Implementing Other Types of
Channels

DAVID BEEMAN

19.1 Introduction

Sofar, wehave beerusing“squid-like” Hodgkin-Huxlgr channeldor ourvoltage-dependent
channelsin Chaptef7, youwereintroducedo amuchwidervarietyof ionic conductances.
Therearescriptsthatcontainfunctionsfor creatingtheseandmary otherchannelmodels
in the Scripts/neuwkit/prototypes directory If you are constructinga realisticcell model
andarelucky, youwill nd afunctionto createhechannelouneedin oneof thesescripts.
Sometimegou may needto write your own functionor, atleast,modify a functionthatis
similarto theoneyou need.

In Chapter14, we learnedhow to implementvoltage-dependérchannelswith the
hh_channelobject. This objectis fairly easyto use,andhasa straightforvard correspon-
dencebetweenits internal elds andthe parametersisedin the Hodgkin-Huxley model.
However, thereare several goodreasondor preferringanotherGENESISchannelobject,
thetabchannel Althoughthis objectsolvesdifferentialequationsf the Hodgkin-Huxley
form, givenin Eq. 14.3, the rate parametersre provided by a table lookup, ratherthan
from a t to oneof thethreefunctionalforms (Eqs.14.4— 14.6)usedby the hh_channel
For further e xibility, GENESISoffers a relatedobject, the tab2Dchanne] which uses
two-dimensionatables.

Somechannelmodelsuse expressiondor the rate constantsa andb thatarenot in
oneof theseforms. Evenif the rateconstantsanbe expressedn this mannerit is much
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302 Chapter 19. ImplementingOtherTypesof Channels

fasterto useatablelookupthanto evaluatethe functionalform of theratevariable. Thus,

a model that containsa greatmary channelswill run much fasterif it usestabchan-

nels or tab2Dchannels ratherthan hh_channels In addition, the tabchannel and the

tab2Dchannelmaybe usedwith thefastimplicit numericalintegrationmethoddiscussed
in Chapter20. Not only will thesemethoddurtherincreasahe speedof your simulation,

but they arerequiredin orderto obtainnumericallystableandaccuratesolutionsfor large

cell modelsthat containmary compartmentsFor thesereasonsthe tabchannelandthe

tab2Dchannelarethe preferredobjectsto usefor implementingvoltage-dependérchan-

nelsin largemodels.

In the following sectionswe usethe tabchannelto modelchanneldfrom experimen-
tal datathat have not been tted to equations.We usea similar procedureio implement
modelsfor rateparameterghatarenotin oneof thethreestandardorms(Eqs.14.4-14.6).
With the tabchannel tab2Dchanneland someother GENESISobjects,we modelchan-
nelsthathave aconductancéhatdepend®ntheintracellularconcentratiomf calciumions.
The synchanobject,introducedn Chapterl5, providesa fairly generalway to implement
most synapticallyactivated channels. Towardsthe end of this chapterwe discussother
approacheshat may be usedto implementNMDA channelsgapjunctions,anddendro-
dendriticsynapses.

In thischapterwe give examplesof scriptlanguagdunctionsthatmaybeusedto create
varioustypesof channels.Thesearein a form suitablefor useasprototypeswith current
versionof readcell(Chapterl6) andNeuokit (Chapterl 7).

19.2 Using Experimental Data to Make a tabc hannel

SmithandThompson(1987)usedvoltageclampexperimentssimilar to thosedescribedn
Chapterd to measurahe characteristicef the slow inwardtail current(lg) thatis foundin
burstingpacemakr cellsof Tritonia diomedia This currentis oftencalledthe“B-current”
becausaét is believed to be responsibldor maintainingthe prolongeddepolarizatiorthat
allows burstsof actionpotentialgo occur We will useresultstakenfrom this paperto con-
structachannemodel,usingthetabchannelobject. Thismodelwasusedn thesimulation
of the burstingmolluscanneuronin Chapter7. The GENESISfunctionsthatimplement
this channeimodelandthe othersthatareusedin the simulationcanbe foundin the script
ASTan.gin the neukit/prototypes directory

Figure 19.1A replotsthe Smith and Thompsondatafor the experimentallymeasured
time constant(squares).As is typical with thesesortsof measurementghereis a large
amountof experimentaluncertaintyin thesevalues,aswell asvariationfrom sampleto
sample.Thereforewe will wantto drav asmoothcure to t thedatapoints,asshavnin
thedottedline, andtake our valuesfrom this curve. Althoughacurve- tting programcould
be usedhere,an“eyeball” t by handis adequategonsideringhe amountof noisein the
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data.ldeally, we would lik e to have similar datafor the steady-statgalueof the activation
statevariable,my. As is oftenthe casewe areonly giventhe steady-stateurrent

g O Erey V (19.1)

msec

mv

Figure19.1 Datatakenfrom SmithandThompson(1987)for the B-currenttime constaniA) andsteady-
stateactivation(B). Thesquaresepresenexperimentabdataandthe dottedlinesrepresena ®t to the data.

They estimatedE,¢, to beapproximatelys8 mV, but did notperformary tting to deter
minetheexponentialp, or themaximumconductanc@g. When tting my to a sigmoidor
otheranalyticalfunction,it is customaryto chooseavalueof the power p thatgivesthebest
t, asdiscussedn Sec.4.4.1andillustratedin Fig. 4.5. In this casewe have usedp 1.
Themaximumconductancgg is alsounknavn. Often,we canestimatet by usingEq.19.1
to calculateandplot ggmP andmakinguseof our expectationthatmy will asymptotically
approachlL.Oatlarge valuesof V. This plot, shavn in Fig. 19.1B,shavs no signof having



304 Chapter 19. ImplementingOtherTypesof Channels

reacheda maximum,althoughthereis somehint of sigmoidalbehaior. The bestwe can
dois to guesghatm hasreachedabouthalf of its maximumvalueat 40 mV, andtake gg to
beabout0.1uS Thisuncertaintywill affectthescalingof theactivationparameterbut will
not affect any calculationausingour channelmodel,asthe channelcurrentis the quantity
of interest.By draving a smoothcurve throughthe data,asin Fig. 19.1B,we canestimate
valuesof my to usein our channemodel.

19.2.1 Setting the tabchannel Internal Fields

Like thehh_channel thetabchannelhas elds for Ek andGbar, the activation statevari-
ablesX andY, andtheir associatedxponents Xpowerand Ypower Thereis an addi-
tional variableZ andexponentZpowerthatmaybe usedto provide calciumconcentration-
dependenactivation or inactivation. Thus,the channelconductancés calculatedrom an
equationanalogouso Eq.14.1,

Gk Gbar XXpoweWYpowerZZpower (19.2)

andthe channelcurrentis calculatedfrom Eq. 14.2. Eachof thesethreestatevariables
obeys anequationof theform

dx
o A BX (19.3)

In orderto male the calculationmoreefcient, the notationis slightly differentfrom
thatusedin Eq.14.3. A comparisorof thetwo equationshavsthatA aandB a b.
Eachof the threegates(X, Y, and Z) canhave associatedablesto containthe voltage
dependenciesf the A andB variables.

We canillustratethe useof the tabchannelby constructinga scriptalongthelines of
hhdan.g listed in AppendixB, which we usedin Chapterl4. We will usethe scriptto
de ne afunctionto createa prototypechannekthatcanbe usedwith Neuokit andthe cell
reader sotheinitial statementén the scriptwill befairly similar. Following the naming
conventionusedwith the otherchannelprototypescripts,we cancall the channelB_trit _st
andthe functionthatcreatest male_B_trit_st As thereis no inactivation,andwe decided
toletp 1inEg.19.1 theinitial statementi our scriptshouldlook somethindike
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At this point, the hhdhan.gscriptcontainsstatementsor settingthe parametersisedto
calculatea andb. In our script,wewill createtablesfor AandB and Il themwith data.

The tabchannelandother GENESISobjectsthat make useof tableskeepthe talular
datain adatastructurecalledaninterpol struct With someminorvariationstheprocedures
for manipulatingandaccessinghe contentsof the interpolstructare similar for all these
objects.The rst stepis to allocatespaceor thetablesin theinterpol structandto setthe
valuesof elds thatspecifythenumberof tabledivisions(xdivg, thex-valuecorresponding
tothe rst entryin thetable(xmin), andthatof thelast(xmay. Thisis doneby invoking the
objects TABCREATE actionwith the call command.For atabchannel thisis donewith
acommancbf theform

wherethe “gate” is X, Y, or Z. Beforewriting the restof your script, it would be a good
ideato experimentwith the tabchannel by enteringsomecommandsnteractiely to the
GENESISprompt. Try giving thecommands

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
the entriesrun from 0 to xdivs sothexdivs eld is literally the numberof intervalsin the
table. The numberof entriesis xdivs+ 1. Thefollowing commandswhich you shouldtry
for yourself,illustratethe notationusedfor accessinghese elds andtableentries.
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Oncethe A andB tableshave beensetup and lled with the propervalues,a VOLTAGE
messageanbe sentfrom a compartmento the channelgiving the membrangotentialto
be usedto calculatethe channelconductancelf the voltageis 0 1 or less,the table[0]
valueswill beaccessedA voltageof 0.050r greatemwill accesshetable[30] values.

In principle,onewould usetakulatedvaluesof my andt in orderto calculatehevalues
of A andB thatgo into thetables.Thesewould begiven by

A a mt (29.4)
B a b 1t (19.5)

However, GENESIShasa function,tweaktaywhichallows usto Il theA tablewith t and
theB tablewith my. After thetablesare lled, wecanusethisfunctionto “tweak” thetables
by performingthecalculationgjivenin Egs.19.4and19.5. Thereis ananalogougunction,
tweakalphawhichwouldlet us Il thetableswith a andb andtheninvoke the functionto
re Il themwith the properA andB values.We canmale useof theinterpolationcapability
of GENESIStahular objectsin orderto minimize the numberof datapointsthatwe need
to enterinto the tables.Datapointstakenat 0.005V intenalswill give usa fairly smooth
cune. Giventheuncertaintyof the experimentaldata,no furtherprecisionis justi ed. The
rangeof 0 1 to 0.05volts usedin the exampleabore coversthe membrangotentialsve
would expectto nd. Settingxdivsto 30 givesusthe desiredvoltageincrement.The data
in Fig. 19.1Abegin at 60 mV, wherethe smoothedvalueof t is 2.27 sec Ratherthan

trying to extrapolateto lower voltageswe will 1l the rst eightentriesof the A tablewith
this value. This canbe doneby settingeachof thesetableentriesindividually, but thereis
aneasiemway.

The neuokit/prototypes/defaults.g script, which is includedwhenNeuokit is run, de-
nes a GENESISscript function, settab2constto do this sort of thing. If you are not
using Neuokit, you may include defaults.gin your simulation,or copy the de nition of
settab2condnto your own script. If we malke useof this function, Il thetableswith data
from Fig. 19.1, and“tweak” the tablesto corvert the entriesto thosegiven by Eqs.19.4
and19.5,theremaindeiof our functionde nition will look somethindike
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The GENESISReferencéManualdescribesnothemlternatve to lling thetableswith
thesemary set eld commands.The datacould alsohave beenenterednto a le andread
into thetabchanneltableswith the le2tab command.

Thereis onelasttrick thatwe canapplyto wring themostef ciency outof ourtabchan-
nel simulations.If we wereto setxdivsto 3000insteadof 30, andwereto Il thetables
with 3001 interpolatedvalues,we could do without interpolationwhile the simulationis
beingrun. Althoughthis would resultin a slightincreasen thetime requiredto setup the
simulation theexecutionwould bealot faster Thetabchannelhasa TABFILL actionthat
canbeusedto performthetableexpansiorandinterpolationwith the singlecommand

Thelastagumentspeci esthat” Il mode”0 (interpolationandsmoothingwith B-splines)
will beusedto Il thetables.Otheroptionsareto interpolatewith cubicsplinesimodel) or
to uselinearinterpolation(mode2, the default). The interpoLstructhasa calc.mode eld
thatcanbe setto determinewhetheror not interpolationwill be usedfor a speci edtable.
Thefollowing statemenwill setthe modeto 0 (nointerpolation)for thetwo tables

Thesetwo statementshouldbe addedust beforethe nal “end” statemenin thefunction
male B_trit_st

19.2.2 Testing and Editing the Channel

We shouldnow testour channelmodel. The easiestvay to do thisis to make a simplecell
containingthis channelandusethe Neuokit menuoptionto examinethe
channelproperties. As we will only be looking at the channelitself anddon't carevery
much aboutthe propertiesof the cell, we can modify ary handycell parameterle and
userpefs.g le to constructhecell. An easychoiceis to startwith thecell.p le thatwas
usedin Chapterl?7. The only thing we needto do to the cell.p le is to addthe nameof
the channelB_trit _standanarbitrarychanneldensityto the line thatspeci esthe contents
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of the somacompartment.The Na_squidhh and K_squid hh channelscan eitherremain
or be deleted. Although this is not a reasonablehing to do in the context of this model,
put a B_trit_st channelin the dendritecompartmentalso. This will make it possibleto
experimentwith separatelynodifyingthebehaior of thetwo B currentchannelsTheonly
thing thatneedgo be doneto theuserpefs.g le is to addanincludestatementor the le
containingthefunctionmale_B_trit_st andto invoke thefunction.

Onceyouhave copiedtheseles into thedirectorythatcontaingyourscriptfor make_B_trit _st
andhave editedthemto your satishction,load the modelinto Neuiokit, following the pro-
ceduredescribedn Sectionl7.4. Insteadof choosingthe optionfrom thetitle
bar, click on . Whenthe Cell Window appearsn the lower left portion
of the screenclick on the greensphericalsomain orderto selectit. It shouldturn red,
andiconsrepresentinghe soma,the B_trit_st channel andary otherchannelghatarein
the somawill appeatin the CompartmenwWindow at the upperleft. Click on the B_trit _st
channein thiswindow.

The ChannelParameteraVindow will appeaiin the lower right portion of the screen,
belav the CompartmeniVindow. Figure19.2 shavs the group of dialog boxes, buttons,
andtogglesthatarebelow the graphsn thiswindow. The dialogboxin thiswindow
will shav thedefault gateto be examinedthe X gate.As thisis the onewe want, position
thecursorin thisboxandhit “Return”. If all hasgonewell, thetwo lower graphswill shav
plotsfor t andmy thatagreewith thosein Figures19.1Aand19.1B.

Figure19.2 Thecontrolpanelfor the Neuiokit 2ChanneParameter§Vindow®.

After makingary correctiongthat are neededn orderto reproducehe experimental
data,we cantry out someof the channelediting features.Thesewill allow youto modify
the characteristicef tabchannels without having to edit the scriptsthatcreatethem. The
lower row of dialogboxesallows youto enterparameterfor scalingor offsetof ary of the
rateor stateparameters.

We will begin by applyinga verticaloffsetto uniformly increasehevalueoft. Change
the dialogbox to read“0.5” andclick on the button labeled to the right of the

label. Noticethatt hasbeenreplottedandthatthe valueshave beenshiftedup by
0.5sec

Now, click on the dendritecompartmenin the Cell Window. The CompartmenWin-
dow shouldnow shav the dendrite,with the B_trit_st channelstill selected.Hit “Return”
in the dialog box, or click anywhereinsidethe box. Obsenre the resultingplot of
t for this gate. Apparently the copy of the channelin the dendritecompartmenhasalso
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beenmodi ed. As they sayin the software industry this is a “feature’}; nota“bug’ In
alarge compartmentamodelor large network, onemay have mary copiesof a particular
prototypechannel. Usually onewantstheseto behae identically It is alsodesirableto
minimizetheamountof storagespacausedby theinternaltables.For thesereasonsgopies
of thechannelthatarecreatedoy the copycommandor by readcellusethe sametablesas
the original prototype,ratherthannen copiesof thetables. This s true of all objectsthat
containtatular elds.

You mayreversethis changeby changing to 05 andclicking on again.Note
thatthescaleandoffsetis alwaysrelative to thelastoperationandnotto theoriginalvalues.
Thereforejt is agoodideato setthedialogboxesbackto offsetsof 0.0 andscalingof 1.0
aftermakinga change Thiswill preventyou from inadwertentlymakingfurtherchanges.

Sometimeg/ou may wantto changgust the one copy of the channel. GENESIShas
a functionthat allows you to duplicatea tabchannel gateandits tablesbeforemodifying
it. Totry this, click on andrepeathe experiment.You might alsotry usingthe

to scalethevaluesof t, my, a, orb. To recover theold value,usethereciprocalof the
previousscalefactor

my becomeson-zeroshortlyabore 0 055V. Supposehatwe would like to give Ig
amorerapid onsetby shifting this pointdownwardto 0 065V. Startby clicking on
, sothatwe won't changethe dendritechannelor the prototypein /library. Thenset
the dialogto 00l1andclick onthe _ button. After you have studiedtheresults,
reversethis changeby usingan offsetof 0.01. Then,repeatthis a few times, shifting the
cune to highervoltageseachtime youclick on _ . Try restoringthe original curve by
changing to 0O02landrepeatediclickingon _ . Doyouseeaproblem?

Onecanreversechangesn and , becausehey justshiftandscalethetablevalues.
However, and performoffsetsandscalingof the horizontalaxesby moving datain
thetables.This cancausedatato spill out of theendsof thetablesandbelost. Thus,large
changesn thex-axis shouldbe avoided. Fortunately thereis a buttonlabeled Af
you hadthe foresightto duplicatethe gate,clicking on this buttonwill restorethe original
from the prototypein /library. If not, the prototypewill have alsobeenmessedip andyou
will needto reloadthe cell. If you have thetime, you might try anotherexperimentwith
changinghex-axis.t dropsrapidlybetween 60and 20mV. Suppos¢hatwewouldlike
to decreas¢he slope.We cando this by spreadinghe voltagescaleout a bit. Experiment
withthe dialogto dothis.

Most of thesebuttonsanddialog boxes have a direct correspondenceith GENESIS
functionsthatyou canusein your own simulationscripts. The scalingandoffsetscanbe
providedwith the scaletabban command Bring the terminalwindow with the GENESIS
promptto the foregroundandtry the command* ". Like mostcom-
mandghatrequireadditionalargumentsthiswill resultin a“usage’messageln this case,
you shouldsee
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Now try

Put the terminalwindow into the backgroundagainso thatyou canseethe ChannelPa-
rameteraVindow andclick on the label of the dialog box thatcontains® ”. Notice
thatthis produceghe sameresultsasif you hadperformedheverticaloffsettot by using
thedialogboxesand button. After having “ ne-tuned” your channefrom within Neu-
rokit, you maywish to permanenth\includethesechangesn your model. Oneway would
beto edit your scriptsthatcreatethe channelschangingthe datathat goesinto the tables.
An easiersolutionwould be to usethe original channelkreationfunctionsandto thenuse
the scaletabban functionto performthe desiredscalingand offset operations.If you are
usingscriptsfrom the Neuokit prototypedibrary, or would like to useslightly different
versionsof the samechannein differentsimulationsjt will be mostcorvenientto usethe
scaletabban functionin your userpefs.g le, afteryou have createdthe prototypechan-
nels.Of courseyouwill probablynotwantto usethe“duplicate” optionof thefunction,as
we did in theexampleabore.

The buttoninvokestheduplicatetablecommandor boththeinternaltables
of the speci ed channelandgate. If you like, you maytry it out on oneof the tablesby
giving thefollowing commands.

Thereis yetanothemway in which offsetsandscalingmaybe providedto atabchannel
ortabgate Thetabchannelhas elds ox, oy, sx andsyfor the A andB tablesof eachgate.
Thesecanbesetwith statementsf theform

This methodis lesscorvenientfor modifying a, b, t, or my, becauset canonly be
usedto changethe scalingof the A and B tables. Note that changingA is not the same
aschanginga, becausd8 a b will still usethe old a value. However, this approach
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hassomeadwantagesvhenthevoltagescaledor botht andmy areto bemodi ed equally
Unlike the scaletabban function, settingthe ox and sy elds of a table simply changes
the valuesof xminandxmax without moving datawithin thetable. This procedurds not
suitablefor changingthe scaleof a singlerate or stateparameterbut canbe usedif both
the A andB x-axesaremodi ed equally Theox eld is particularlyusefulif onewantsto
adapta channefor usein anothercell thathasa signi cantly differentrestingpotential.

19.3 Using Equations for the Rate Constants

Often, you will be lucky enoughto nd a channelfor which someonehasalreadyana-
lyzedthe experimentaldataand tted therateconstanta andb to somefunction. Thisis
the casefor the channelghatareusedin the tutorial on the burstinghippocampaheuron
in Chapter7. The examplesgiven hereandin the next sectionare taken from the script
traub91dan.gin the neunkit/prototypes directory The functionsthatarede ned in this
scriptimplementthe channeimodelsdescribedn the paperby Traubetal. (1991).

The high voltage-actiated calciumchannelmodelusedin this paperis typical of one
thatwe mightwantto corvertto a GENESIStabchannel In the notationof the paperthe
currentcontritutedby the channels givenby

lca GCaSZrV Vca (19-6)

TheHodgkin-Huxlg rateconstantshatgive riseto the activationvariables andtheinacti-
vationvariabler have beentted to theexpressions

16

19.7
& T ep 0072V 65 (19.7)
002V 511

s o Ty (19.8)
0005 [V O

ar V 20 (19.9)
= 200 [V O]

b, O [V 0l (19.10)

0005 a, [V O]

Although Eg. 19.6 usesan oppositecorvention for the direction of positve current
o w thanthatusedin Eq. 14.2,thereis a straightforvard correspondendaetweerthevari-
ablesusedin Eq. 19.6andthehh_channelandtabchannel eld variablesthatareusedin
Egs.14.1and14.2. However, this paperusesthe physiologicalunitslistedin Table14.1,
ratherthanSI units. With somecare,we could alsousephysiologicalunitsin our channel
model,but for consisteng we will stickto Sl units. In additionto corvertingthevoltages
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from mV to volts, we will have to scalethe rate parameterdy a factorof 1000,in order
to malke the corversionfrom inversemsedo inversesecondsin the paper all voltagesare
expressedvith respecto a restingpotentialthatis de ned to be 0 mV, correspondingo
an actualpotentialof 60 mV relative to the outsideof the cell. We canmake useof a
GENESISglobalvariable, EREST _ACT, to give us somemore e xibility in our function
to createthe channel.If we replaceV byV EREST _ACT in EQs.19.7-19.10we may
usethe channelwith ary assumedestingpotential. In the script traub91tian.gandthe
examplegivenbelov, EREST ACT issetto 0 06.

We would expectour function that createghis channelto usea for loop to Il each
table. Becauseof the piece-wisecontinuousform of the inactivation rate constantsthis
will be necessaryHowever, GENESIShasa command setupalphathat canbe usedto
createand Il the A andB tableswhena gatehasrateconstant®f thegeneraform

A Bx
C exp x D F

y (19.112)
This is the casefor Eqs.19.7-19.8,s0 we will setup the tablesfor the X gatewith a
commandf theform

wheretheparameteréA-AF correspondo thosein Eqg.19.11whenit representa V and
the parameter8A-BF correspondo thosefor b V . The setupalphaunction then per
formsmary of theoperationgjivenin theexampleabove for the B_trit_st channelNamely
it

callsthe TABCREATE actionfor the speci edgate(X, Y, or Z), settingxdivsto 49,
xminto —0.1,andxmaxto 0.05,

loopsover the xdivs+ 1 tableentries,usingEg. 19.11to Il the A tablewith values
fora V andtheB tablewith valuesforb V ,

“tweaks”theB table,sothatit containa V. bV ,

callsthe TABFILL actionto expandthetableto 3000entries,andsetsthecalc.mode
eld for eachtableto “no interpolatior.

Otheroptionalparametertet you changeherangeandsizesgivenabove.

Figure19.3shavs afunctionthatwill createhechannelCa hip_traub9lusingsetupal-
phato createthe X (activation)gate. TheY (inactivation) gateandthe Y_A andY B tables
arecreated'the hardway” usingthe stepsitemizedabove. As it is easyto go astraywhen
convertingbetweerdifferentunits,you shouldmale surethatyou canreconcileEqs.19.7—
19.8with thevaluesof the parametersisedwith setupalpha
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Figure19.3 An examplescriptcontainingafunctionto createthe high voltage-actratedcalciumchannel.
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19.4 Implementing Calcium-Dependent Conductances

Much of theinterestingoehaior of theburstingneurondiscussedh Chapter7 arisefrom
potassiunthannelghathave conductancedependingn theintracellularconcentratiorof
calciumions. In this section,we look at waysto obtainthe calcium concentratiorfrom
the calcium channelcurrent,and examinethe implementationof two typesof calcium-
dependenturrents.

19.4.1 Calculating the Calcium Concentration

Several processesaffect the concentratiorof calciumionsin a neuralcompartmen{(Ya-
mada,Koch,andAdams1989, SalaandHerrandez-Cru2990). After calciumions enter
thecompartmenthroughcalcium-selectie ionic channelsthey maydiffuseinto neighbor
ing compartmentsThey mayalsobind to variousbuffers, suchasthe protein,calmodulin.
Specializedonic channelsact as pumpsto extrude calciumions from the cell. GENE-
SIS allows you to model one-dimensionatiiffusion of calciumwith the difshell object.
Non-mobilebuffers can be simulatedwith the xb uffer, and diffusible buffers with the
difbuffer object. Two typesof calciumpumpscanbe modeledwhich canbe madeelec-
trogenic. The mmpump objectmodelsa Ca-AT Pasepumpobeying Michaelis-Menterki-
netics(Sec.10.2.1),andthe setupNaCaommandusesa tabcurrent objectto modelthe
Na -C& exchangercurrent. Thetabcurrent objectallows you to modelary non-ohmic
currents,andit canalsobe usedto computethe solutionto the Goldman-Hodgkin-Katz
equation,for which the appropriatetablesare set up with the setupghkcommand. The
mathematicakquationsmplementedyy theseobjectsfor calciumdynamicscanbe found
in De Schutterand Smolen(1997). Examplesof the useof theseobjectscanbe foundin
the spinestutorial (basedon a modelby HolmesandLevy (1990))andthe Purkinjecell
tutorial. These andotherrecentlydevelopedtutorialsareavailablethroughthe GENESIS
UsersGroup(seeAppendixA).

Oftenit is sufcient to useasimplermodel,or therearenotenoughexperimentatatato
adequatelynodelthe processesdescribedabare. Thetwo simulationsdescribedn Chap-
ter 7 representherateof changeof the concentratiorof calciumionsby theequation

d Ca? B Ca?
dt Ca ¢

(19.12)

Here,[Ca? ] is the concentrationwhich we expressin the Sl units of molesperm®. This
convenientlyworksoutto bethesaman milli-molesperliter. Notethatthecommonlyused
Molar concentrations expressedn molesperliter. Thus,thetypical restingintracellular
C& concentratiorof 50 nM wouldbe50 10 © in ourunits. The rst termon theright
gives the rate of increaseof [Ca? ] dueto an inward channelcurrentlc,. The second
representanattempto t thevariousprocessethatdepletdCa? ] to anexponentiadecay
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with asingletime constant . An estimateof thevalueof t mayoftenbeobtainedby optical

measurementsf the rate of decayof [Ca® ], using Ca-sensitie dyes. In principle, one

may nd theconstanB by calculatingthe ux of ionsinto athin shellnearthe membrane
surfaceproducedy Ic,, asin Exercise3. This calculationeadsto theresultthatfor ashell

of surfaceareaA andthicknesd,

B 52 10°% Ad (19.13)

wherethe shell dimensionsare given in metersandthe currentis in amperes.However,
therearefactorsthatwill modify this value, causingit to be just a roughapproximation.
Bufferingtiesup alarge percentagef theenteringCa , oftenreducingtheeffective value
of B by afactorof 1000or more.Thecalciumconcentratiomwill not beuniformthroughout
the compartmentandthe concentratiorin the shellcloseto the membranesurfaceis most
relevantfor behaior of channelshatareactivatedor inactvatedby thepresencef calcium
ions. As it is dif cult to estimateanappropriatesalueto usefor thethicknessof the shell,
d becomegetanotheifree parameteto be tted. For the modelof the burstingmolluscan
neuronof Chapter7, the bestavailable estimateof t wasused,andB waschosenso that
Eq. 19.12would yield maximumvaluesof [Ca? ] which werein agreemenwith typical
experimentameasurementsf theintracellularconcentratiorof free Cef .

GENESIShasanobject,Ca_concen whichsolvesEq.19.12for [Ca® ]. Therearedata
elds B, tau, and Ca for the correspondingjuantitiesin Eq. 19.12. The calciumcurrent
appearingn the equation,lc,, is provided by summingcurrentvaluesthat are provided
by “I .Ca” messagefrom all channelsvhich carry calciumcurrents.In addition,thereis
a Cabase eld thatis addedto the resultingvalueof Ca in orderto provide a “base” or
restingvalueof the concentration.

In Chapterl6, Sec.16.3discusseshe channel‘density” parametethatis usedin the
cell descriptorle. Whenthe “channel”thatis speci edin this le is the nameof a proto-
type library elementformedfrom a Ca_concenobject, this value of the “density” is used
to calculatethevalueof theB eld, ignoringthe valuethatwassetwhenthe prototypewas
created. This is analogougo the procedureusedto setthe Gbar eld of a tabchannel
For Ca_concenobjects B is setto the “density” divided by the volumeof the parentcom-
partmentwith the volumecalculatedn m® from the dimensionsyiven (in microns)in the
cell descriptorle. By takingthe actualcompartmentolumeinto accountandsettingan
appropriatalensity you canthensetB for eachcompartmento bewhatereryouwant. The
objecthasanadditional eld thick, for the shellthicknesd thatappearsn Eq.19.13.1f d
is non-zerotheshellareaA is calculatedrom the compartmentlimensionsandB is setto
the“density” divided by thevolumeAd. Thus,thecell readercanalsoscaleB asfor atrue
shell.

Thefollowing statementsle ne afunctionusingthe Ca_concenobjectto calculatethe
concentratiorof calciumions resultingfrom a current o w throughthe Ca hip_traub91
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channel.

In their model of the CA3 pyramidalcell, Traubet al. expressedCa? ] in arbitrary
unitswith arestingconcentratiorof O, currentin WA, andsett 1333 msec If we usethe
sameconcentratiorunits,but expresscurrentin amperegndt in secondspur B constants
then10'? timestheconstan{calledf ) usedn thepaper Theactualvalueof B usedfor each
compartmenwill typically be determinedoy the cell readerfrom the cell parameterle.
However, for the prototypechannelwe will useTraub's valuefor the soma.(A misprintin
thepapergivesit as17,402ratherthan17.402.)In ourunits,thisis 17402 102,

The Cahip_conc elementcreatedby this function shouldreceve an “l _Ca” message
from the calciumchannelaccompaniethy thevalueof the calciumchannekurrent.If this
messageverestatedexplicitly in asimulationscript,it would be

Here, the variablepath indicatesthe location of thesetwo elementdn the hierarchy For
example, path might evaluateto “/cell/som& However, we will ordinarily usethe cell
readetto createcopiesof theseprototypeelementsn oneor morecompartmentsWe need
someway to besurethatthe needednessageareestablishedAlthoughthecell readethas
enoughinformationto createthe messagethatlink compartment$o their channelsandto
otheradjacentompartmentst mustbe providedwith theinformationneededo establish
additionalmessagesThis is doneby usingthe add eld commandto placethe message
stringin auserde ned eld of oneof the elementghatis involved in the messageln our
casewe usethestatements
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The cell readerecognizeghe added elds addmsgladdmsg2etc. asindicatingthat
they areto be evaluatedandusedto setup messagesThe pathsarerelative to the element
that containsthe addedmessage Thus,“ " refersto the sibling ele-
mentCa_ hip_traub9land” ” referstotheCa hip_concelemenitself. Herewe have chosen
to attachthe messagdéo Ca hip_conc If we hadattachedt to Ca hip_traub91linstead,it
would have been

Wewill usethevalueof Ca? producedby Ca hip_concto in uence theconductance
of two differenttypesof potassiunthannels Anotheruseof the Ca_concenobjectwould
be to usethe resultingconcentratiorto changethe value of an ionic equilibrium poten-
tial in situationswherelarge changesn concentratiortanmaodify the driving force on the
ions. Thenernst object,which is describedn the GENESISReferenceManual,typically
recevestheintracellularionic concentrationwith a CIN messagandcalculategheresult-
ing equilibriumpotentialusingthe Nernstequation. The tabchannel tab2Dchanneland
vdep_channelobjects(describedelov) canreceve the new value of Ek from the nernst
objectwith anEK messagsothatthis eld will becontinuallyupdated.

19.4.2 The AHP Current

TheAHP current(Sec.7.6)is aslow potassiuncturrentthatdepend®nly on[Ca? ]. When
time is expressedn secondsthe modelusedin the papergivesa rateconstanta thatin-
creasesinearly from 0 to 10 as[Ca? ] increasedrom 0 to 500. When[Ca? ] is greater
than 500, in thesearbitrary units, a hasa constantvalue of 10. The b parametehasa
constanwalueof 1.0 overtheentirerangeof [Ca® ].

This concentration-depdent activation canbe modeledwith the tabchannel Z gate.
The Z gateactsjustlike the X andY gatesgexceptthatit getsits input valuefrom a CON-
CEN messageinsteadof a VOLTAGE message The parametethatis sentis usuallyan
ionic concentrationgomingfrom a Ca_concenobject.(Thereis noreasorthatthismessage
couldnt beusedto senda voltageor othervariable however.)

The traub91dan.g scriptde nes a function to createthe channelKahp hip_traub91
This is very similar to the function shavn in Fig. 19.3,which createghe Ca hip_traub91
channel However, theexponentsX powerandY poweraresetto zero,andZ poweris setto
1. A for loopis usedto Il the A andB tablesfor theZ gateandthetableis expandedwith
TABFILL, asbhefore.In addition thecellreadeneedgo begiventheinformationnecessary
for it to setup a CONCENmessagérom the Ca_hip_concelement.This is accomplished
with the statement
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As with theadded eld thatwasde ned for the Ca_hip_concelementthe string assigned
asthevalueof addmsgls usedonly by the cell reader

19.4.3 The C-Current

The Z gate can be usedonly if the conductancenas a factor ZZP°"e" where Z obeys
Hodgkin-Huxlg rate equationdike thosefor X andY, but with a andb beingfunctions
of concentration However, the concentratiordependencées not alwaysof this form. The
C-current(Chapter7) is a fastpotassiunturrentthatdepend®on bothvoltageandthe cal-
cium concentration. The modelusedby Traub, et al. (1991) for the conductancéasa
typical voltageandtime dependenactivation gate wherethetime dependencarisesfrom
thesolutionof adifferentialequationcontainingtherateconstants andb. It is multiplied
by a function of calciumconcentratiorthatis given explicitly, ratherthanbeingobtained
from a differential equation. Therefore,we needa way to multiply the activation by a
concentration-depelent valuethatis determinedrom alookuptable.

GENESISdoesnt have a way to implementthis with a tabchannel so we usethe
vdep_channel objecthere. Thesechannelsontainno gatesandget their activation gate
valuesfrom externalgateelementsyia a MULTGATE messageThesegatesare usually
createdwith tabgate objects,which are similar to the internalgatesof the tabchannels
However, ary objectthatcansendthevalueof oneof its elds to thevdep_channelcanbe
usedasthe gate. Here,we usethetable object. This generalitymalkesthe vdep_channel
very useful, but it is slower thanthe tabchannel becauseof the extra messageassing
involved. Thefollowing functionillustratesthe stepsneededo implementthis channel.
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First, we createthevdep_channel Kca hip_traub91 andsettheusual elds. Then,we
createthelookuptablefor thefunctionof concentrationf Ca? min 1 Ca? 250.
It is madefrom atable object,and lled in a mannersimilar to thatusedfor the internal
tablesof the tabchannel object. Note thatthe internal eld for the tableis calledtable
Whenexpandingthetablesothatit maybeusedin the“no interpolation”calculationmode,
notethatthe TABFILL syntaxis slightly differentfrom thatusedwith tabchannels Here,
thereis only oneinternaltable,sothetablenameis notspeci ed.

Next, we male a tabgate for the voltage-dependemtite constantfor activation. The
tabgate hastwo internaltables alphaandbeta Theseare lled like thoseof thetabchan-
nel. Notethatthe betatableis reallyb, nota b, aswith the B tableof thetabchannel
Finally, we setup the requiredmessagesThe MULTGATE messagés usedto give the
vdep_channel the value of the activation variable and the power to which it shouldbe
raised.As we have createdhe tabgate andtable assubelementsf the channelthey and
their messageto the channelwill accompan it whencopiesaremade.However, we also
needto provide for messagethatlink to externalelements.The messagéehat sendsthe
C& concentratiorio thetable andthe onethatsendshe compartmenmembrangoten-
tial to thetabgate arestoredin added elds of the channel sothatthey maybe found by
thecell reader

Laterin this chapterwe will seehow thetab2Dchannelallows the ef cient modeling
of morecomple relationshipsetweerthe channelconductanceindVy, and[Ca? ], and
how future versionsof the tab2Dchannelmight be usedto implementthis channeimodel
withoutthe useof thevdep.channel

19.4.4 Other Uses of the table Object

Thetable objectis quiteversatile.Thereis alsoasimilartable2D objectthathasaninternal
two-dimensionatable. Thesemaybothbeusedin mary situationswherethereis no GEN-
ESISobjectthatwill performagivencalculationor asafasteralternatve to anotheiobject.
For example,Section19.4.1mentionedthe useof the nernst objectto continuallyupdate
theequilibriumpotentialof atabchannel The scriptmitproto.gin the neuokit/prototypes
directoryshavs how this may alsobe accomplishedvith atable. The Cabletutorial uses
this objectasanintermediaryto the xgraph objectin orderto generatdogarithmicplots.
In Chapter22 (Sec.22.4.2)we will seeanexampleof its useasa functiongeneratorAn-
otheruseof thetable would beto implementan“instantaneoustatethathasanactivation
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dependingnly on voltage ratherthanhaving atime andvoltagedependencgiven by the
solutionof Eq.19.3.Youcan nd furtherexamplesn the Scripts/@amples/thle directory

19.4.5 The vdep _gate Object

For completenessye shouldmentionthe vdep_gate object,which may alsobe usedwith

avdep_channel This gateis very muchlike thetabgate exceptthatit calculategherate
constanta andb directly from Eq. 19.11,insteadof from internaltables. Although this

form is slightly moregenerakhanthethreeformsusedby thehh_channel anhh_channel
implementatiorwill executesomavhatfasterthanthevdep_channelandvdep_gatecom-
bination.If it is necessaryo useseparatehannelandgateobjects aswith the C-currenta
combinationof avdep_channelandtabgatewill give themostspeedand e xibility. Thus,
thereis little reasorto usethevdep_gate It is seemrmainly in older GENESISsimulations
thatwerewritten beforethedevelopmentof thetabchannelandtabgate objects.

19.4.6 Using the tab2Dchannel Object

Somechannelmodelsrequirerate constantghat dependon anothervariablein addition
to Vim. For example,Moczydlovski and Latorre (1983) have describedthe kinetics of a
calcium-actratedpotassiunthannethathasbeenwidely usedasamodelfor theC-current.
Unlike the currentdescribedn Sec.19.4.3,the dependencef the conductancen [Ca? ]

arisesnot from amultiplicative functionof [Ca? ], but from thedependencef a andb on
bothVi, and[Ca? ].

In GENESIS,suchmodelsmay be implementedwith the tab2Dchanne] which con-
tainstwo-dimensionatablesfor the variablesA andB. Like the tabchannel andunlike
thevdep_channelor hh_channel thetab2Dchannelmaybe usedwith thefastandhighly
accuratemplicit numericalintegrationmethodshataredescribedn Chapter20. Thelist-
ing of the script MoczydKC.gn Fig. 19.4 revealssomeof the signi cant featuresof the
tab2Dchanne] andallows usto compardt with thetabchannel

In comparinghislisting with thatin Fig. 19.3,we seethatmostof thechannelelds are
the same.However, the TABCREATE actionnow takesadditionalagumentsydivs,ymin
andymaxin orderto allocatethe two-dimensionatablesfor A andB. Thetablesnow have
two indices,wherethe rst onerunsfrom 0 to xdivsandthe secondnefrom 0 to ydivs

Whenusingtwo-dimensionatables,it may be necessaryo experimentwith the table
sizein orderto obtainthe desiredaccurag without usingan excessiely large table. The
setuptime neededo Il thetablesusinga for loop is alsoa considerationasthereare
presentlyno utilities like the setuplaphacommandor lling tab2Dchanneltables. (But,
checkthe GENESISReferenceManualfor new developments.)

Whenusing a one-dimensionalable, it is customaryto usea large table, either by
settingxdivsto a large value, or by using TABFILL to expandthe tablewith interpolated
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Figure19.4 An examplescriptusingatab2Dchannelto implementthe Moczydlavski andLatorre(1983)
Ca-dependerK current.
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values. Then,aswasdonein Fig. 19.3,the calc.mode eld for eachtableis setto zero
(NO.INTERB, in orderto save computatiortime. In the presenexample the calc. modeis
setto LIN_LINTERP(a prede nedglobalvariableequalto one),sothatlinearinterpolation
is performedat runtime, allowing the useof a smallertable.

This script usesa maximumvalue of [Ca? ] (ymay of 0.003mM (milli-moles per
liter), becausét wasintendedto be usedwith a Ca channeland associatedCa concen
elementthatproducedconcentrationin this range. The channelparametersvere tted to
experimentaldatafor arangeof concentrationsip to 10 mM, soyour valueof ymaxcould
be muchlarger As always, it is importantto take somecarein choosingthe value of the
parameteB in Eq. 19.12andthe correspondingeld in the Ca_concenelementandthen
determinghemaximumvalueof [Ca? ] thattheCa_concenelemenwill generatdor your
particularmodel.

As with thetabchannel a messagearryingthe membranevoltageor a concentration
is sentto the channebkothatthechannekanretrieve theappropriatéd andB tablevaluesto
calculatghegateactivations(X, Y andZ) andtheresultingchannetonductanceHowever,
we cannow have two messagesn orderto specifyboththex andy variables Therearetwo
new messagefor sendingconcentrationgor anything else), CONCEN1and CONCENZ2.
AnothermessageD OMAINCONC, providesa highly simpli ed modelto obtaintheionic
concentratiordirectly, usingthe currentsentfrom anotherchannelandthe surfaceareaof
the parentcompartmen{De Schutterand Smolen1997). Therearealsothreenew elds
Xinde, Yindex andZindex. These elds are usedfor eachgateto de ne which message
refersto the x variableandwhich refersto they variable. Theseindex elds mayeachbe
assignedo oneof the prede nedglobalvariablesVOLT_INDEX, CLINDEX, C2_INDEX,
DOMAININDEX, VOLT.CLINDEX, VOLTC2INDEX, VOLT_DOMAIN.INDEX,
C1 C2INDEXandDOMAIN_C2 INDEX.

The rst four of theseareusedwhena gatedepend®n only onevariable.In this case,
xdivs shouldbe setto zerofor that gate,andthey variable(correspondingo the second
index) is usedto Il 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 thesevariablesare of the form
x_y_INDEX, andsimilarly specifywhich of two messageare usedto specifythe x andy
variables.

In our example, Xinde< is setto VOLT_C1 INDEX. This meanghata VOLTAGE mes-
sagewill specifythe x variableof the X_A andX_B tables,anda CONCEN1messagavill
specify the y variable. The cell readerwill automaticallyprovide the VOLTAGE mes-
sagefrom the parentcompartment.However, aswith the C-currentmodeldescribedn
Sec.19.4.3 we needto useanaddedeld addmsglo hold a stringthattellsthecell reader
to createa CONCEN1messagdrom a sibling Ca_concenelementwhich we have called
Ca.cong to our channelgiving the Ca concentrationlf our modelrequireda secondyate
Y thatdependedsolely on anotherionic concentrationye could alsosenda CONCEN2
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messageandsetYindex to C2INDEX.

Futureversionsof the tab2Dchannelwill allow the Xinde, Yindex and Zindex elds
to take on valuesto indicatethatthe correspondingyateshouldbe given a valueinstanta-
neouslycalculatedrom the A tablevalues ratherthanfrom the solutionof Eq. 19.3. This
will allow thefastandef cient modelingof “instantaneousthannel&ndC-currentmodels
like thosedescribedn Sec.19.4.3withoutthe useof table or vdep_channelobjects.

19.5 NMDA Channels

Postsynapticeceptorghatareactivatedby N-methyl-D-aspartattNMDA) have character
isticsthatdiffer signi cantly from otherreceptorghatgive riseto EPSPsSNMDA channel
conductancefiave rise timeson the order of 5-10 msecand decayslowly over periods
of 70—100msec In additionto shaving this prolongedconductanceNMDA channels
have a voltage-dependemtonductancehat increasesvith depolarizatiorfrom the resting
potential. As a signi cant synapticcurrentrequiresboth a presynaptidnput anda post-
synapticdepolarizationNMDA synapseganactlike Hebbiansynapsesshaving a use-
dependentacilitation. NMDA channelgassa combinationof sodium,potassiunandcal-
ciumions. Experimentdiave shavn thatmechanism$or long termpotentiationSec.15.4)
dependupona postsynaptiéncreasen theintracellularCe concentrationThis increase
is thoughtto be broughtaboutby calciumin ux throughNMDA channels.For theserea-
sonstherehasbeenagreatdealof interestin themodelingof NMDA channels.

Thevoltagedependencef NMDA channelss causedy a blockageof thechanneby
magnesiumions. At membrangotentialson the orderof 70 mV, the driving force for
theselargeionsto try to enterthe channelss quite high. As the membranés depolarized,
theblockageis relieved. The behaior of the magnesiunblock hasbeenmodeledby Jahr
and Stevens(1990). Zador KochandBrown (1990) have usedthis modelanddatafrom
hippocampaheurongo t the NMDA channektonductancéo

exp tt; exp tito
1 hM@g ep o/

Osyn VU On (19.14)
In this expression,the constantyy, 02 nSt; 80mse¢ct, 067 msec¢h
033 mM, andg 006 mV. Typical valuesof extracellular Mg® in hippocampaslice
experimentsareabout2 mM. Theratio of sodium,potassiumandcalciumions passedy

this channeis suchthatthereversalpotentialis closeto therestingpotential.

Thetime dependencef Eq. 19.14is thesameasthatof thedualexponentiaform of the
synchanobject(Egs.6.17and15.2).In GENESIS we canimplementNMDA channeldy
multiplying the conductancef a synchanby a voltage-dependenérmwhichis provided
by anothemwbject,the Mg_block. Thisobjecthasa eld CMgthatcorresponds Mg? , a
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eld KMg_A correspondingo 1 h, anda eld KMg_B correspondingo 1 g Notethatary
unitsmaybeusedfor theconcentration€Mg andKMg_A, aslong asthey areconsistent.

Thefollowing statementdlustratethe useof a synchanandMg_block objectto im-
plementanNMDA channel.

After creatingthetwo elementsandsettingthe elds for the variousconstantshatap-
pearin Eq. 19.14,we setup a CHANNEL messagé¢o passthe unmodi ed conductance
from thesynchanto theMg_block. AnotherCHANNEL messag@assesheblocked con-
ductanceo the parentcompartmenfrom the Mg _block. The Mg _block needsthe com-
partmentmembranegotentialto calculatethe voltage-dependérfactorin Eq. 19.14,soit
getsit via a VOLTAGE message The synchanexpectsto receive a VOLTAGE message
in orderto calculatea channelcurrent. Althoughthe value of the currentin the absence
of blocking is of no interestto us, we sendthe messagearyway, in orderto avoid error
messageproducedyy the CHECK actionof the channel.

19.6 Gap Junctions

In additionto communicatingia chemicallyactvatedsynapsesjeurongnaycommunicate
throughdirect electricalconnections.Thesegap junctions which are commonin lower
vertebrategandfoundin several sitesof the mammalianbrain, arelarge macromolecules
thatextendthroughthe membranesf bothcells. Poresin thesemoleculesallow the rapid
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exchangeof ions betweenthe two neuronswithout the delaysthat occur with synaptic
coupling. As they offer a very low resistancevith little leakageto the extracellularspace,
the postsynaptipotentialis nearlythe sameasthe presynapti@otential.

The speedof this type of couplingmalesit usefulfor modifying the behaior of net-
works of coupledoscillators. Studiesof the pyloric network of the lobsterstomatogastric
ganglionhave shavn thatthefrequeng of theanteriorbursterneuronis in uencedby elec-
trical couplingto otherneurongHooperandMarder1987).

Neuronsin the inferior olivary nucleusare extensively connectedvith gapjunctions,
mostof which seemto exist betweerthe spinesthat populatethe dendritictreesof these
cells. Thesehave beensimulatedin GENESISby usingan RAXIAL messaggassedli-
rectlyfrom eachdendriticcompartmento theother with theRa eld replacedy anumber
representingheresistancef thegapjunction.

A typical speci c membraneesistancdor a gapjunctionis ontheorderof 10 4 Wh?,
whichis muchlower thanthatfor a typical cell membraneFor two compartmentshatare
coupledby ajunctionwith a1 pmdiametertheresistancef the couplingwould be about
30 MW. In sucha case the following messagemight be usedto coupletwo cellswith a
gapjunction.

If the valueof Rgapis changedthesemessagemustbe deletedandre-sentwith the new
value.

19.7 Dendrodendritic Synapses

Mitral cellsin the olfactorybulb interactwith axonlesgyranulecells via dendrodendritic
synapsefRallandShepherd 968,ShephercdindGreerl990).In GENESISthesesynapses
may be modeledeitherby a combinationof a synchanandatable object,or by theddsyn
object. Both approacheareillustratedby a demonstratiorin the Scripts/@amples/dsiyn
directory

Theddsyn objectis muchlike a synchan with the sameinternal elds andmessages.
However, it alsohasaninternaltablethatmapsa presynaptigotentialto the channelcti-
vation. In atypicalusageit getsits activation,notin theform of ad-functionspike from an
axonalconnectionput from its internaltablein responseo a voltagesentfrom the presy-
napticdendritecompartmentvith a V_PRESYNmessageThis activationis thenusedto
generatea channelconductanceggovernedby two time constantsf; andt,, aswith the
synchan
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19.8 Exercises

1. Corvert oneof the channeldn hhdan.ginto a tabchannel Testyour channeland
verify thatit givesthe sameresultsastheoriginal.

2. YamadaKochandAdams(1989)give aslightly differentmodelfor the AHP current
from theoneusedin the Traubmodel.In MKS units,they use

acC f C

b 251 sec con$
fC 125 10°c?

withC  Ca? in mmoks liter moles m®. Usethe tabchannel Z gateto im-
plementa model of this current. Incorporateit into a simple cell and describeits
effects.

3. ThetermBlc, in Eq. 19.12representshe numberof molesof C&  ionsthatenter
a unit volumeeachseconddueto a currentlc;. Assumethat the volumeis a thin
shell with a surfaceareaA anda thicknessd. Shawv that when Sl units are used,
B 52 10 ° Ad.

4. Modify the scriptfrom Chapterl5 sothatit usesan NMDA channel. Usethe pa-
rametersvaluesgiven with Eq. 19.14, but expressedn Sl units. Choosea value
of gmaxthatresultsin occasionahctionpotentials but mostly subthresholdEPSPs.
Also modify the graphfor the conductancelot sothatit plots both the unblocled
conductancef the synchanelementandthe netconductancef the Mg _block ele-
ment. Comparethesetwo plots andthe plot of the somamembranegotential. Can
youverify thattheNMDA channeis behaing asonewould expectduringthecourse
of anactionpotential?

5. Theoriginal Traubetal. (1991)CA3 pyramidalcell modelhadaquisqualate-aatated
conductanceind an NMDA conductancehat were not implementedn the model
usedin Chapter7. Fromthe descriptiongivenin their papey implementthesecon-
ductancesnduseNeuokit to provide themwith synaptianput. Verify thatthemodel
behaesasexpected.
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