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Implementing Other Types of
Channels

DAVID BEEMAN

19.1 Intr oduction

Sofar, wehavebeenusing“squid-like” Hodgkin-Huxley channelsfor ourvoltage-dependent
channels.In Chapter7, youwereintroducedto amuchwidervarietyof ionic conductances.
Therearescriptsthatcontainfunctionsfor creatingtheseandmany otherchannelmodels
in the Scripts/neurokit/prototypes directory. If you areconstructinga realisticcell model
andarelucky, youwill �nd afunctionto createthechannelyouneedin oneof thesescripts.
Sometimesyou mayneedto write your own functionor, at least,modify a functionthat is
similar to theoneyouneed.

In Chapter14, we learnedhow to implementvoltage-dependent channelswith the
hh channelobject. This objectis fairly easyto use,andhasa straightforward correspon-
dencebetweenits internal �elds andthe parametersusedin the Hodgkin-Huxley model.
However, thereareseveral goodreasonsfor preferringanotherGENESISchannelobject,
thetabchannel. Althoughthis objectsolvesdifferentialequationsof theHodgkin-Huxley
form, given in Eq. 14.3, the rateparametersareprovided by a table lookup, ratherthan
from a �t to oneof the threefunctionalforms(Eqs.14.4– 14.6)usedby thehh channel.
For further �e xibility, GENESISoffers a relatedobject, the tab2Dchannel, which uses
two-dimensionaltables.

Somechannelmodelsuseexpressionsfor the rateconstantsa andb that arenot in
oneof theseforms. Evenif therateconstantscanbeexpressedin this manner, it is much
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302 Chapter 19.ImplementingOtherTypesof Channels

fasterto usea tablelookupthanto evaluatethefunctionalform of theratevariable.Thus,
a model that containsa greatmany channelswill run much fasterif it usestabchan-
nels or tab2Dchannels, ratherthan hh channels. In addition, the tabchannel and the
tab2Dchannelmaybeusedwith thefastimplicit numericalintegrationmethodsdiscussed
in Chapter20. Not only will thesemethodsfurther increasethespeedof your simulation,
but they arerequiredin orderto obtainnumericallystableandaccuratesolutionsfor large
cell modelsthat containmany compartments.For thesereasons,the tabchannelandthe
tab2Dchannelarethepreferredobjectsto usefor implementingvoltage-dependent chan-
nelsin largemodels.

In the following sections,we usethe tabchannel to modelchannelsfrom experimen-
tal datathat have not been�tted to equations.We usea similar procedureto implement
modelsfor rateparametersthatarenot in oneof thethreestandardforms(Eqs.14.4–14.6).
With the tabchannel, tab2DchannelandsomeotherGENESISobjects,we modelchan-
nelsthathaveaconductancethatdependsontheintracellularconcentrationof calciumions.
Thesynchanobject,introducedin Chapter15,providesa fairly generalway to implement
most synapticallyactivatedchannels.Towardsthe end of this chapterwe discussother
approachesthat may be usedto implementNMDA channels,gapjunctions,anddendro-
dendriticsynapses.

In thischapter, wegiveexamplesof scriptlanguagefunctionsthatmaybeusedto create
varioustypesof channels.Thesearein a form suitablefor useasprototypeswith current
versionsof readcell(Chapter16)andNeurokit (Chapter17).

19.2 Using Experimental Data to Make a tabc hannel

SmithandThompson(1987)usedvoltageclampexperimentssimilar to thosedescribedin
Chapter4 to measurethecharacteristicsof theslow inwardtail current(IB) thatis foundin
burstingpacemaker cellsof Tritonia diomedia. This currentis oftencalledthe“B-current”
becauseit is believed to be responsiblefor maintainingthe prolongeddepolarizationthat
allowsburstsof actionpotentialsto occur. Wewill useresultstakenfrom thispaperto con-
structachannelmodel,usingthetabchannelobject.Thismodelwasusedin thesimulation
of the burstingmolluscanneuronin Chapter7. The GENESISfunctionsthat implement
this channelmodelandtheothersthatareusedin thesimulationcanbefoundin thescript
ASTchan.gin theneurokit/prototypes directory.

Figure19.1A replotsthe Smith andThompsondatafor the experimentallymeasured
time constant(squares).As is typical with thesesortsof measurements,thereis a large
amountof experimentaluncertaintyin thesevalues,aswell asvariationfrom sampleto
sample.Therefore,we will wantto draw a smoothcurve to �t thedatapoints,asshown in
thedottedline,andtakeourvaluesfrom thiscurve. Althoughacurve-�tting programcould
beusedhere,an“eyeball” �t by handis adequate,consideringtheamountof noisein the
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data.Ideally, wewould like to have similar datafor thesteady-statevalueof theactivation
statevariable,m¥ . As is oftenthecase,weareonly giventhesteady-statecurrent

IB �

gBmp �

Erev �

V ��� (19.1)
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Figure 19.1 Datataken from SmithandThompson(1987)for theB-currenttime constant(A) andsteady-
stateactivation(B). Thesquaresrepresentexperimentaldataandthedottedlinesrepresenta®t to thedata.

They estimatedErev to beapproximately68mV, but did notperformany �tting to deter-
minetheexponentialp, or themaximumconductancegB. When�tting m¥ to a sigmoidor
otheranalyticalfunction,it is customaryto chooseavalueof thepower p thatgivesthebest
�t, asdiscussedin Sec.4.4.1andillustratedin Fig. 4.5. In this case,we have usedp

�

1.
ThemaximumconductancegB is alsounknown. Often,wecanestimateit by usingEq.19.1
to calculateandplot gBmp andmakinguseof our expectationthatm¥ will asymptotically
approach1.0at largevaluesof V. This plot, shown in Fig. 19.1B,shows no signof having
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reacheda maximum,althoughthereis somehint of sigmoidalbehavior. Thebestwe can
do is to guessthatm hasreachedabouthalf of its maximumvalueat 40mV, andtake gB to
beabout0.1µS. Thisuncertaintywill affect thescalingof theactivationparameter, but will
not affect any calculationsusingour channelmodel,asthechannelcurrentis thequantity
of interest.By drawing a smoothcurve throughthedata,asin Fig. 19.1B,we canestimate
valuesof m¥ to usein ourchannelmodel.

19.2.1 Setting the tabc hannel Internal Fields

Like thehh channel, thetabchannelhas�elds for Ek andGbar, theactivationstatevari-
ablesX andY, and their associatedexponents,Xpowerand Ypower. Thereis an addi-
tionalvariableZ andexponentZpowerthatmaybeusedto providecalciumconcentration-
dependentactivationor inactivation. Thus,thechannelconductanceis calculatedfrom an
equationanalogousto Eq.14.1,

Gk
�

Gbar � XXpowerYYpowerZZpower (19.2)

and the channelcurrentis calculatedfrom Eq. 14.2. Eachof thesethreestatevariables
obeys anequationof theform

dX
dt �

A
�

BX � (19.3)

In orderto make the calculationmoreef�cient, the notationis slightly differentfrom
thatusedin Eq.14.3.A comparisonof thetwo equationsshows thatA

�

a andB
�

a
�

b.
Eachof the threegates(X, Y, and Z) can have associatedtablesto containthe voltage
dependenciesof theA andB variables.

We canillustratetheuseof the tabchannelby constructinga scriptalongthe linesof
hhchan.g, listed in AppendixB, which we usedin Chapter14. We will usethe script to
de�ne a functionto createa prototypechannelthatcanbeusedwith Neurokit andthecell
reader, so the initial statementsin the script will be fairly similar. Following the naming
conventionusedwith theotherchannelprototypescripts,we cancall thechannelB trit st
andthefunctionthatcreatesit make B trit st. As thereis no inactivation,andwe decided
to let p

�

1 in Eq.19.1,theinitial statementsin ourscriptshouldlook somethinglike
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At thispoint, thehhchan.gscriptcontainsstatementsfor settingtheparametersusedto
calculatea andb. In ourscript,wewill createtablesfor A andB and�ll themwith data.

The tabchannelandotherGENESISobjectsthatmake useof tableskeepthe tabular
datain adatastructurecalledaninterpol struct. With someminorvariations,theprocedures
for manipulatingandaccessingthecontentsof the interpol structaresimilar for all these
objects.The�rst stepis to allocatespacefor thetablesin theinterpol structandto setthe
valuesof �elds thatspecifythenumberof tabledivisions(xdivs), thex-valuecorresponding
to the�rst entryin thetable(xmin), andthatof thelast(xmax). This is doneby invoking the
object's TABCREATE actionwith thecall command.For a tabchannel, this is donewith
acommandof theform
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wherethe “gate” is X, Y, or Z. Beforewriting the restof your script, it would bea good
ideato experimentwith the tabchannelby enteringsomecommandsinteractively to the
GENESISprompt.Try giving thecommands
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This will createboth an A tableanda B tablefor the X gate. The two tableswill be
namedX A andX B andwill have identicalvaluesof xdivs, xmin, andxmax. Theindicesof
theentriesrun from 0 to xdivs, sothexdivs�eld is literally thenumberof intervalsin the
table.Thenumberof entriesis xdivs+ 1. Thefollowing commands,which you shouldtry
for yourself,illustratethenotationusedfor accessingthese�elds andtableentries.
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Oncethe A andB tableshave beensetup and�lled with the propervalues,a VOLTAGE
messagecanbesentfrom a compartmentto thechannel,giving themembranepotentialto
be usedto calculatethe channelconductance.If the voltageis

�

0 � 1 or less,the table[0]
valueswill beaccessed.A voltageof 0.05or greaterwill accessthetable[30] values.

In principle,onewouldusetabulatedvaluesof m¥ andt in orderto calculatethevalues
of A andB thatgo into thetables.Thesewouldbegivenby

A
�

a
�

m¥ �

t (19.4)

B
�

a
�

b
�

1
�

t � (19.5)

However, GENESIShasa function,tweaktau, whichallows usto �ll theA tablewith t and
theB tablewith m¥ . After thetablesare�lled, wecanusethisfunctionto “tweak” thetables
by performingthecalculationsgivenin Eqs.19.4and19.5.Thereis ananalogousfunction,
tweakalpha, whichwould let us�ll thetableswith a andb andtheninvoke thefunctionto
re�ll themwith theproperA andB values.Wecanmake useof theinterpolationcapability
of GENESIStabular objectsin orderto minimize thenumberof datapointsthatwe need
to enterinto thetables.Datapointstakenat 0.005V intervalswill give usa fairly smooth
curve. Giventheuncertaintyof theexperimentaldata,no furtherprecisionis justi�ed. The
rangeof

�

0 � 1 to 0.05volts usedin theexampleabove coversthemembranepotentialswe
would expectto �nd. Settingxdivsto 30 givesusthedesiredvoltageincrement.Thedata
in Fig. 19.1A begin at

�

60 mV, wherethe smoothedvalueof t is 2.27sec. Ratherthan
trying to extrapolateto lower voltages,wewill �ll the�rst eightentriesof theA tablewith
this value.This canbedoneby settingeachof thesetableentriesindividually, but thereis
aneasierway.

Theneurokit/prototypes/defaults.g script,which is includedwhenNeurokit is run, de-
�nes a GENESISscript function, settab2const, to do this sort of thing. If you are not
usingNeurokit, you may includedefaults.gin your simulation,or copy the de�nition of
settab2constinto your own script. If we make useof this function,�ll thetableswith data
from Fig. 19.1,and“tweak” the tablesto convert the entriesto thosegiven by Eqs.19.4
and19.5,theremainderof our functionde�nition will look somethinglike
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TheGENESISReferenceManualdescribesanotheralternative to �lling thetableswith
thesemany set�eld commands.Thedatacouldalsohave beenenteredinto a �le andread
into thetabchanneltableswith the�le2tab command.

Thereis onelasttrick thatwecanapplyto wring themostef�ciency outof ourtabchan-
nel simulations.If we wereto setxdivsto 3000insteadof 30, andwereto �ll the tables
with 3001interpolatedvalues,we could do without interpolationwhile the simulationis
beingrun. Althoughthis would resultin a slight increasein thetime requiredto setup the
simulation,theexecutionwouldbea lot faster. ThetabchannelhasaTABFILL actionthat
canbeusedto performthetableexpansionandinterpolationwith thesinglecommand

��8(#)#���� ��8�6��18�9����
	(-)7��
�����'* G)>$>$>'>

Thelastargumentspeci�esthat“�ll mode”0 (interpolationandsmoothingwith B-splines)
will beusedto �ll thetables.Otheroptionsareto interpolatewith cubicsplines(mode1) or
to uselinear interpolation(mode2, thedefault). The interpol structhasa calc mode�eld
thatcanbesetto determinewhetheror not interpolationwill beusedfor a speci�ed table.
Thefollowing statementwill setthemodeto 0 (no interpolation)for thetwo tables

��"�9$�1!�"$#�%���� ��8�6���8�9���� *(,�-(.$/���8(#���, 4;�)%$"H>+*(,�7�.)/���8(#���, 4;�)%(" >

Thesetwo statementsshouldbeaddedjust beforethe�nal “end” statementin thefunction
make B trit st.

19.2.2 Testing and Editing the Channel

We shouldnow testour channelmodel.Theeasiestway to do this is to make a simplecell
containingthis channelandusetheNeurokit "�%1!�9��
�18�6$61"$# menuoption to examinethe
channelproperties.As we will only be looking at the channelitself anddon't carevery
muchaboutthe propertiesof the cell, we canmodify any handycell parameter�le and
userprefs.g�le to constructthecell. An easychoiceis to startwith thecell.p �le thatwas
usedin Chapter17. Theonly thing we needto do to the cell.p �le is to addthe nameof
thechannelB trit st andanarbitrarychanneldensityto the line thatspeci�esthecontents
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of the somacompartment.The Na squidhh andK squidhh channelscaneither remain
or be deleted.Although this is not a reasonablething to do in the context of this model,
put a B trit st channelin the dendritecompartment,also. This will make it possibleto
experimentwith separatelymodifyingthebehavior of thetwo B currentchannels.Theonly
thing thatneedsto bedoneto theuserprefs.g�le is to addanincludestatementfor the�le
containingthefunctionmake B trit st andto invoke thefunction.

Onceyouhavecopiedthese�les into thedirectorythatcontainsyourscriptfor make B trit st
andhave editedthemto your satisfaction,loadthemodelinto Neurokit, following thepro-
ceduredescribedin Section17.4. Insteadof choosingthe ���

6 ��"(#$# optionfrom thetitle
bar, click on "�%1!�9��
�18�6$61"$# . When the Cell Window appearsin the lower left portion
of the screen,click on the greensphericalsomain order to selectit. It shouldturn red,
andiconsrepresentingthe soma,the B trit st channel,andany otherchannelsthatarein
thesomawill appearin theCompartmentWindow at theupperleft. Click on theB trit st
channelin thiswindow.

TheChannelParametersWindow will appearin the lower right portionof thescreen,
below the CompartmentWindow. Figure19.2shows the groupof dialog boxes,buttons,
andtogglesthatarebelow thegraphsin this window. The �

8�9(" dialogbox in this window
will show thedefault gateto beexamined,theX gate.As this is theonewe want,position
thecursorin thisboxandhit “Return”. If all hasgonewell, thetwo lowergraphswill show
plotsfor t andm¥ thatagreewith thosein Figures19.1Aand19.1B.

Figure19.2 Thecontrolpanelfor theNeurokit ªChannelParametersWindowº.

After makingany correctionsthat areneededin order to reproducethe experimental
data,we cantry out someof thechanneleditingfeatures.Thesewill allow you to modify
thecharacteristicsof tabchannels, withouthaving to edit thescriptsthatcreatethem.The
lower row of dialogboxesallows you to enterparametersfor scalingor offsetof any of the
rateor stateparameters.

Wewill begin by applyingaverticaloffsetto uniformly increasethevalueof t . Change
the ��� dialog box to read“0.5” and click on the button labeled 9(8

� to the right of the
���
	

������
 label.Noticethatt hasbeenreplottedandthatthevalueshavebeenshiftedupby
0.5sec.

Now, click on thedendritecompartmentin theCell Window. TheCompartmentWin-
dow shouldnow show thedendrite,with theB trit st channelstill selected.Hit “Return”
in the �

8�9 " dialog box, or click anywhereinsidethe box. Observe the resultingplot of
t for this gate. Apparently, thecopy of thechannelin thedendritecompartmenthasalso
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beenmodi�ed. As they sayin the software industry, this is a “feature,” not a “bug.” In
a largecompartmentalmodelor largenetwork, onemayhave many copiesof a particular
prototypechannel.Usually, onewantstheseto behave identically. It is alsodesirableto
minimizetheamountof storagespaceusedby theinternaltables.For thesereasons,copies
of thechannelthatarecreatedby thecopycommandor by readcellusethesametablesas
theoriginal prototype,ratherthannew copiesof the tables.This is trueof all objectsthat
containtabular �elds.

You mayreversethis changeby changing��� to
�

0 � 5 andclicking on 9(8

� again.Note
thatthescaleandoffsetis alwaysrelativeto thelastoperation,andnotto theoriginalvalues.
Therefore,it is a goodideato setthedialogboxesbackto offsetsof 0.0andscalingof 1.0
aftermakingachange.Thiswill preventyou from inadvertentlymakingfurtherchanges.

Sometimesyou may want to changejust the onecopy of the channel.GENESIShas
a functionthatallows you to duplicatea tabchannelgateandits tablesbeforemodifying
it. To try this,click on

	

�

���(8�9 " andrepeattheexperiment.You might alsotry usingthe
� � to scalethevaluesof t , m¥ , a, or b. To recover theold value,usethereciprocalof the
previousscalefactor.

m¥ becomesnon-zeroshortlyabove
�

0 � 055V. Supposethatwe would like to give IB

a morerapidonsetby shifting this point downwardto
�

0 � 065V. Startby clicking on
	

�

�

�(8�9 " , so thatwe won't changethedendritechannelor theprototypein /library. Thenset
the �)0 dialog to

�

0 � 01 andclick on the 4 ! 6 � button. After you have studiedtheresults,
reversethis changeby usinganoffsetof 0.01. Then,repeatthis a few times,shifting the
curve to highervoltageseachtime you click on 4 ! 6�� . Try restoringtheoriginal curve by
changing�)0 to

�

0 � 01andrepeatedlyclicking on 4 ! 6�� . Do youseeaproblem?

Onecanreversechangesin ��� and � � , becausethey justshift andscalethetablevalues.
However, ��0 and ��0 performoffsetsandscalingof thehorizontalaxesby moving datain
thetables.Thiscancausedatato spill outof theendsof thetablesandbelost. Thus,large
changesin thex-axisshouldbeavoided.Fortunately, thereis a buttonlabeled�

"���9 �

�

" . If
you hadtheforesightto duplicatethegate,clicking on this buttonwill restoretheoriginal
from theprototypein /library. If not, theprototypewill have alsobeenmessedupandyou
will needto reloadthe cell. If you have the time, you might try anotherexperimentwith
changingthex-axis.t dropsrapidlybetween

�

60and
�

20mV. Supposethatwewouldlike
to decreasetheslope.We cando this by spreadingthevoltagescaleout a bit. Experiment
with the ��0 dialogto do this.

Most of thesebuttonsanddialogboxeshave a direct correspondencewith GENESIS
functionsthatyou canusein your own simulationscripts.Thescalingandoffsetscanbe
providedwith thescaletabchan command.Bring theterminalwindow with theGENESIS
prompt to the foregroundand try the command“ � ��8$#)"�9(8�:
� �18�6 .

� ”. Like most com-
mandsthatrequireadditionalarguments,thiswill resultin a “usage”message.In thiscase,
youshouldsee
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Put the terminalwindow into the backgroundagainso that you canseethe ChannelPa-
rametersWindow andclick on the �

8�9(" labelof thedialogbox that contains“ * ”. Notice
thatthis producesthesameresultsasif you hadperformedtheverticaloffsetto t by using
thedialogboxesand 9(8

� button.After having “�ne-tuned” yourchannelfrom within Neu-
rokit, you maywish to permanentlyincludethesechangesin your model.Oneway would
beto edit your scriptsthatcreatethechannels,changingthedatathatgoesinto thetables.
An easiersolutionwould beto usetheoriginal channelcreationfunctionsandto thenuse
thescaletabchan functionto performthedesiredscalingandoffsetoperations.If you are
usingscriptsfrom the Neurokit prototypeslibrary, or would like to useslightly different
versionsof thesamechannelin differentsimulations,it will bemostconvenientto usethe
scaletabchan function in your userprefs.g�le, after you have createdthe prototypechan-
nels.Of course,youwill probablynotwantto usethe“duplicate”optionof thefunction,as
wedid in theexampleabove.

The
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���(8�9(" buttoninvokestheduplicatetablecommandfor boththeinternaltables
of the speci�ed channelandgate. If you like, you may try it out on oneof the tablesby
giving thefollowing commands.
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Thereis yetanotherway in whichoffsetsandscalingmaybeprovidedto a tabchannel
or tabgate. Thetabchannelhas�elds ox, oy, sx, andsyfor theA andB tablesof eachgate.
Thesecanbesetwith statementsof theform

��"�9(�1!�"(#�%H7�,�9

�

!�9�, ��9'*(,�-(.$/)��0'>ICM>(A C

This methodis lessconvenientfor modifying a, b, t , or m¥ , becauseit canonly be
usedto changethe scalingof the A andB tables. Note that changingA is not the same
aschanginga, becauseB

�

a
�

b will still usethe old a value. However, this approach
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hassomeadvantageswhenthevoltagescalesfor botht andm¥ areto bemodi�ed equally.
Unlike the scaletabchan function, settingthe ox andsy �elds of a tablesimply changes
thevaluesof xminandxmax, without moving datawithin thetable. This procedureis not
suitablefor changingthescaleof a singlerateor stateparameter, but canbeusedif both
theA andB x-axesaremodi�ed equally. Theox �eld is particularlyusefulif onewantsto
adaptachannelfor usein anothercell thathasasigni�cantly differentrestingpotential.

19.3 Using Equations for the Rate Constants

Often, you will be lucky enoughto �nd a channelfor which someonehasalreadyana-
lyzedtheexperimentaldataand�tted therateconstantsa andb to somefunction. This is
thecasefor thechannelsthatareusedin the tutorial on theburstinghippocampalneuron
in Chapter7. The examplesgiven hereandin the next sectionaretaken from the script
traub91chan.gin the neurokit/prototypes directory. The functionsthat arede�ned in this
scriptimplementthechannelmodelsdescribedin thepaperby Traubet al. (1991).

Thehigh voltage-activatedcalciumchannelmodelusedin this paperis typical of one
thatwe mightwantto convert to a GENESIStabchannel. In thenotationof thepaper, the
currentcontributedby thechannelis givenby

ICa �

gCas2r
�

V
�

VCa ��� (19.6)

TheHodgkin-Huxley rateconstantsthatgive riseto theactivationvariablesandtheinacti-
vationvariabler have been�tted to theexpressions

as �

1 � 6
1

�

exp
�

�

0 � 072
�

V
�

65���

(19.7)

bs �

0 � 02
�

V
�

51� 1�

exp
�

V � 51� 1
5 �

�

1
(19.8)

ar �

�

0 � 005 [V � 0]
exp ��� V � 20	

200 [V 
 0]
(19.9)

br �

�

0 [V � 0]
0 � 005

�

ar [V 
 0].
(19.10)

Although Eq. 19.6 usesan oppositeconvention for the direction of positive current
�o w thanthatusedin Eq.14.2,thereis astraightforwardcorrespondencebetweenthevari-
ablesusedin Eq.19.6andthehh channelandtabchannel�eld variablesthatareusedin
Eqs.14.1and14.2. However, this paperusesthephysiologicalunits listed in Table14.1,
ratherthanSI units. With somecare,we couldalsousephysiologicalunits in our channel
model,but for consistency wewill stick to SI units. In additionto convertingthevoltages
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from mV to volts, we will have to scalethe rateparametersby a factorof 1000,in order
to make theconversionfrom inversemsecto inverseseconds.In thepaper, all voltagesare
expressedwith respectto a restingpotentialthat is de�ned to be 0 mV, correspondingto
an actualpotentialof

�

60 mV relative to the outsideof the cell. We canmake useof a
GENESISglobalvariable,EREST ACT, to give ussomemore�e xibility in our function
to createthe channel. If we replaceV by V

�

EREST ACT in Eqs.19.7–19.10,we may
usethe channelwith any assumedrestingpotential. In the script traub91chan.gandthe
examplegivenbelow, EREST ACT is setto

�

0 � 06.
We would expectour function that createsthis channelto usea for loop to �ll each

table. Becauseof the piece-wisecontinuousform of the inactivation rateconstants,this
will be necessary. However, GENESIShasa command,setupalpha, that canbe usedto
createand�ll theA andB tableswhenagatehasrateconstantsof thegeneralform

y
�

A
�

Bx
C

�

exp
���

x
�

D �

�

F ���

� (19.11)

This is the casefor Eqs.19.7–19.8,so we will set up the tablesfor the X gatewith a
commandof theform

��"�9

�

��8(# �$�18�� ��8�6

�

8�9 "B-)-'-)7 -��+-

	

-��'7$-+7$7'7��+7

	

7��

wheretheparametersAA–AF correspondto thosein Eq.19.11whenit representsa
�

V � and
the parametersBA–BF correspondto thosefor b

�

V � . The setupalphafunction thenper-
formsmany of theoperationsgivenin theexampleabove for theB trit st channel.Namely,
it

� callstheTABCREATE actionfor thespeci�edgate(X, Y, or Z), settingxdivsto 49,
xminto –0.1,andxmaxto 0.05,

� loopsover thexdivs+ 1 tableentries,usingEq. 19.11to �ll theA tablewith values
for a

�

V � andtheB tablewith valuesfor b
�

V � ,

� “tweaks” theB table,sothatit containsa
�

V �

�

b
�

V � ,

� callstheTABFILL actionto expandthetableto 3000entries,andsetsthecalc mode
�eld for eachtableto “no interpolation.”

Otheroptionalparameterslet youchangetherangeandsizesgivenabove.
Figure19.3showsafunctionthatwill createthechannelCa hip traub91usingsetupal-

phato createtheX (activation)gate.TheY (inactivation)gateandtheY A andY B tables
arecreated“the hardway” usingthestepsitemizedabove. As it is easyto go astraywhen
convertingbetweendifferentunits,youshouldmakesurethatyoucanreconcileEqs.19.7–
19.8with thevaluesof theparametersusedwith setupalpha.
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Figure19.3 An examplescriptcontaininga functionto createthehighvoltage-activatedcalciumchannel.
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19.4 Implementing Calcium-Dependent Conductances

Muchof theinterestingbehavior of theburstingneuronsdiscussedin Chapter7 arisesfrom
potassiumchannelsthathave conductancesdependingon theintracellularconcentrationof
calciumions. In this section,we look at waysto obtain the calciumconcentrationfrom
the calcium channelcurrent,and examinethe implementationof two typesof calcium-
dependentcurrents.

19.4.1 Calculating the Calcium Concentration

Several processesaffect the concentrationof calciumions in a neuralcompartment(Ya-
mada,Koch,andAdams1989,SalaandHerńandez-Cruz1990). After calciumionsenter
thecompartmentthroughcalcium-selective ionic channels,they maydiffuseinto neighbor-
ing compartments.They mayalsobind to variousbuffers,suchastheprotein,calmodulin.
Specializedionic channelsact aspumpsto extrudecalcium ions from the cell. GENE-
SIS allows you to modelone-dimensionaldiffusion of calciumwith the difshell object.
Non-mobilebuffers can be simulatedwith the �xb uffer, and diffusible buffers with the
difbuffer object. Two typesof calciumpumpscanbemodeled,which canbemadeelec-
trogenic.Themmpump objectmodelsa Ca-ATPasepumpobeying Michaelis-Mentenki-
netics(Sec.10.2.1),andthesetupNaCacommandusesa tabcurrent objectto modelthe
Na

�

-Ca2
�

exchangercurrent.Thetabcurrent objectallows you to modelany non-ohmic
currents,and it canalsobe usedto computethe solutionto the Goldman-Hodgkin-Katz
equation,for which the appropriatetablesare set up with the setupghkcommand. The
mathematicalequationsimplementedby theseobjectsfor calciumdynamicscanbefound
in De SchutterandSmolen(1997). Examplesof theuseof theseobjectscanbe found in
the spinestutorial (basedon a modelby HolmesandLevy (1990))andthe Purkinjecell
tutorial. These,andotherrecentlydevelopedtutorialsareavailablethroughtheGENESIS
UsersGroup(seeAppendixA).

Oftenit is suf�cient to useasimplermodel,or therearenotenoughexperimentaldatato
adequatelymodeltheprocessesdescribedabove. Thetwo simulationsdescribedin Chap-
ter7 representtherateof changeof theconcentrationof calciumionsby theequation

d
�

Ca2
���

dt �

BICa �

�

Ca2
���

t
� (19.12)

Here,[Ca2
�

] is theconcentration,which we expressin theSI unitsof molesperm3. This
convenientlyworksoutto bethesamein milli-molesperliter. Notethatthecommonlyused
Molar concentrationis expressedin molesper liter. Thus,the typical restingintracellular
Ca2

�

concentrationof 50 nM would be50 � 10� 6 in our units. The�rst termon theright
gives the rate of increaseof [Ca2

�

] due to an inward channelcurrentICa. The second
representsanattemptto �t thevariousprocessesthatdeplete[Ca2

�

] to anexponentialdecay
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with asingletimeconstantt . An estimateof thevalueof t mayoftenbeobtainedby optical
measurementsof the rateof decayof [Ca2

�

], usingCa-sensitive dyes. In principle, one
may�nd theconstantB by calculatingthe�ux of ionsinto a thin shellnearthemembrane
surfaceproducedby ICa, asin Exercise3. Thiscalculationleadsto theresultthatfor ashell
of surfaceareaA andthicknessd,

B
�

5 � 2 � 10� 6
�

�

Ad��� (19.13)

wherethe shell dimensionsaregiven in metersandthe currentis in amperes.However,
therearefactorsthat will modify this value,causingit to be just a roughapproximation.
Bufferingtiesupa largepercentageof theenteringCa2

�

, oftenreducingtheeffectivevalue
of B by a factorof 100or more.Thecalciumconcentrationwill notbeuniformthroughout
thecompartment,andtheconcentrationin theshellcloseto themembranesurfaceis most
relevantfor behavior of channelsthatareactivatedor inactivatedby thepresenceof calcium
ions. As it is dif�cult to estimateanappropriatevalueto usefor thethicknessof theshell,
d becomesyetanotherfreeparameterto be�tted. For themodelof theburstingmolluscan
neuronof Chapter7, the bestavailableestimateof t wasused,andB waschosenso that
Eq. 19.12would yield maximumvaluesof [Ca2

�

] which werein agreementwith typical
experimentalmeasurementsof theintracellularconcentrationof freeCa2

�

.
GENESIShasanobject,Ca concen, whichsolvesEq.19.12for [Ca2

�

]. Therearedata
�elds B, tau, andCa for the correspondingquantitiesin Eq. 19.12. The calciumcurrent
appearingin the equation,ICa, is provided by summingcurrentvaluesthat areprovided
by “I Ca” messagesfrom all channelswhich carrycalciumcurrents.In addition,thereis
a Ca base�eld that is addedto the resultingvalueof Ca in orderto provide a “base” or
restingvalueof theconcentration.

In Chapter16, Sec.16.3discussesthechannel“density” parameterthat is usedin the
cell descriptor�le. Whenthe“channel”that is speci�ed in this �le is thenameof a proto-
type library elementformedfrom a Ca concenobject,this valueof the “density” is used
to calculatethevalueof theB �eld, ignoringthevaluethatwassetwhentheprototypewas
created.This is analogousto the procedureusedto set the Gbar �eld of a tabchannel.
For Ca concenobjects,B is setto the“density” dividedby thevolumeof theparentcom-
partment,with thevolumecalculatedin m3 from thedimensionsgiven(in microns)in the
cell descriptor�le. By taking theactualcompartmentvolumeinto accountandsettingan
appropriatedensity, youcanthensetB for eachcompartmentto bewhateveryouwant.The
objecthasanadditional�eld thick, for theshell thicknessd thatappearsin Eq.19.13.If d
is non-zero,theshellareaA is calculatedfrom thecompartmentdimensions,andB is setto
the“density” dividedby thevolumeAd. Thus,thecell readercanalsoscaleB asfor a true
shell.

Thefollowing statementsde�ne a functionusingtheCa concenobjectto calculatethe
concentrationof calciumions resultingfrom a current�o w throughthe Ca hip traub91
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In their modelof the CA3 pyramidalcell, Traubet al. expressed[Ca2
�

] in arbitrary
unitswith a restingconcentrationof 0, currentin µA, andsett

�

13� 33 msec. If weusethe
sameconcentrationunits,but expresscurrentin amperesandt in seconds,ourB constantis
then1012 timestheconstant(calledf ) usedin thepaper. Theactualvalueof B usedfor each
compartmentwill typically be determinedby the cell readerfrom the cell parameter�le.
However, for theprototypechannelwe will useTraub's valuefor thesoma.(A misprintin
thepapergivesit as17,402ratherthan17.402.)In ourunits,this is 17� 402 � 1012.

The Ca hip concelementcreatedby this function shouldreceive an “I Ca” message
from thecalciumchannel,accompaniedby thevalueof thecalciumchannelcurrent.If this
messagewerestatedexplicitly in asimulationscript,it wouldbe

8)%)%�4 �

�

� ��8�9����$& �$8$,�� ! �;,�9

�

8

�

:��3J � ��8�9����$& �$8$,�� ! �;,�����6
� ��, �)8 ���

Here,the variablepath indicatesthe locationof thesetwo elementsin the hierarchy. For
example,path might evaluateto “ /cell/soma”. However, we will ordinarily usethe cell
readerto createcopiesof theseprototypeelementsin oneor morecompartments.Weneed
someway to besurethattheneededmessagesareestablished.Althoughthecell readerhas
enoughinformationto createthemessagesthat link compartmentsto their channelsandto
otheradjacentcompartments,it mustbeprovidedwith theinformationneededto establish
additionalmessages.This is doneby usingthe add�eld commandto placethe message
stringin a user-de�ned �eld of oneof theelementsthat is involved in themessage.In our
case,weusethestatements

8)%)%$�1!�"(#�% �$8$,��3!��;,�����6 � 8�%$%�4 �

�

J

��"�9(�1!�"(#�% �$8$,��3!��;,�����6 ���

8)%$%�4 �

�

J � C$C & �$8$,��3!��;,�9

�

8

�

:��3J C ��, �$8 �����
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Thecell readerrecognizestheadded�elds addmsg1, addmsg2, etc.asindicatingthat
they areto beevaluatedandusedto setup messages.Thepathsarerelative to theelement
that containsthe addedmessage.Thus,“ C$C & �$8$,��3!��;,�9

�

8

�

:��3J ” refersto the sibling ele-
mentCa hip traub91and“ C ” refersto theCa hip concelementitself. Herewehavechosen
to attachthe messageto Ca hip conc. If we hadattachedit to Ca hip traub91instead,it
wouldhave been

8)%)%$�1!�"(#�% �$8$,��3!��;,�9

�

8

�

:��3J�8)%)%�4 �

�

J

��"�9(�1!�"(#�% �$8$,��3!��;,�9

�

8

�

:��3J �

8)%$%�4 �

�

J � C C)CE& �)8(,�� !��1,�����6 � ��, �$8 �����

Wewill usethevalueof
�

Ca2
� �

producedby Ca hip concto in�uence theconductance
of two differenttypesof potassiumchannels.Anotheruseof theCa concenobjectwould
be to usethe resultingconcentrationto changethe valueof an ionic equilibrium poten-
tial in situationswherelargechangesin concentrationcanmodify thedriving forceon the
ions. Thenernst object,which is describedin theGENESISReferenceManual,typically
receivestheintracellularionic concentrationwith a CIN messageandcalculatestheresult-
ing equilibriumpotentialusingtheNernstequation.The tabchannel, tab2Dchanneland
vdep channelobjects(describedbelow) canreceive thenew valueof Ek from thenernst
objectwith anEK messagesothatthis �eld will becontinuallyupdated.

19.4.2 The AHP Current

TheAHP current(Sec.7.6)is aslow potassiumcurrentthatdependsonly on[Ca2
�

]. When
time is expressedin seconds,the modelusedin the papergivesa rateconstanta that in-
creaseslinearly from 0 to 10 as[Ca2

�

] increasesfrom 0 to 500. When[Ca2
�

] is greater
than500, in thesearbitraryunits, a hasa constantvalueof 10. The b parameterhasa
constantvalueof 1.0over theentirerangeof [Ca2

�

].
This concentration-dependent activation canbe modeledwith the tabchannelZ gate.

TheZ gateactsjust like theX andY gates,exceptthat it getsits input valuefrom a CON-
CEN message,insteadof a VOLTAGE message.Theparameterthat is sentis usuallyan
ionicconcentration,comingfromaCa concenobject.(Thereis noreasonthatthismessage
couldn't beusedto sendavoltageor othervariable,however.)

The traub91chan.gscript de�nes a function to createthe channelKahp hip traub91.
This is very similar to the functionshown in Fig. 19.3,which createstheCa hip traub91
channel.However, theexponentsXpowerandYpoweraresetto zero,andZpoweris setto
1. A for loop is usedto �ll theA andB tablesfor theZ gateandthetableis expandedwith
TABFILL, asbefore.In addition,thecell readerneedsto begiventheinformationnecessary
for it to setup a CONCENmessagefrom theCa hip concelement.This is accomplished
with thestatement
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As with theadded�eld thatwasde�ned for theCa hip concelement,thestringassigned
asthevalueof addmsg1is usedonly by thecell reader.

19.4.3 The C-Current

The Z gate can be usedonly if the conductancehas a factor ZZpower, where Z obeys
Hodgkin-Huxley rateequationslike thosefor X andY, but with a andb beingfunctions
of concentration.However, theconcentrationdependenceis not alwaysof this form. The
C-current(Chapter7) is a fastpotassiumcurrentthatdependson bothvoltageandthecal-
cium concentration.The model usedby Traub, et al. (1991) for the conductancehasa
typical voltageandtimedependentactivationgate,wherethetime dependencearisesfrom
thesolutionof adifferentialequationcontainingtherateconstantsa andb. It is multiplied
by a functionof calciumconcentrationthat is given explicitly, ratherthanbeingobtained
from a differential equation. Therefore,we needa way to multiply the activation by a
concentration-dependentvaluethatis determinedfrom a lookuptable.

GENESISdoesn't have a way to implementthis with a tabchannel, so we usethe
vdep channel objecthere. Thesechannelscontainno gatesandget their activation gate
valuesfrom externalgateelements,via a MULTGATE message.Thesegatesareusually
createdwith tabgate objects,which aresimilar to the internalgatesof the tabchannels.
However, any objectthatcansendthevalueof oneof its �elds to thevdep channelcanbe
usedasthegate.Here,we usethe table object. This generalitymakesthevdep channel
very useful, but it is slower than the tabchannel becauseof the extra messagepassing
involved.Thefollowing functionillustratesthestepsneededto implementthischannel.
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First,wecreatethevdep channel, Kca hip traub91, andsettheusual�elds. Then,we
createthelookuptablefor thefunctionof concentration,f

� �

Ca2
� �

�

�

min
�

1 �

�

Ca2
� �

�

250� .
It is madefrom a table object,and�lled in a mannersimilar to thatusedfor the internal
tablesof the tabchannel object. Note that the internal �eld for the table is calledtable.
Whenexpandingthetablesothatit maybeusedin the“no interpolation”calculationmode,
notethattheTABFILL syntaxis slightly differentfrom thatusedwith tabchannels. Here,
thereis only oneinternaltable,sothetablenameis notspeci�ed.

Next, we make a tabgate for the voltage-dependentrateconstantfor activation. The
tabgatehastwo internaltables,alphaandbeta. Theseare�lled like thoseof thetabchan-
nel. Note that thebetatableis really b, not a

�

b, aswith theB tableof the tabchannel.
Finally, we setup the requiredmessages.The MULTGATE messageis usedto give the
vdep channel the value of the activation variableand the power to which it shouldbe
raised.As we have createdthetabgateandtable assubelementsof thechannel,they and
their messagesto thechannelwill accompany it whencopiesaremade.However, we also
needto provide for messagesthat link to externalelements.The messagethat sendsthe
Ca2

�

concentrationto thetable andtheonethatsendsthecompartmentmembranepoten-
tial to the tabgatearestoredin added�elds of thechannel,so that they maybe foundby
thecell reader.

Later in this chapter, we will seehow thetab2Dchannelallows theef�cient modeling
of morecomplex relationshipsbetweenthechannelconductanceandVm and[Ca2

�

], and
how futureversionsof thetab2Dchannelmight beusedto implementthis channelmodel
without theuseof thevdep channel.

19.4.4 Other Uses of the table Object

Thetable objectis quiteversatile.Thereis alsoasimilartable2Dobjectthathasaninternal
two-dimensionaltable.Thesemaybothbeusedin many situationswherethereis noGEN-
ESISobjectthatwill performagivencalculation,or asafasteralternative to anotherobject.
For example,Section19.4.1mentionedtheuseof thenernst objectto continuallyupdate
theequilibriumpotentialof a tabchannel. Thescriptmitproto.gin theneurokit/prototypes
directoryshows how this mayalsobeaccomplishedwith a table. TheCabletutorial uses
this objectasan intermediaryto thexgraph objectin orderto generatelogarithmicplots.
In Chapter22 (Sec.22.4.2)we will seeanexampleof its useasa functiongenerator. An-
otheruseof thetable wouldbeto implementan“instantaneous”gatethathasanactivation
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dependingonly on voltage,ratherthanhaving a time andvoltagedependencegivenby the
solutionof Eq.19.3.Youcan�nd furtherexamplesin theScripts/examples/table directory.

19.4.5 The vdep gate Object

For completeness,we shouldmentionthevdep gateobject,which mayalsobeusedwith
a vdep channel. This gateis very muchlike thetabgate, exceptthat it calculatestherate
constantsa andb directly from Eq. 19.11,insteadof from internaltables.Although this
form is slightly moregeneralthanthethreeformsusedby thehh channel, anhh channel
implementationwill executesomewhat fasterthanthevdep channelandvdep gatecom-
bination.If it is necessaryto useseparatechannelandgateobjects,aswith theC-current,a
combinationof avdep channelandtabgatewill give themostspeedand�e xibility. Thus,
thereis little reasonto usethevdep gate. It is seenmainly in olderGENESISsimulations
thatwerewrittenbeforethedevelopmentof thetabchannelandtabgateobjects.

19.4.6 Using the tab2Dc hannel Object

Somechannelmodelsrequirerateconstantsthat dependon anothervariablein addition
to Vm. For example,Moczydlowski andLatorre(1983)have describedthe kineticsof a
calcium-activatedpotassiumchannelthathasbeenwidelyusedasamodelfor theC-current.
Unlike thecurrentdescribedin Sec.19.4.3,thedependenceof theconductanceon [Ca2

�

]
arisesnot from amultiplicative functionof [Ca2

�

], but from thedependenceof a andb on
bothVm and[Ca2

�

].
In GENESIS,suchmodelsmaybe implementedwith the tab2Dchannel, which con-

tainstwo-dimensionaltablesfor the variablesA andB. Like the tabchannel, andunlike
thevdep channelor hh channel, thetab2Dchannelmaybeusedwith thefastandhighly
accurateimplicit numericalintegrationmethodsthataredescribedin Chapter20. Thelist-
ing of the script MoczydKC.gin Fig. 19.4 revealssomeof the signi�cant featuresof the
tab2Dchannel, andallows usto compareit with thetabchannel.

In comparingthislistingwith thatin Fig.19.3,weseethatmostof thechannel�elds are
thesame.However, theTABCREATE actionnow takesadditionalargumentsydivs,ymin
andymaxin orderto allocatethetwo-dimensionaltablesfor A andB. Thetablesnow have
two indices,wherethe�rst onerunsfrom 0 to xdivsandthesecondonefrom 0 to ydivs.

Whenusingtwo-dimensionaltables,it maybenecessaryto experimentwith the table
sizein orderto obtainthedesiredaccuracy without usinganexcessively large table. The
setuptime neededto �ll the tablesusinga for loop is alsoa consideration,as thereare
presentlyno utilities like thesetuplaphacommandfor �lling tab2Dchanneltables.(But,
checktheGENESISReferenceManualfor new developments.)

When using a one-dimensionaltable, it is customaryto usea large table, either by
settingxdivsto a large value,or by usingTABFILL to expandthe tablewith interpolated
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Figure 19.4 An examplescriptusinga tab2Dchannelto implementtheMoczydlowski andLatorre(1983)
Ca-dependentK current.
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values. Then,aswasdonein Fig. 19.3, the calc mode�eld for eachtable is set to zero
(NO INTERP), in orderto savecomputationtime. In thepresentexample,thecalc modeis
setto LIN INTERP(a prede�nedglobalvariableequalto one),so that linearinterpolation
is performedat run time,allowing theuseof asmallertable.

This script usesa maximumvalue of [Ca2
�

] (ymax) of 0.003mM (milli-moles per
liter), becauseit was intendedto be usedwith a Ca channeland associatedCa concen
elementthatproducedconcentrationsin this range.Thechannelparameterswere�tted to
experimentaldatafor a rangeof concentrationsup to 10 mM, soyour valueof ymaxcould
bemuchlarger. As always,it is importantto take somecarein choosingthevalueof the
parameterB in Eq. 19.12andthecorresponding�eld in theCa concenelement,andthen
determinethemaximumvalueof [Ca2

�

] thattheCa concenelementwill generatefor your
particularmodel.

As with thetabchannel, a messagecarryingthemembranevoltageor a concentration
is sentto thechannelsothatthechannelcanretrieve theappropriateA andB tablevaluesto
calculatethegateactivations(X,Y andZ) andtheresultingchannelconductance.However,
wecannow havetwo messages,in orderto specifyboththex andy variables.Therearetwo
new messagesfor sendingconcentrations(or anything else),CONCEN1andCONCEN2.
Anothermessage,DOMAINCONC,providesa highly simpli�ed modelto obtaintheionic
concentrationdirectly, usingthecurrentsentfrom anotherchannelandthesurfaceareaof
the parentcompartment(De SchutterandSmolen1997). Therearealsothreenew �elds
Xindex, Yindex andZindex. These�elds areusedfor eachgateto de�ne which message
refersto thex variableandwhich refersto they variable.Theseindex �elds mayeachbe
assignedto oneof theprede�nedglobalvariablesVOLT INDEX,C1 INDEX,C2 INDEX,
DOMAIN INDEX, VOLT C1 INDEX, VOLT C2 INDEX, VOLT DOMAIN INDEX,
C1 C2 INDEX andDOMAIN C2 INDEX.

The�rst four of theseareusedwhena gatedependson only onevariable.In this case,
xdivsshouldbe setto zerofor that gate,andthe y variable(correspondingto the second
index) is usedto �ll the A andB tables. Then, the pre�x (VOLT, C1, C2 or DOMAIN)
speci�eswhetherthe VOLTAGE, CONCEN1,CONCEN2,or DOMAINCONC message
is usedto provide the y variable. The remaining� ve of thesevariablesareof the form
x y INDEX, andsimilarly specifywhich of two messagesareusedto specifythe x andy
variables.

In our example,Xindex is setto VOLT C1 INDEX. This meansthata VOLTAGEmes-
sagewill specifythex variableof theX A andX B tables,anda CONCEN1messagewill
specify the y variable. The cell readerwill automaticallyprovide the VOLTAGE mes-
sagefrom the parentcompartment.However, aswith the C-currentmodeldescribedin
Sec.19.4.3,weneedto useanadded�eld addmsg1to holdastringthattells thecell reader
to createa CONCEN1messagefrom a sibling Ca concenelement(which we have called
Ca conc) to our channel,giving theCaconcentration.If our modelrequireda secondgate
Y that dependedsolely on anotherionic concentration,we could alsosenda CONCEN2



324 Chapter 19.ImplementingOtherTypesof Channels

message,andsetYindex to C2 INDEX.
Futureversionsof the tab2Dchannelwill allow the Xindex, Yindex andZindex �elds

to take on valuesto indicatethat thecorrespondinggateshouldbegivena valueinstanta-
neouslycalculatedfrom theA tablevalues,ratherthanfrom thesolutionof Eq.19.3. This
will allow thefastandef�cient modelingof “instantaneous”channelsandC-currentmodels
like thosedescribedin Sec.19.4.3without theuseof table or vdep channelobjects.

19.5 NMDA Channels

Postsynapticreceptorsthatareactivatedby N-methyl-D-aspartate(NMDA) havecharacter-
isticsthatdiffer signi�cantly from otherreceptorsthatgive riseto EPSPs.NMDA channel
conductanceshave rise times on the order of 5–10msecand decayslowly over periods
of 70–100msec. In addition to showing this prolongedconductance,NMDA channels
have a voltage-dependentconductancethat increaseswith depolarizationfrom the resting
potential. As a signi�cant synapticcurrentrequiresboth a presynapticinput anda post-
synapticdepolarization,NMDA synapsescanact like Hebbiansynapses,showing a use-
dependentfacilitation.NMDA channelspassa combinationof sodium,potassiumandcal-
ciumions.Experimentshaveshown thatmechanismsfor longtermpotentiation(Sec.15.4)
dependupona postsynapticincreasein theintracellularCa2

�

concentration.This increase
is thoughtto bebroughtaboutby calciumin�ux throughNMDA channels.For theserea-
sons,therehasbeenagreatdealof interestin themodelingof NMDA channels.

Thevoltagedependenceof NMDA channelsis causedby a blockageof thechannelby
magnesiumions. At membranepotentialson the orderof

�

70 mV, the driving force for
theselarge ionsto try to enterthechannelsis quitehigh. As themembraneis depolarized,
theblockageis relieved. Thebehavior of themagnesiumblock hasbeenmodeledby Jahr
andStevens(1990). Zador, Koch andBrown (1990)have usedthis modelanddatafrom
hippocampalneuronsto �t theNMDA channelconductanceto

gsyn
�

V � t �

�

gn
exp

�

�

t
�

t 1 �

�

exp
�

�

t
�

t 2 �

1
�

h
�

Mg2
�

�

exp
�

�

gV �

� (19.14)

In this expression,the constantsgn �

0 � 2 nS, t 1 �

80 msec, t 2 �

0 � 67 msec, h
�

0 � 33
�

mM, andg
�

0 � 06
�

mV. Typical valuesof extracellular
�

Mg2
�

�

in hippocampalslice
experimentsareabout2 mM. Theratio of sodium,potassiumandcalciumionspassedby
thischannelis suchthatthereversalpotentialis closeto therestingpotential.

Thetimedependenceof Eq.19.14is thesameasthatof thedualexponentialformof the
synchanobject(Eqs.6.17and15.2).In GENESIS,wecanimplementNMDA channelsby
multiplying theconductanceof a synchanby a voltage-dependenttermwhich is provided
by anotherobject,theMg block. Thisobjecthasa�eld CMgthatcorrespondsto

�

Mg2
�

�

, a
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�eld KMg A correspondingto 1
�

h, anda �eld KMg B correspondingto 1
�

g. Notethatany
unitsmaybeusedfor theconcentrationsCMgandKMg A, aslongasthey areconsistent.

The following statementsillustratethe useof a synchanandMg block objectto im-
plementanNMDA channel.
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After creatingthetwo elementsandsettingthe�elds for thevariousconstantsthatap-
pearin Eq. 19.14,we setup a CHANNEL messageto passthe unmodi�ed conductance
from thesynchanto theMg block. AnotherCHANNEL messagepassestheblockedcon-
ductanceto the parentcompartmentfrom the Mg block. The Mg block needsthe com-
partmentmembranepotentialto calculatethevoltage-dependent factorin Eq. 19.14,so it
getsit via a VOLTAGE message.The synchanexpectsto receive a VOLTAGE message
in orderto calculatea channelcurrent. Although the valueof the currentin the absence
of blocking is of no interestto us, we sendthe messageanyway, in order to avoid error
messagesproducedby theCHECKactionof thechannel.

19.6 Gap Junctions

In additiontocommunicatingviachemicallyactivatedsynapses,neuronsmaycommunicate
throughdirect electricalconnections.Thesegap junctions, which arecommonin lower
vertebratesandfound in several sitesof the mammalianbrain,arelarge macromolecules
thatextendthroughthemembranesof bothcells. Poresin thesemoleculesallow therapid
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exchangeof ions betweenthe two neuronswithout the delaysthat occur with synaptic
coupling.As they offer a very low resistancewith little leakageto theextracellularspace,
thepostsynapticpotentialis nearlythesameasthepresynapticpotential.

Thespeedof this typeof couplingmakesit usefulfor modifying thebehavior of net-
worksof coupledoscillators.Studiesof thepyloric network of the lobsterstomatogastric
ganglionhaveshown thatthefrequency of theanteriorbursterneuronis in�uencedby elec-
trical couplingto otherneurons(HooperandMarder1987).

Neuronsin the inferior olivary nucleusareextensively connectedwith gapjunctions,
mostof which seemto exist betweenthe spinesthatpopulatethe dendritictreesof these
cells. Thesehave beensimulatedin GENESISby usinganRAXIAL messagepasseddi-
rectlyfrom eachdendriticcompartmentto theother, with theRa�eld replacedby anumber
representingtheresistanceof thegapjunction.

A typicalspeci�c membraneresistancefor a gapjunctionis on theorderof 10� 4 Wm2,
which is muchlower thanthatfor a typical cell membrane.For two compartmentsthatare
coupledby a junctionwith a 1 µmdiameter, theresistanceof thecouplingwould beabout
30 MW. In sucha case,the following messagesmight beusedto coupletwo cellswith a
gapjunction.
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If thevalueof Rgapis changed,thesemessagesmustbedeletedandre-sentwith thenew
value.

19.7 Dendr odendritic Synapses

Mitral cells in the olfactorybulb interactwith axonlessgranulecells via dendrodendritic
synapses(Rall andShepherd1968,ShepherdandGreer1990).In GENESIS,thesesynapses
maybemodeledeitherby acombinationof asynchananda table object,or by theddsyn
object. Both approachesareillustratedby a demonstrationin the Scripts/examples/ddsyn
directory.

Theddsyn objectis muchlike a synchan, with thesameinternal�elds andmessages.
However, it alsohasaninternaltablethatmapsa presynapticpotentialto thechannelacti-
vation.In atypicalusage,it getsits activation,not in theform of ad-functionspike from an
axonalconnection,but from its internaltablein responseto a voltagesentfrom thepresy-
napticdendritecompartmentwith a V PRESYNmessage.This activation is thenusedto
generatea channelconductancegovernedby two time constants,t 1 and t 2, aswith the
synchan.
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19.8 Exercises

1. Convert oneof thechannelsin hhchan.ginto a tabchannel. Testyour channeland
verify thatit givesthesameresultsastheoriginal.

2. Yamada,KochandAdams(1989)giveaslightly differentmodelfor theAHP current
from theoneusedin theTraubmodel.In MKS units,they use

a
�

C �

�

f
�

C �

b
�

2 � 5
�

1
�

sec�

�

const

f
�

C �

�

1 � 25 � 108C2
�

with C
�

�

Ca2
�

�

in mmoles
�

l iter
�

moles
�

m3. Usethe tabchannel Z gateto im-
plementa modelof this current. Incorporateit into a simplecell anddescribeits
effects.

3. The termBICa in Eq. 19.12representsthenumberof molesof Ca2
�

ions thatenter
a unit volumeeachsecond,dueto a currentICa. Assumethat the volumeis a thin
shell with a surfaceareaA anda thicknessd. Show that whenSI units areused,
B

�

5 � 2 � 10� 6
�

Ad.

4. Modify the script from Chapter15 so that it usesan NMDA channel.Usethe pa-
rametersvaluesgiven with Eq. 19.14,but expressedin SI units. Choosea value
of gmaxthatresultsin occasionalactionpotentials,but mostlysubthresholdEPSPs.
Also modify the graphfor the conductanceplot so that it plots both the unblocked
conductanceof thesynchanelementandthenetconductanceof theMg block ele-
ment. Comparethesetwo plotsandthe plot of thesomamembranepotential. Can
youverify thattheNMDA channelis behaving asonewouldexpectduringthecourse
of anactionpotential?

5. TheoriginalTraubetal. (1991)CA3pyramidalcellmodelhadaquisqualate-activated
conductanceandan NMDA conductancethat werenot implementedin the model
usedin Chapter7. Fromthedescriptiongiven in their paper, implementthesecon-
ductancesanduseNeurokit to providethemwith synapticinput.Verify thatthemodel
behavesasexpected.
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