is set. If the
elementis a compartment object, resetmeansthat the membranepotential Vm will be
initialized to the valueof the initVm eld of the compartmentWe haven't mentionedhis
eld before,becausedt normally containsthe samevalueasthe Em eld andfollows ary
changeghataremadeto Em Thus,the default behaior is that Vm getsintializedto Em
afterareset.(RemembethatEmis the“leakage”batterythatisin serieswith themembrane
resistancd&Rmin Figure12.1.) The RESETactionfor the hh_channnel objectcausest to
getVmfrom ary incomingmessageandto useit to calculatenitial valuesfor theHodgkin-
Huxley rateconstantandthe channelconductanc&k. If therewereno passie channels
or sourcef currentotherthanthe channelsexplicitly addedto our model,we would set
thesomaEm eld to ERESTACT ( 70 mV). As thiswould indirectly settheinitvm eld
to the samevalue, this initial value of Vm would be usedto calculatethe initial channel
conductancesfterareset Theseconductancesyith the channelequilibrium potentials,
would resultin no netcurrent o w into the soma. ThusVmwould remainat ERESTACT
in theabsencef ary currentinjection.

In the Hodgkin-Huxley model,the Na andK channelgproducea net current o w at
ERESTACT. In orderto offset this current,Em s setto Eleak a leakagepotentialthat
differsfrom ERESTACT. With the propervalueof Eleak therewill beno netcurrent o w,
andVmwill remainat the steady-state@alue of ERESTACT. However, after a reset we
wantto startthe simulationwith Vm initialized to ERESTACT, ratherthanEleak This
mayeasilybeaccomplishedby settingthesomainitVm eld to ERESTACT afterthesoma
compartmenhasbeencreatedand Em hasbeensetto Eleak OnceinitVm hasbeenset
to a valuewhich is differentfrom that of Em, future changeso Emwill no longeraffect
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initVm. (If you laterwantto have initVmfollow changeso Em justsetit to the samevalue
asEm) With this nal additionto the script, everythingwill be properlyinitialized. Your
simulationresultsshouldnow look like thoseshavn in Fig. 14.1.

You might notice that, even with this change the rst action potentialis larger than
subsequerines.Thisis notabugin thesimulatoror your script,but is alegitimateresultof
the Hodgkin-Huxlg model. You maywish to experimentwith differentinjectioncurrents
andseeif you canexplainthis behaior.

Figure14.1 Typicalresultsfor the GENESISsimulationof a somawith Hodgkin-Huxley sodiumandpotas-
siumchannels.

14.4.2 Overlaying GENESIS Plots

Thereis yet anotheradditionthat you may make to your simulationif you choose. The
command " revealsthatyourvoltagegraphhasa eld
calledoverlaythatwasinitialized to zero. As mentionedabove, by settingit to a non-zero
value, you may suppresghe clearingof the graphduring reset. This will allow you to
overplotresultsusingdifferentinjectioncurrents stepsizesor otherparametersAlthough
you cansetthis eld to differentvaluesfrom the GENESIScommandine, it would benice
to toggleit backandforth betweerzeroandoneby clicking onabutton. As thislessorhas
beenlong enoughwe will save the discussiorof the XODUS togglewidgetfor the endof
Chapterl5. If youwould like to addtogglebuttonsto your simulationsyou may nd the
informationyou needthere,or in the GENESISReferencéManual.
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14.5 Extended Objects

You may encountelGENESISscriptsthat useextendedobjectsto createvoltage-actiated
channelsratherthanfunctionssuchasthosede ned in hhchan.g Extendedobjectsare
createdby a newly addedGENESISfeaturethat allows you to usethe GENESISscript
languagéo createyour own objects.Thestartingpointfor anextendedobjectis anelement
or hierarchyof elementgreatedrom existing GENESISobjectsthathave atleastsomeof
the propertiesof the new objectwhich you would like to create. New elds, message
de nitions andactionsmay thenbe addedto theroot elementof the hierarchybeforeit is
convertedto anextendedobject.

For example,you may wish to createa specializedversionof the hh_channel object
in orderto implementa Hodgkin-Huxlg potassiumchannel. Or, you might replacethe
function male_Vmgraphwith an extendedgraphicalobjectthatis appropriatefor plotting
membranepotentials. Typically, this would consistof a form, graphand overlay toggle
buttonlinked by messagesndwould have the various elds pre-seto appropriatevalues
for plotting membranepotentials. It might also be convenientto de ne a compartment
objectthatcancalculateandsetits own valuesof Rm CmandRafrom the globalvariables
RM, CM andRA usingthe compartmentimensionghat have beensetin its own len and
dia elds.

Asaspeci c example Jet's createanextendedbjectto represena“squid-like” Hodgkin-
Huxley potassiunthannel.Whena channeklements createdrom this object,we would
likeit to notonly have the elds for thevariousHodgkin-Huxley constant$X_alpha FORM,
etc.) initialized to the appropriatesalues,but we would like it to performsomeof the ac-
tionsthatwerepreviously de nedin our simulationscript. For example,it shouldbeableto
calculateheareaof its parentcompartmentrom thecompartmensg len anddia elds, and
usetheseto calculateandsetGbar, without having to previously specifya globalvariable
SOMAA andvariablesfor the somadimensions.t shouldalsobe capableof establishing
its own messagewith the parentcompartmentsothatwe don't have to do this oursehes
eachtime we adda channelto a compartment.We illustrate someof thesefeatureswith
excerptsfrom the scripthhdhan K.g, whichis listedin AppendixB.

Thescriptbeginsmuchlike hhdhan.g with thede nition of someglobalconstantsthe
creationof anhh_channelelementalledK_squid hh, andthe settingof the various elds.
Oneddifferenceis that a function is not de ned to createK_squidhh. Instead,it will be
createdby this script, modi ed, andthenconvertedinto a new GENESISobjectwith the
samename. Also, we will arbitrarily setthe Gbar eld to zero,asit will beinitializedto
the propervaluewhenthe channeis createdasthe child elementof a compartment.

Next, we addanew eld gdensto the elementto hold the conductance&ensityof the
channelandsetit to thedefault valueof 360S m?. Thisis donewith the statements
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Theadd eld commands usednotjustwith extendedobjects but maybe usedary time we
wishto addanew eld to anelement.

As our new objectwill beaspeci c kind of channelratherthana generalizedHodgkin-
Huxley channel,it is bestto protectthe Hodgkin-Huxlg channelconstantdrom being
inappropriatelychangedoy the user In fact, it would be a goodideato hide themfrom
view, sothat“ " will shav only elds aboutwhich we care. We would
like to be ableto inspectthe Gbar eld, butit shouldonly beindirectly settableby setting
gdens We setthesetwo differentlevels of protectionusingthe set eldprot commandvith
thestatements

The secondstatemenprotectsthe Gbar eld, but usesthe* " optioninsteadof
“ ", sothatit will bevisible with the show eld commandhut will not be settable
with set eld

Now we needto de ne afunctionthatextendsthe SET actionof thehh_channelobject
to alsosetthe Gbar eld whenaerthegdenseld is set. Thisis accomplishedvith:

Whenthe set eld commandis given, the threeagumentsaction eld andnewvalueare
automaticallypassedsstrings.As we would like newvalue(thevalueusedto setthegdens
eld) tobea oat, weredeclarét here.

Thisis the rst time thatwe have mentionedhe GENESISIf constructsofar, although
it alsoappearsn hhdan.g In the next chapten(Sec.15.3)we will seean exampleof an
if-else In eitherof theseconstructstheword“ " is followed by a spaceandthena pair
of parenthesethatcontainsa logical expression.If the expressioris true, it evaluatego 1
andthestatementpreceding” " will be executed.Notethe useof thetwo equalssigns
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(* ™ torepresenthelogical operatoifor “equalto,” asdistinctfrom thesinglesignused
to assigna value. The GENESISlogical operatorsare similar to thoseusedin C, andare
describedn the GENESISReferencéManual.

In our case,we want our new SET actionto do somethingspecialif the eld being
setis our nenvly addedgdenseld. Otherwise the default SET actionof the hh_channel
objectwill take over. Speci cally, we wantto multiply the new valueof gdensby thearea
of the parentcompartmenaind usethis to setthe Gbar eld of the channel. Fortunately
thecompartment objecthastwo elds, lenanddia, which maybeusedto hold thelength
anddiameternof the compartmentNotethatthe“ ” in theset eld expressiorrefersto the
working elemenfour channelandthatthe " in thetwo get eld expressionsefersto its
parentelement(the compartmentontainingthe channel).Whenthe SET actionis called,
thechanneklemenbecomesheworking elemenduringexecutionof theK_squidhh_SET
function. This changeof working elementtakes placefor all actionfunctions. Also note
thatit is not necessaryo namethe working elementwith set eld andget eld commands,
sothe” " couldhave beenomitted. We alsoneedto be surethatthegdenseld itself gets
setto newvalue Thiswill be doneby the default SET actionif we indicatethatour SET
actionfunctiondid notsetthe eld directly We provide thisinformationwith thestatement
“ ", which causeshefunctionto returnavalueof zero.

Having de ned afunctionto implementhe nev SETaction,we next usetheaddaction
command

to specifythenameof the elemen{K_squid hh), the nameof theactionthatit is to perform
(SET)andthe nameof the functionthatimplementghe action(K_squid hh SET).

Thiswill properlysetGbar whenwe changethe valueof gdens but we would like to
properlyinitialize Gbar whenthe elements rst created We would alsolike themessages
thatlink thechanneto its parentcompartmento be automaticallyaddedwhenthe element
is createdFinally, we shouldputin someprotectionto ensurehatour new kind of channel
canonly becreatedasa child elementof acompartment.

We canaccomplisithesewith a similar functionthatextendsthe CREATE action,and
with anappropriateaddactioncommand:
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Here,we usetheisa commando seeif the parentelementis derived from the compart-
ment object. The negationoperator* ” is thenusedsothatif the channeb parentis nota
compartmentanerrormessagavill begivenandthefunctionwill returnazero,indicating
thatcreationof the elemenfailed. If thetestis passedwe go onto calculateandsetGbar
usingthe compartmendimensionsindthe default valuethatwe previously establishedor
gdens Thetwo addmsgcommandsaresimilar to thoseat the endof Sec.14.3,addinga
CHANNEL messag#&om thechanneto thecompartmentanda VOLTAGE messagé&om
thecompartmento thechannel. Thefunctionendswith “ " to indicatethatit was
completedvithouterrot

Finally, we want to turn the K_squidhh elementinto an object called K squid_hh.
This is donewith the addobjectcommand which is followed by the nameof the object
to be createdandthenthe nameof the elementfrom which it wasmade. This command
alsoallows optionsfor specifyingthe nameof the objects authoranda descriptionof the
object. Thesewill thenappeamwith showobjectjust aswith abuilt-in GENESISobject.In
our example,we have:

Now, let's testthe script. Start GENESIS,changeto the Scripts/tutorialsdirectory
wherehhdtan K.g shouldbefound,andgive thefollowing commands:

Notethatthe elementK_squidhh doesnt exist, but thatthereis a nev objectof this name.
Of course,we could have useda differentnamefor the basiselementand the extended
objectthatwe createdfrom it. Eitherway, the addobjectcommanddestrgs the original
elementwhenthenew objectis createdTry thecommands

Whatdifferenceslo you note?Now try
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How do theresultsof the show eld andshowmsgommandsomparewith thoseobtained
for the/cell/soma/Ksquid hh elemenin yourtutorial script?(You canalsoloadtutorial3.g
withoutinterferingwith ary of thecommandgivensofar.)

Try settingthe /compt/Kgdens eld to a differentvalue and inspectingthe value of
Gbar. Whathappensf you try to setGbar directly? Whathappensf you try to createa
K_squidhh elemeniasa child of anelementhatis nota compartment?

The GENESISReferencévlanualdescribesomeothercapabilitiesof extendedobjects
thatareusefulwhenconstructinga compoundobjectfrom a hierarchyof elements.Nor-
mally, all accesgo elementof the new objectarevia the elds, messageandactionsof
the root element,andthe child elementsare not accessible Although this is usually de-
sirable therearecasesvhenwe wantto accessomeof the elds andmessagesf oneof
thechild elementsFor example,if theroot elements the form thatcontainshe graphfor
plottingmembrangotential we would wantto beableto addPLOT messaget thegraph
andto setthe elds thatspeciy therangedor its axes. This may be donewith messge
forwarding andindirect elds.

The GENESISReferencévlanualalsodescribesheprocedurdor de ning new objects
and GENESIScommanddy programmingthemin C, compiling them andthenlinking
theminto a new versionof the executablegenesisle. If this procedurds usedto create
a new objectthat hasa computationallyintensve PROCESSactionadded,t will execute
morerapidly thanonethatis createdat the scriptlevel. Neverthelessit may speeddevel-
opmentto malke initial testsusingan extendedobjectasa prototype. For the examplewe
have givenhere thereis little speeddisadwantagein usingan extendedobject,becausehe
scriptlanguagdunctionsareusedonly whenanelements createdpr when elds areset.
The compiledcodefor theoriginalhh_channelobjectis usedduringthe PROCES Saction.

14.6 Exercises

1. It would be usefulto be ableto modify boththetime stepdt andthe run time tmax
from dialog boxes. Add thesefeaturego your simulationandhave the x-axis of the
graphadjustto the new tmax

2. Thefunctionmale_Ca hip_traub91in neuokit/prototype#traud1chan.g will create
a high thresholdcalciumchannelCa hip_traub91 (Exceptfor the moredescriptve
name,this is the sameasthe Cachannelusedin thetraub91tutorial of Chapter7.)
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Chapterl9 describeshow this channelwas createdfrom a tabchannel object. As
with the channeldn hhdan.g we may useit without having to be concernedvith
thedetailsof thetraub91tan.gscript Copy this le into yourdirectoryandinclude
it in a copy of your simulationscript. Thenmale the changesiecessaryo addthe
channelto your model. In orderfor it to have a signi cant effect, you will needto
increasdhevalueof theGbar eld fromits default value. Whatvalueof Gbar gives
anappreciabléshoulder’to theactionpotentials?

3. In Sec.14.2,we mentionedhe malegraphscalgunction. Usethis functionto adda
buttonto eachof your graphs sothatyou may easilychangehexmin,xmax,
ymin,andxmax elds.

4. The Squidtutorial (Chapterd) usesthe scriptsquid electonics.gto simulatethe cir-
cuitry thatis usedfor voltageclampexperiments Thisis accomplisheavith acombi-
nationof thePID (Proportional|ntegral, Derivative controller),diffamp (differential
ampli er), andRC (low passlter) objects. The GENESISReferenceMlanualand
theon-linehelpprovide additionaldocumentatioffor thesedevices. Adaptthis script
to provide voltageclampcapabilityfor your simulation.

5. Why is the rst action potentialof the seriesshawvn in Fig. 14.1 higherthanthe
following ones? It may help to revisit the Squid tutorial (Chapter4) in orderto
examineplotsof someof the othervariables.

6. Make a scriptanalogouso hhdhan K.g to createanextendedobjectfor theNachan-
nel. Modify your tutorial3.g scriptto useextendedobjectsinsteadof the functions
de nedin hhdhan.g Don't forgetto setthelenanddia elds of the somacompart-
ment.
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