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Adding Volta ge-Activ ated Channels

DAVID BEEMAN

14.1 Review

In theprevious tutorial, we createda neuronsomacompartmenthaving the samephysio-
logicalpropertiesasthoseof thesquidgiantaxonstudiedby HodgkinandHuxley (1952d).
In this tutorial, we will addvoltageactivatedsodiumandpotassiumchannelsto thesoma
by modifying a copy of thescript thatyou producedin theprevious tutorial. Beforecon-
tinuing with this tutorial, you may wish to review the discussionof the Hodgkin-Huxley
channelmodelsin Chapter4. In othertutorials,we will build uponthis to producemulti-
compartmentalmodelsof neuronsand networks of theseneurons. Your script from the
previoustutorialshouldlook somethinglike thelisting of tutorial2.gin AppendixB.

A numberof conventionshave beenusedin this examplescript in order to illustrate
someprinciplesof goodGENESISprogrammingstyle. Any declarationsandassignments
of globalvariablesareperformedatthebeginningof thescript,followedby functionde�ni-
tions,andthenthemainbodyof thescript.Althoughfunctionsto createXODUSformsand
theirassociatedwidgetsoftentendto beratherspeci�c, it is bestto makegenerallyapplica-
ble functionswhenever possible,aswe have donewith themakecompartmentfunction. If
avariableis not likely to beusedoutsideaparticularfunction,it shouldbedeclaredlocally
to thefunction. Of course,the liberal useof commentswill make it easierfor you or oth-
ersto understandyour scripts.Your own script is unlikely to beexactly like this example.
However, if it hasdivergedtoomuchfrom thisgeneralstyle,now mightbeagoodtimefor
a rewrite and“cleanup.” During thecourseof developmentof a simulation,hindsightcan
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226 Chapter 14.AddingVoltage-ActivatedChannels

bevaluable.It is bestto frequentlygo backandrewrite earlycode,ratherthancontinuing
to build uponprogramsthatcouldhave beenwrittenmorecleanly.

14.2 More Fun With XODUS

In previouschapters,we have learnedhow to usethreeXODUS graphicalobjects,or wid-
getsthatareavailablewithin GENESIS.Theseobjects(xform, xgraph andxbutton) and
othersare well documentedin the GENESISReferenceManual. As you develop more
sophisticatedsimulationsandneedto exercisemorecontrol over the placement,sizeand
labelingof graphicalelements,youwill wantto readaboutthemany optionsthatcanbeset
whentheseelementsarecreated.

For example,thedefault title appearingon thegraph( ��������� ) maybechangedby us-
ing the 	�

��
���� option whenthe graphis created.The labelson the buttonsweresetby
default to thenameof thexbutton element.Usuallyyou canchooseanappropriatename
to correspondto the labelyou want,but you maygainadditional�e xibility by settingthe
onlabelandof�abel �elds. Typing “ ���
��������������
�������
�
���� �"!#����� ” will give you a list
of the�elds thatyoucansetto modify theappearanceof thebuttons.Youmayalsowishto
changethesizeandlocationof theform andtheelementscontainedwithin it. For example,
the $�%�&�%�' and$�(�) buttonscouldbeplacedsideby side.It wouldalsobeagoodideato iso-
latethecontrolbuttonsto a “control” form like thoseappearingin many of thesimulations
weusedin Part I of thebook.If weremovethecontrolbuttonsfrom theVmgraphform, the
make Vmgraphfunctionwill bemoreversatileandcanbeusedin othersimulationsthatwe
create.

Thefollowing statementsillustratesomewaysin which we couldchangethelayoutof
a form called/control thatcontainsthecontrolbuttonswehave usedsofar.

*,+�-�.0/�1�23-54�6,7�8�9�.323-�/�:�2�;

.0:�8�6,/�8=<�*�2,:�4?>�.323-�/�:�2�;A@CBEDGFIH�DJFIK�H�DGFLBLM�HON

.0:�8�6,/�8=<�;,63P�8�;Q>�.32�-�/�:�2�;O>�;O63P�8�;SR0T�U�8�2E4VHODWR�P�U?.0X�63-WR�;O63P�8�;VY[Z�\3]�^O_�\,`=a�bO]�c�`�Y

.0:�8�6,/�8=<OPO+�/�/�23-W>�.323-�/�:�2�;�>3_�c�d,c�^eR�f�U�8�2[4Vg�gOh R�i�.0:�1[j�/k:�8�i38,/

.0:�8�6,/�8=<OPO+�/�/�23-W>�.323-�/�:�2�;�>3_,l�] R�<�U�8�2E4VDnmo_�c�d,cO^pR3X�U�8�2[4VDqmr;O63P�8�;kR�f�U�8O2E4Vg�gOhps

R�i�.0:�1Lj�/ti0/�83j�93/�4�6,<

.0:�8�6,/�8=<OPO+�/�/�23-W>�.323-�/�:�2�;�>�u0l�vE^kR�<�U�8�2E4VDnmo_,l�]WR3X�U�8�2E4VDqmr;,63P�8�;kR�f�U�8�2E4Vg,M�hWs

R�iO.0:�1[j�/ew,+�1E/

<�i[T�23ft>�.323-�/�:�2�;

83-�x

The horizontalandvertical positionsandthe width andheightof an XODUS widget
arespeci�ed by the four geometry�elds xgeom,ygeom,wgeomandhgeom. These�elds
maybesetat any time with theset�eld command.You mayalsosetthemwhenthewid-
get is created,by usingtheoptions 	��������O! , 	�y������O! , 	��������,! and 	O�������O! . The �rst line
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illustratesa shorthandnotationfor specifyingthesefour options.Thefour numbersin the
squarebrackets representthe four geometry�elds for the form, measuredin pixels. For
xform elements,positionsaremeasuredrelative to theupperleft-handcornerof thescreen.
In thiscase,we'vegiventheform someextraheightto saveroomfor widgetsthatwemight
want to addlater. You maywant to experimenta bit to �nd the bestsizefor your forms.
Oneway to do this is to usethemouseto resizea form thatyou have created(usuallyby
clicking anddraggingthemouseon theicon at theright endof theform's title bar). Then
useshow�eld to �nd theresultinggeometry.

For otherwidgets,positionsaremeasuredrelative to theupperleft-handcornerof the
form thatcontainsthem. If thesearen't speci�ed, they aresetby default to beat the left-
handsideof the parentform and just below the previously createdwidget. The default
width wgeomis the width of the parentform. Eachtype of widget hasits own default
heighthgeom.

Thesecondline createsanothertypeof widget, thexlabel. It is simply a rectangular
box containinga string of text. It performsno actionwhenyou click on it. As only the
hgeom�eld wasspeci�ed whenthe label wascreated,it will have the width of the form
andwill bejust below thetop of theform. It will be50 pixelshigh andwill have thelabel
“ ����)�'�$���������)�%	� ”. Theoption“ 	���� ��y���� ” setsthebackgroundof thelabelto acolor that
will clashnicelywith thedefaultcolorsof theotherwidgets.Youmightwantto experiment
with othercolor schemes!You maydo this interactively for thevariouswidgetsby using
set�eld to setthebg �eld.

A percentsignmaybeusedafteranumberto indicatethatit representsapercentageof
thescreenor form dimension.This is usedto createa $�%�&�%�' buttonthatis 33%of thewidth
of theform. Thestatementthatcreatesthe $�(�) buttonillustratesanotherway to specifya
position.Thenotation“ 	��������O!�

� $�%�&�%�' ” indicatesthatthebuttonis to beplaced0 pixels
to the right of the $�%�&�%�' button. The option “ 	�y������O!�

�C�����
��� ” meansthat it will be
placedjust below the label. Whatwould happenif this speci�cationwereomitted?Note
thataswe suggestedin thepreviouschapter, we have useda steptmaxfunctionto run the
simulationfor a time tmax.

After removing the lines in make Vmgraph thatcreatethesebuttonsandaddingsome
extra “bells andwhistles,” your functionmight look like

*,+O-�.0/�1�2�- 4�6,7�8�9���4�U�:�6�j�T

*�;,2�6,/���4 1L-��WROD�� BED�D

*�;,2�6,/���4�63<��pD�� DOH

.0:�8�6,/�8=<�*�2,:�4 >,x�63/�6 @ K���DGFrH�DGFIg�HODGFIg�H�D,N

.0:�8�6,/�8=<�;,63P�8�;k>,x�6,/�6�>�;,63P�8�; R�T�U�8�2[4 BEDOhps

RO;O63P�8�;tY[d�2E4�6=f�1E/,Tp]�6 6�-�x��pZ,T�6�-�-�8�;�i�Y

.0:�8�6,/�8=<�UO:�63j�TW>,x�6,/�6�>���2�;3/�6,U�8=R�T�U�8�2E4���D,htR3/�1E/�;O8VY ��8E4�P�:�6�-�8 a�2,/�83-�/�1�6�;�Y

i383/�*�1�8�;3x"!$#3l�-�1E/�iki�8�.&%3l�-�1E/�i'��2�;3/�i

i383/�*�1�8�;3x"!S<04�6,<�(3/�4�63<*) X�4 1[-"(��04 1[-+) X�4�6,<�(���4�6,<�)
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<�iET�23ft>,x�6,/�6

83-�x

In thisexample,thedefault title hasbeenreplacedwith amoredescriptive one.In addi-
tion, theinternal�elds of thexgraph element,XUnitsandYUnits, have beensetto provide
meaningfulhorizontalandverticalaxislabels.Try modifyingyoursimulationscriptto use
thesenew make control andmake Vmgraphfunctionsandobserve theeffectthatthey have.

TheGENESISReferenceManualdescribessomeotherwidget �elds thatyou mayset
to specifycolors,font sizesandalternatelabels. Furtherexamplesof the useof XODUS
widgetsmaybe found in the variousforms.gscriptsusedin the tutorial simulationsfrom
Part I of this book. Themodularityof GENESISmakesit easyto “steal” usefulfunctions
or bits of codefrom thesesimulations. For example,the Cable, Neuron, andMultiCell
simulationsall containa scriptxtools.g. This containsa usefulfunction(makegraphscale)
to pop up a menufor changingthe scaleof the graphsthat are createdin their forms.g
scripts. The Squidsimulationusesa slightly different function to accomplishthe same
thing.

If you prefer, you may leave thesedetailsof “prettifying your display” until afteryou
have learnedto addchannelsto themodel.However, we shouldnow spenda few minutes
learningto useanotherusefulXODUSobject,thedialog widget. Thefollowing statement
createsanelementcalledInjectionwithin the/control form, usingthexdialog object.

.0:�8�6,/�8=<�x�1�6�;O2,Up>�.323-�/�:�2�;�>�v[-���8�.0/�102�-eR�;O63P�8�;tY,v[-��O8�.0/�1�2�-�� 6E4�j�8,:�8�i���Y s

R���6�;�+�8kD�� g�8�R �pR�i�.0:�1[j�/ Y3i38,/�9�1[-���8�.0/���f�10xOU�8,/�	�Y

Thiselementconsistsof a labeladjacentto a dialogbox in which theusercaneditor enter
text. The 	������
��� optionis followedby thestringusedfor thelabelin placeof thedefault,
whichwouldbethenameof theelement.Thebackslash“ 
 ” indicatesacontinuationof the
createstatementto anotherline. Theargumentof the 	������O�
� optionis theinitial valuethat
appearsin thedialogbox andis storedin thevalue�eld of theelement.As with any other
element,this �eld maybeinspectedandsetwith theshow�eld andset�eld commands.In
addition,thevaluemaybeeditedwithin thedialogbox. Whentheuserhits “Return” while
thecursoris within thedialogbox,thevalue�eld is set.In addition,thiscausesthefunction
usedastheargumentto 	����O� �3��
 to beexecuted.Here,set inject is a functionthatwe will
de�ne. (NOTE: it is a commonmistake to changethecontentsof thedialogbox without
hitting “Return”. In thiscase,theold valueis still beingused.)

The argumentof 	������ �3��
 in our dialog box exampleemploys anotherusefulbit of
shorthand.Thenotation���#��
�����
�� standsfor thewidgetthatis beingde�ned. Thus,

	������ �3��
 ������
����,��������
����#��
�����
����

is equivalentto
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	������ �3��
 ������
����,��������
���������
����������3��������
 ����� �

In ourexample,wewould like to de�ne a functionthatgetsthevariablestoredin thevalue
�eld of the xdialog elementandusesit to set the inject �eld of our somacompartment.
Thefollowing functiontakesthenameof thexdialog elementasits argumentandusesthe
GENESISget�eld functionto returnthevalueof thevalue�eld.

�

���J��

����� ����
����,�
�����O
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����������	�

�O
���
����������

����


�

������

���������������O!#� �,�������O
�������


�

������
���

����������
 �����O�
��


����


Theget�eld functionis anotherusefulcommandfor dealingwith theinternaldata�elds
of anelement.It takesthenameof theelementandthenameof the�eld asargumentsand
returnsthevalueof the�eld. Thus,thestatement

���3�
��������


�

������

��������
������������
������

����� ����������


wouldprint out thevalueof thedialogbox. Likewise,

����
����3�
������
���������
������������
������

�����

will useget�eld to retrieve this valueandset�eld to set the inject �eld of /cell/soma. If
you make thesechangesto your script,you will now beableto changethesomainjection
currentby usingthedialogbox.

14.3 Volta ge-Activ ated Channel Objects

GENESISprovidesseveral differenttypesof objectsfor implementingvoltagedependent
ion channels.Thehh channelobject,which we will usein this tutorial,providesthesim-
plestway to implementtheequationsusedby HodgkinandHuxley to modelsodiumand
potassiumchannelsin the squidgiant axon. Anotherobject, the vdep channel, may be
linked to vdep gateobjectsto createchannelsthathave a moregeneralform of theequa-
tions. This latterapproachis somewhatslower becausemessagesmustbepassedbetween
theseparatechannelandgateobjects.For maximumgeneralityin channelmodeling,one
mayusethetabchannelor tab2Dchannelobject,or acombinationof tabgateobjectsused
with vdep channelobjects.The tabchannel, tab2Dchannelandtabgate, which arede-
scribedin Chapter19, allow the useof tableswith interpolationratherthanequationsto
representthevoltagedependencies.Thismakesit possibleto modelchannelsusingexper-
imentaldatathatdo not �t theHodgkin-Huxley form. For seriousmodeling,we strongly
recommendtheuseof tabchannelor tab2Dchannelobjects.As wewill seein Chapters19
and20,thisis particularlyimportantfor accuratesimulationof cellscontainingalargenum-
berof compartments.TheGENESISdirectoryScripts/neurokit/prototypescontainsscripts
thatillustratetheuseof all of thesewaysto implementvoltage-dependentchannels.
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14.3.1 The hh channel Object

In theHodgkin-Huxley model,thegeneralform for thechannelconductanceis represented
asbeingproportionalto an activation statevariableraisedto an integer power, timesan
inactivationstatevariableraisedto anotherintegerpower. Thehh channelobjectcalculates
thechannelconductancefrom theequation

Gk � Gbar � XXpowerYYpower
� (14.1)

Thehh channel �elds in Eq. 14.1correspondto thevariablesin Eqs.4.8 and 4.9. In the
usualHodgkin-Huxley notationfor the Na channel,the activation statevariablem corre-
spondsto our variableX, with Xpower � 3, andtheinactivationvariableh correspondsto
Y with Ypower � 1. TheHodgkin-Huxley K channelactivation variablen is represented
by X in our notation,with Xpower � 4. TheK channelhasno inactivationstatevariable,
sowe useYpower � 0. As we areusingSI units,theconstantof proportionalityGbar (g)
shouldbeexpressedin siemens(1/ohms).

GENESISusestheconventionthatapositivecurrentrepresentsa�o w of positivecharge
into thecompartment,sothecurrentthroughthechannelis givenby

Ik � Gk
�

Ek � Vm�

� (14.2)

Here,Vmis themembranepotentialof thecompartmentthatcontainsthechannel,andthe
othervariablesusedin theseequationsarethe namesof �elds of the hh channel object.
Thesecorrespondto thesubscriptedvariablesin Eq.4.2. The�eld Ek representsthevalue
of theionic equilibriumpotential,whichwewill expressin volts. Channelelementsthatare
createdfrom thehh channelobjectcalculatebothX andY by solvingdifferentialequations
of theform

dX
dt

� a
�

1 � X ��� bX � (14.3)

correspondingto Eqs.4.11–4.13.Thevoltage-dependentrateconstantsa andb caneach
assumeoneof thethreefunctionalforms:

FORM1 (EXPONENTIAL):

a
�

Vm ��� Aexp
� Vm � V0

B
� (14.4)

FORM2 (SIGMOID):

a
�

Vm �	� A


�

exp
� Vm � V0

B
��� 1� (14.5)

FORM3 (LINOID):

a
�

Vm �	� A
�

Vm � V0 �



�

exp
� Vm � V0

B
��� 1�

� (14.6)
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NotethatEqs. 4.23,4.24and4.26-4.29,usedby HodgkinandHuxley to �t theK andNa
channelrateconstants,eachfall into oneof thesethreeforms. The form to be usedand
theconstantsA, B, andV0 arespeci�edfor eachrateconstantby settingthecorresponding
�elds in thehh channelelement.Theseare:

(a for X): X alpha FORM,X alpha A, X alpha B, X alpha V0
(b for X): X betaFORM,X betaA, X betaB, X betaV0
(a for Y): Y alpha FORM,Y alpha A, Y alpha B, Y alpha V0
(b for Y): Y betaFORM,Y betaA, Y betaB, Y betaV0

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

In orderto simplify theprocessof settingall theseinternal�elds, we will borrow a script
from theNeurokit library of channelprototypes.The�le hhchan.g, which is listed in Ap-
pendixB, de�nes two functions,make Na squidhh andmake K squidhh. Thesecreate
the two channelsfrom hh channelobjectsandsetthe internal�elds to thepropervalues.
In orderto understandhow we will usethesefunctions,you shouldnow take a look at the
hhchan.gscript.

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

�,��
 %��+� ��)�%�)�'	���*��� �

�,��
 &����������
	 � �

�,��
 � �O) ����	 � 


at thebeginningof thescript. Thecontentsof thehhchan.gscriptcanbemadepartof our
simulationby usingtheGENESISincludecommand“ �,�#������
�� ���J�3�
��� ” after thesedef-
initions. This script is found in theGENESISScripts/neurokit/prototypes directory. Nor-
mally, the .simrc �le in your homedirectorywill set the GENESISenvironmentvariable
“SIMPATH” so that the prototypesdirectorywill be searchedwhena �le is speci�ed for
inclusion. Thus,you mayusethis or oneof theotherchannel“prototype” scriptswithout
having acopy in thedirectorythatcontainsyoursimulationscripts.

As with any moderncomputerlanguage,you can make your GENESISsimulations
mucheasierto understandby breakingtheminto modulesthatarecombinedby theuseof
include. For example,largeGENESISsimulationsoftenputthegraphicsfunctionstogether
in a scriptcalledforms.g, sothatit maybeincludedif graphicsareto beused,andmaybe
omittedif thesimulationis to beperformedin thebackgroundwith outputto �les. Although
GENESISmakesnodistinctionbetweenconstantsandvariables,it is oftenusefulto include



232 Chapter 14.AddingVoltage-ActivatedChannels

a �le with anamelike constants.gat thebeginningof themainsimulationscript.Thiswill
containassignmentsof globalvariables,suchasionic equilibriumpotentials,whicharenot
expectedto changeduringthecourseof a simulation.TheMultiCell demonstrationin the
Scriptsdirectoryillustratesthis structure.

As oursimulationscriptwill berelatively short,wewill only usetheoneincludedscript
hhchan.g, but will try to keepour globalvariablesandconstantstogetherat thebeginning
of thescript.As weaddmoregraphics-relatedfunctionde�nitions, it will beusefulto keep
themtogetherin onepart of the script, ratherthaninterspersingthemwith non-graphics
functions. However, looking at the listing for hhchan.g, we seethat it makesa necessary
exceptionto theguidelineof keepingglobalvariablestogetherin oneplace.

After someinitial comments,the script de�nes and initializes somevariables(ER-
ESTACT, ENA, EK, andSOMAA) for themembranerestingmembranepotential,channel
equilibriumpotentials,andtheareaof thesoma.Theseareneededby thefollowing func-
tion de�nitions. As this scriptandtheotherchannelprototypescriptswereintendedto be
availablefor inclusionin many differentsimulations,it makessenseto de�ne the needed
“constants”in thesescripts.In thecaseof hhchan.g, thevaluesof theseconstantswerecho-
senfor a granulecell simulationusingHodgkin-Huxley channels,but with potentialsthat
areslightly shiftedfrom thesquidpotentialswhich we de�ned in the lasttutorial. Thus,it
is importantto placethe“ �,�#���O��
��?���J�3�
��� ” statementbeforeourown de�nitions of these
constants,so thatourswill prevail. It is alsoa goodideato put in commentsthatexplain
thenecessaryorderof thesestatements.

Wecanunderstandhow theseconstantsandtheSOMAA constantareusedby lookingat
thede�nition of thefunctionmake Na squidhh, which follows someextendedcomments
describingthehh channelobject.Thefunctionbeginsby checkingfor theexistenceof an
elementcalledNa squidhh. If this channeldoesn't alreadyexist, oneis createdandthe
internal�elds aresetwith a lengthyset�eld commandthatbeginswith

����


�

������
 )�� �������J��
��O��� 


%�� ��%�)���
 
 �����

���
��� � ��� ��� 
	��&+� � � �*��
 
 ��� &

The �eld Ek is the “battery” that is in serieswith the sodiumconductance.It will be set
to thevalue(in volts) thatwe have de�ned for thesodiumequilibriumpotential,ENA. In
their paper, HodgkinandHuxley (1952d)�t Gbar to a valueof 120 milli-mhos (mS) per
squarecentimeterof membranearea. You shouldverify that if we calculateSOMAA in
squaremeters,the expressionabove will correspondto the Hodgkin-Huxley result in SI
units. In your script, usethe valuesthat we have given for the somadimensions,somal
andsomad, to calculateSOMAA for our cylindrical somacompartment.In doingso,you
are letting this singleNa channelrepresentthe compositebehavior of the many sodium
channelsthatwould befoundin a patchof membranewith areaSOMAA. If you have the
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time(andinclination)youmaywishto verify thatthevaluesusedto settheremaining�elds
correspondto thoseusedby HodgkinandHuxley. You shouldnote,however, thatthesign
conventionusedfor voltagesby HodgkinandHuxley is reversedfrom ourmodernusage.

Thefunctionmake K squidhh works in a similar mannerto createa potassiumchan-
nel calledK squidhh. Thesetwo channelswill be createdat the currentposition in the
hierarchicalelementtree. For a convenientgroupingof elements,we would like to refer
to thesechannelsas/cell/soma/Nasquidhhand/cell/soma/Ksquidhh. Theeasiestwayto
accomplishthis is to usethepusheandpopecommandsto temporarilymake /cell/somathe
currentworkingelement.Wecancreatethetwo channelsin theproperlocationby putting
thestatements

���J�3�
�
���������������,!#�

!#� ��� ��)�� ��� ���J��
������

!#� ��� �

�

��� ���#��
 �����

�
���
�

in themainpartof ourscript,afterthestatementsthatcreatethesomacompartment.
At this stage,we now have the two channels,but we have not yet linked themto the

soma.Thesomaneedsto know thevalueof thechannelconductanceandits equilibrium
potentialin ordertocalculatethecurrentthroughthechannel.Thesomawill usethiscurrent
aspartof its calculationto updatethesomamembranepotential.Thechannelcalculatesits
voltage-andtime-dependentconductanceusingthe currentvalueof the somamembrane
potential. As usual, thesecommunicationlinks are establishedby settingup messages
betweentheelements.Thesomamaybelinkedto thesodiumchannelwith thestatements

� 
 
�!q�O�����������������O! ����)�� ��� ���#��
 �����
���������������,!#����� ��)�)�%+� ��� %��

� 
 
�!q�O�����������������O! �
���������������O! ����)�� ��� ���#��
 ����� � ����'�� ��% ��!

You shouldnow addtheseto your script, alongwith the correspondingmessagesfor the
potassiumchannel. Beforerunningthe simulation,askyourself if thereis anything else
thatneedsto bedone.

14.4 Final Additions and Impr ovements

At theendof theprevioustutorial,wediscussedsomeguidelinesfor choosinganappropri-
ateintegrationstepto bespeci�ed with theGENESISsetclock command.With no active
channels,thissimulationproducedasmoothasymptoticincreaseto aconstantvalueof Vm.
Now thatwehave addedthechannels,weexpectto seeactionpotentialswith a fairly short
risetime. Youshouldthereforeuseeitheryourknowledgeof neurobiologyor trial anderror
to setthestepsizeto asuitablevalue.
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You shouldnow beableto click on the $�(�) button to producea sequenceof realistic
looking actionpotentials. With the injection currentsetat 0 � 3 nA, they shouldoccurat
intervalsof roughly14 msec. You maynoticesomethinga little strangeaboutthe�rst few
stepsof thesimulation,however. Insteadof startingat a restingpotentialof � 70 mV, the
membranepotentialstartsat about � 59 mV andthenbecomesmorenegative. This effect
becomesmoreobvious if you setthe injectioncurrentto zero. You would expectto seea
constantVmof � 70mV, but the�rst 10msecof thesimulationshow adifferentbehavior. In
general,theinitial stepsof aneuralsimulationwill notbegin with thesystemin a“natural”
state.Onesolutionto this problemis simply to run thesimulationuntil it reachesasteady-
statebehavior beforetaking data. In our case,it is possibleto performa morerealistic
initialization if we understanda few detailsof the GENESISresetfunctionandits effect
uponcompartment objectsandchannels.

14.4.1 Use of the Compar tment initVm Field

In Sec.12.5,we have discussedsomeof theactionsperformedby GENESISobjects.The
resetcommandcauseseachelementto 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 membranepotentialVm will be
initialized to thevalueof the initVm �eld of thecompartment.We haven't mentionedthis
�eld before,becauseit normallycontainsthesamevalueastheEm�eld andfollows any
changesthataremadeto Em. Thus,thedefault behavior is thatVm getsintialized to Em
afterareset.(RememberthatEmis the“leakage”batterythatis in serieswith themembrane
resistanceRmin Figure12.1.) TheRESETactionfor thehh channnelobjectcausesit to
getVmfromany incomingmessagesandto useit to calculateinitial valuesfor theHodgkin-
Huxley rateconstantsandthechannelconductanceGk. If therewereno passive channels
or sourcesof currentotherthanthechannelsexplicitly addedto our model,we would set
thesomaEm�eld to ERESTACT ( � 70 mV). As this would indirectly settheinitVm �eld
to the samevalue, this initial valueof Vm would be usedto calculatethe initial channel
conductancesafter a reset. Theseconductances,with the channelequilibrium potentials,
would resultin no netcurrent�o w into thesoma.ThusVmwould remainat ERESTACT
in theabsenceof any currentinjection.

In the Hodgkin-Huxley model, the Na andK channelsproducea net current�o w at
ERESTACT. In order to offset this current,Em is set to Eleak, a leakagepotentialthat
differsfrom ERESTACT. With thepropervalueof Eleak, therewill benonetcurrent�o w,
andVm will remainat the steady-statevalueof ERESTACT. However, after a reset, we
want to start the simulationwith Vm initialized to ERESTACT, ratherthanEleak. This
mayeasilybeaccomplishedby settingthesomainitVm�eld to ERESTACT afterthesoma
compartmenthasbeencreatedandEm hasbeenset to Eleak. OnceinitVm hasbeenset
to a valuewhich is differentfrom thatof Em, futurechangesto Em will no longeraffect
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initVm. (If you laterwantto have initVmfollow changesto Em, justsetit to thesamevalue
asEm.) With this �nal additionto thescript,everythingwill beproperlyinitialized. Your
simulationresultsshouldnow look like thoseshown in Fig. 14.1.

You might notice that, even with this change,the �rst actionpotentialis larger than
subsequentones.Thisis notabugin thesimulatoror yourscript,but is alegitimateresultof
theHodgkin-Huxley model.You maywish to experimentwith differentinjectioncurrents
andseeif youcanexplain thisbehavior.

Figure14.1 Typical resultsfor theGENESISsimulationof asomawith Hodgkin-Huxley sodiumandpotas-
siumchannels.

14.4.2 Overla ying GENESIS Plots

Thereis yet anotheradditionthat you may make to your simulationif you choose.The
command“ �3�
���

�

������
���
���
�����������
������ 	������ ” revealsthatyourvoltagegraphhasa�eld
calledoverlaythatwasinitialized to zero.As mentionedabove, by settingit to a non-zero
value, you may suppressthe clearingof the graphduring reset. This will allow you to
overplotresultsusingdifferentinjectioncurrents,stepsizesor otherparameters.Although
youcansetthis �eld to differentvaluesfrom theGENESIScommandline, it wouldbenice
to toggleit backandforth betweenzeroandoneby clicking onabutton.As this lessonhas
beenlong enough,we will save thediscussionof theXODUStogglewidgetfor theendof
Chapter15. If you would like to addtogglebuttonsto your simulations,you may�nd the
informationyouneedthere,or in theGENESISReferenceManual.
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14.5 Extended Objects

You mayencounterGENESISscriptsthatuseextendedobjectsto createvoltage-activated
channels,ratherthan functionssuchas thosede�ned in hhchan.g. Extendedobjectsare
createdby a newly addedGENESISfeaturethat allows you to usethe GENESISscript
languageto createyourown objects.Thestartingpoint for anextendedobjectis anelement
or hierarchyof elementscreatedfrom existingGENESISobjectsthathave at leastsomeof
the propertiesof the new object which you would like to create. New �elds, message
de�nitions andactionsmaythenbeaddedto theroot elementof thehierarchybeforeit is
convertedto anextendedobject.

For example,you may wish to createa specializedversionof the hh channel object
in order to implementa Hodgkin-Huxley potassiumchannel. Or, you might replacethe
functionmake Vmgraphwith anextendedgraphicalobjectthat is appropriatefor plotting
membranepotentials. Typically, this would consistof a form, graphandoverlay toggle
buttonlinkedby messages,andwould have thevarious�elds pre-setto appropriatevalues
for plotting membranepotentials. It might also be convenientto de�ne a compartment
objectthatcancalculateandsetits own valuesof Rm, CmandRafrom theglobalvariables
RM, CM andRAusingthecompartmentdimensionsthathave beensetin its own len and
dia �elds.

Asaspeci�c example,let'screateanextendedobjectto representa“squid-like” Hodgkin-
Huxley potassiumchannel.Whena channelelementis createdfrom this object,we would
likeit tonotonlyhavethe�elds for thevariousHodgkin-Huxley constants(X alpha FORM,
etc.) initialized to theappropriatevalues,but we would like it to performsomeof theac-
tionsthatwerepreviouslyde�nedin oursimulationscript.For example,it shouldbeableto
calculatetheareaof its parentcompartmentfrom thecompartment's lenanddia �elds, and
usetheseto calculateandsetGbar, without having to previously specifya globalvariable
SOMAA andvariablesfor thesomadimensions.It shouldalsobecapableof establishing
its own messageswith theparentcompartment,so thatwe don't have to do this ourselves
eachtime we adda channelto a compartment.We illustratesomeof thesefeatureswith
excerptsfrom thescripthhchan K.g, which is listedin AppendixB.

Thescriptbeginsmuchlike hhchan.g, with thede�nition of someglobalconstants,the
creationof anhh channelelementcalledK squidhh, andthesettingof thevarious�elds.
Onedifferenceis 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 settheGbar �eld to zero,asit will be initialized to
thepropervaluewhenthechannelis createdasthechild elementof a compartment.

Next, we adda new �eld gdensto theelementto hold theconductancedensityof the
channel,andsetit to thedefault valueof 360S
 m2. This is donewith thestatements
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6OxOx�*�1�8�;3x ��9�i�w,+�10x�9�T�T U�x�83-�i

i383/�*�1�8�;3x ��9�i�w,+�10x�9�T�T U�x�83-�i g��OD�� D

Theadd�eld commandis usednot justwith extendedobjects,but maybeusedany timewe
wish to addanew �eld to anelement.

As ournew objectwill beaspeci�c kind of channel,ratherthanageneralizedHodgkin-
Huxley channel,it is bestto protectthe Hodgkin-Huxley channelconstantsfrom being
inappropriatelychangedby the user. In fact, it would be a goodideato hide themfrom
view, so that “ �3�����

�

������
 	������ ” will show only �elds aboutwhich we care. We would
like to beableto inspecttheGbar �eld, but it shouldonly beindirectly settableby setting
gdens. We setthesetwo differentlevelsof protectionusingtheset�eldprot commandwith
thestatements

i383/�*�1�8�;3x,j�:�2,/ ��9�i�w3+�10x�9�TOT R�T�1Ex�x�83- #,j�23f�8,:�%,j�23f�8,:�#�9O6�;�j�T�6�9���\3_ �Qs

#�9,6�;�j�T�6�93b #�9O6�;�j�T�6�9�� #�9O6�;�j�T�6�9���D #�9�P�8,/�6�9���\3_��&#�9�P�8,/�6�93b s

#�90P�8,/�6�9���#�9�P�83/�6�9���D$%�9O6�;�jOT�6�9���\�_�� %�9O6�;�j�T�6�93b %�9,6�;�j�T�6�9��ps

%�9,6�;�j�T�6�9���D$%�9�P�8,/�6�9���\3_�� %�9�P�83/�6�93b %�9�P�8,/�6�9�� %�9�P�83/�6�9���D

i383/�*�1�8�;3x,j�:�2,/ ��9�i�w3+�10x�9�TOT R3:�8O6Ox�23-�;�X��,P�6,:

ThesecondstatementprotectstheGbar �eld, but usesthe“ 	������ 
���� ��y ” optioninsteadof
“ 	��#��
 
���� ”, so that it will bevisible with theshow�eld command,but will not besettable
with set�eld.

Now weneedto de�ne afunctionthatextendstheSETactionof thehh channelobject
to alsosettheGbar �eld whenever thegdens�eld is set.This is accomplishedwith:

*,+�-�.0/�1�23-���9�i�w,+�10x�9�T�T�9Od3c�^ � 6�.[/�1�20- F *�1�8�;,xGF -�83f ��6�;�+�8 �

*�;O2�6,/e-�83f ��6�;0+�8

*�;O2�6,/ka�v&�pg�� BLM�BEH��

10*��I*�1�8�;3x���� Y U�x�83-�i�Y �

i38,/�*�1�8�;,x ���,P�63:"(�a�v	� (3U�8,/�*�1�8�;,x � � x�106 )
� (3U�8,/�*�1�8�;,x � � ;O8�-+)
�E-�8�f ��6�;�+�8 )

83-�x

:�8,/O+�:,-pD >�>t1[-�x�1O.36,/�8S/OT�6,/pd,c�^p6�.E/�1�23- 1Oi[-�� /QX�8,/V.32E4�j�;O8,/�8

83-�x

Whenthe set�eld commandis given, the threeargumentsaction, �eld andnewvalueare
automaticallypassedasstrings.As wewouldlikenewvalue(thevalueusedto setthegdens
�eld) to bea �oat, we redeclareit here.

This is the�rst time thatwehavementionedtheGENESISif constructsofar, although
it alsoappearsin hhchan.g. In the next chapter(Sec.15.3)we will seeanexampleof an
if-else. In eitherof theseconstructs,theword “ �

�

” is followedby a spaceandthena pair
of parenthesesthatcontainsa logical expression.If theexpressionis true,it evaluatesto 1
andthestatementspreceding“ ����
 ” will beexecuted.Notetheuseof thetwo equalssigns
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(“ � � ”) to representthelogicaloperatorfor “equalto,” asdistinctfrom thesinglesignused
to assigna value. TheGENESISlogical operatorsaresimilar to thoseusedin C, andare
describedin theGENESISReferenceManual.

In our case,we want our new SET action to do somethingspecialif the �eld being
setis our newly addedgdens�eld. Otherwise,thedefault SETactionof thehh channel
objectwill take over. Speci�cally, we wantto multiply thenew valueof gdensby thearea
of the parentcompartmentandusethis to setthe Gbar �eld of the channel.Fortunately,
thecompartment objecthastwo �elds, len anddia, whichmaybeusedto hold thelength
anddiameterof thecompartment.Notethat the“ � ” in theset�eld expressionrefersto the
workingelement(ourchannel)andthatthe“ � � ” in thetwo get�eld expressionsrefersto its
parentelement(thecompartmentcontainingthechannel).WhentheSETactionis called,
thechannelelementbecomestheworkingelementduringexecutionof theK squidhh SET
function. This changeof working elementtakesplacefor all actionfunctions. Also note
that it is not necessaryto nametheworking elementwith set�eld andget�eld commands,
sothe“ � ” couldhave beenomitted.We alsoneedto besurethatthegdens�eld itself gets
setto newvalue. This will bedoneby thedefault SETactionif we indicatethatour SET
actionfunctiondid notsetthe�eld directly. Weprovidethis informationwith thestatement
“ ����
������ 
 ”, whichcausesthefunctionto returnavalueof zero.

Having de�nedafunctionto implementthenew SETaction,wenext usetheaddaction
command

6OxOx�6�.0/�1023-���9�i0w,+�10x�90T�T d,c�^ ��9�i�w,+�10x�9�T�T�9Od3c�^

to specifythenameof theelement(K squidhh), thenameof theactionthatit is to perform
(SET)andthenameof thefunctionthatimplementstheaction(K squidhh SET).

This will properlysetGbar whenwe changethevalueof gdens, but we would like to
properlyinitialize Gbar whentheelementis �rst created.Wewouldalsolike themessages
thatlink thechannelto its parentcompartmentto beautomaticallyaddedwhentheelement
is created.Finally, weshouldput in someprotectionto ensurethatournew kind of channel
canonly becreatedasa child elementof acompartment.

We canaccomplishthesewith a similar functionthatextendstheCREATE action,and
with anappropriateaddactioncommand:

*,+O-�.0/�1�2�- ��9�i�w,+�10x�9�T�T�9,ZO_�c�b,^�c �r6�.E/�102�- F j�6,:�83-�/qF 23P���8�.0/qF 8�;[4 �

*�;,2�6,/ka�v �Wg � BLM�BEH �

10*���� (�1Oi36W.32E4�j�6,:�/�4�83-�/ � � )��

8�.ET�2 ��9�i�w3+�10x�9�TOT54�+�iE/QP�8Q/OT�8t.[T�13;,x 2O*p6V.�2E4�j�6,:O/�4�83-�/
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6OxOx04
i0U������ Z���b�]�]Oc�` �O7 c�7

6OxOx04
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Here,we usethe isa commandto seeif the parentelementis derived from the compart-
ment object.Thenegationoperator“ � ” is thenusedsothat if thechannel's parentis not a
compartment,anerrormessagewill begivenandthefunctionwill returnazero,indicating
thatcreationof theelementfailed. If thetestis passed,we go on to calculateandsetGbar
usingthecompartmentdimensionsandthedefault valuethatwepreviouslyestablishedfor
gdens. The two addmsgcommandsaresimilar to thoseat theendof Sec.14.3,addinga
CHANNEL messagefrom thechannelto thecompartment,andaVOLTAGEmessagefrom
thecompartmentto thechannel.Thefunctionendswith “ ����
������ � ” to indicatethatit was
completedwithouterror.

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 becreatedandthenthe nameof the elementfrom which it wasmade. This command
alsoallows optionsfor specifyingthenameof theobject's authoranda descriptionof the
object.Thesewill thenappearwith showobject, just aswith abuilt-in GENESISobject.In
ourexample,wehave:

6OxOx�23P���8�.0/ ��9�i0w,+�10x�90T�T���9�i0w,+�10x�90T�T RO6�+�/OT�2,:?Y�� � _ ����6�.07�8,:�Y5s

R,x�8�i�.0:�1Lj�/�1�23-tY���2,xOU�7�1[-�R��O+�<�;,8,X b�.0/�1 ��8&�WdOw,+�10xkZ,T�63-O-�8�;kRQd�vS+O-�1E/�i�Y

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

T�T�.ET�63-�9��

;O8

;�1,i0/�23P��O8�.0/�i

NotethattheelementK squidhh doesn't exist, but thatthereis a new objectof this name.
Of course,we could have useda differentnamefor the basiselementand the extended
objectthat we createdfrom it. Either way, the addobjectcommanddestroys the original
elementwhenthenew objectis created.Try thecommands

iET�23f�23P��O8�.0/ ��9�i�w,+�10x�9�T�T	� 4�2,:�8

iET�23f�23P��O8�.0/=T�T�9�.ET�63-O-�8�;
� 4�2,:�8

Whatdifferencesdoyounote?Now try
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.0:�8�6,/�8p.32[4�j�6,:�/04�83-�/k>�.32E4�j�/
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iET�23f34
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How do theresultsof theshow�eldandshowmsgcommandscomparewith thoseobtained
for the/cell/soma/Ksquidhhelementin yourtutorialscript?(Youcanalsoloadtutorial3.g
without interferingwith any of thecommandsgivensofar.)

Try settingthe /compt/Kgdens�eld to a different valueand inspectingthe valueof
Gbar. Whathappensif you try to setGbar directly? Whathappensif you try to createa
K squidhhelementasachild of anelementthatis notacompartment?

TheGENESISReferenceManualdescribessomeothercapabilitiesof extendedobjects
thatareusefulwhenconstructinga compoundobjectfrom a hierarchyof elements.Nor-
mally, all accessto elementsof thenew objectarevia the �elds, messagesandactionsof
the root element,andthe child elementsarenot accessible.Although this is usuallyde-
sirable,therearecaseswhenwe wantto accesssomeof the�elds andmessagesof oneof
thechild elements.For example,if therootelementis theform thatcontainsthegraphfor
plottingmembranepotential,wewouldwantto beableto addPLOT messagesto thegraph
andto setthe �elds thatspeci�y the rangesfor its axes. This maybedonewith message
forwarding andindirect�elds.

TheGENESISReferenceManualalsodescribestheprocedurefor de�ning new objects
andGENESIScommandsby programmingthemin C, compiling themandthenlinking
theminto a new versionof theexecutablegenesis�le. If this procedureis usedto create
a new objectthathasa computationallyintensive PROCESSactionadded,it will execute
morerapidly thanonethat is createdat thescript level. Nevertheless,it mayspeeddevel-
opmentto make initial testsusinganextendedobjectasa prototype.For theexamplewe
have givenhere,thereis little speeddisadvantagein usinganextendedobject,becausethe
script languagefunctionsareusedonly whenanelementis created,or when�elds areset.
Thecompiledcodefor theoriginalhh channelobjectis usedduringthePROCESSaction.

14.6 Exercises

1. It would beusefulto beableto modify boththe time stepdt andtherun time tmax
from dialogboxes. Add thesefeaturesto your simulationandhave thex-axisof the
graphadjustto thenew tmax.

2. Thefunctionmake Ca hip traub91in neurokit/prototypes/traub91chan.g will create
a high thresholdcalciumchannelCa hip traub91. (Exceptfor themoredescriptive
name,this is thesameastheCachannelusedin the traub91tutorial of Chapter7.)
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Chapter19 describeshow this channelwascreatedfrom a tabchannel object. As
with the channelsin hhchan.g, we may useit without having to be concernedwith
thedetailsof thetraub91chan.gscript. Copy this �le into yourdirectoryandinclude
it in a copy of your simulationscript. Thenmake thechangesnecessaryto addthe
channelto your model. In orderfor it to have a signi�cant effect, you will needto
increasethevalueof theGbar �eld from its default value.Whatvalueof Gbar gives
anappreciable“shoulder”to theactionpotentials?

3. In Sec.14.2,we mentionedthemakegraphscalefunction.Usethis functionto adda
��������� buttonto eachof your graphs,sothatyou mayeasilychangethexmin,xmax,
ymin,andxmax�elds.

4. TheSquidtutorial (Chapter4) usesthescriptsquidelectronics.gto simulatethecir-
cuitry thatis usedfor voltageclampexperiments.Thisis accomplishedwith acombi-
nationof thePID (Proportional,Integral,Derivativecontroller),diffamp (differential
ampli�er), andRC (low pass�lter) objects.TheGENESISReferenceManualand
theon-linehelpprovideadditionaldocumentationfor thesedevices.Adaptthisscript
to providevoltageclampcapabilityfor yoursimulation.

5. Why is the �rst action potentialof the seriesshown in Fig. 14.1 higher than the
following ones? It may help to revisit the Squid tutorial (Chapter4) in order to
examineplotsof someof theothervariables.

6. Makeascriptanalogousto hhchan K.g to createanextendedobjectfor theNachan-
nel. Modify your tutorial3.g script to useextendedobjectsinsteadof the functions
de�ned in hhchan.g. Don't forget to setthe len anddia �elds of thesomacompart-
ment.
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