Building a Cell With Neurokit

DAVID BEEMAN

17.1 Introduction and Review

In the rst four GENESISprogrammingutorials,we coveredthe featuresof the GENE-
SIS/XODUSscriptlanguageneededo construcia simplemodelneuron.This neuroncon-
tainsa dendritecompartmentvith a synapticallyactivatedexcitatory channelanda soma
with Hodgkin-Huxlg/ sodiumand potassiunchannels.A sourceof randomlydistributed
spikesis usedto excite the synapseAction potentialgoroducedn the somatriggera spike
generatoithat may be usedto provide input to a synapseon anothercell. In our model,
we useda feedbackconnectiorto the cell's own synapsehat canbe toggledon and off.
Enoughdetailsof XODUS wereintroducedto creategraphsfor the membranepotential
andchannelconductancealongwith buttons,togglesanddialogboxesfor controllingthe
simulation.

Thepreviousprogrammingutorial usedthereadcellfunctionto build the sameneuron
from a data le. Thisis the preferredmethodfor the constructionof complex cells and
the exchangeof cell modelswith other GENESISusers. The tutorial also provided an
introductionto the library of prototypecell componentghat are usedwith the Neuokit
cell builder. In this tutorial, we will usethe sameneuronas an examplefor the useof
Neuokit to constructa cell with a minimum of GENESISprogramming. Althoughiit is
not necessaryo have workedthroughthe programmingdetailsof the prevous vetutorials
beforebeginningthis one,you shouldreadthroughthemin orderto understandhe model
thatis beingimplementechere.
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266 Chapter 17. Building a Cell With Neurokit

The Neuokit cell builder is a GENESISsimulationconsistingof a main script Neu-
rokit.gandseveralotherincludedscripts. Thesemale useof the cell readerto createa cell
model,just aswe did in the previous chapter However, Neuokit alsoprovidesa graphical
interfacefor controllingthe simulation,modifying the cell model,stimulatingthe cell with
varioustypesof input, anddisplayingthevalueof elds in thevariouscompartments.

In orderto recreat®ur simulationwith Neuokit, we needles for thecell readesimilar
to the onesthat we usedin the previous chapter We will againusea cell descriptor le
cell.p We alsoneedthe scriptscompartments,chhdan.g syndans.gandprotospile.g in
theneuokit/prototypedirectory Again,thesewill beusedto createheprototypeelements
fromwhichthecell will beconstructedAs before we needa scriptthatincludestheabove
scriptsanduseshemto createthe prototypeelementsindera neutral /library element.n
the previous chapterwe choseto call this le protodefs.g Neuokit requiresthatthis le
be calleduserpefs.g It performsthe functionsof our protodefs.gle, plusa few others
describedn thefollowing section.

Before baginning this tutorial, you shouldalso familiarize yourselfwith Neuiokit by
runningoneof the Neuokit-basedsimulationsdescribedn Chapter7. Alternatively, you
mightrunthesimulationin the Neuokit directory(Scripts/newkit), usingthe camit.pcell
parameterle whichis foundthere. Try out someof the featureghataredescribedn the
README le, which is available asthe on-line help. If you wish to explore the chan-
nel editing capabilitiesof Neuokit, you may run the tutorial in Scripts/lannels Channel
editing with Neuwokit is alsotreatedin a following chapterin Sec.19.2.2. Note thatthe
Neuookit menuchoiceonly refersto voltage-dependeionic channelsand
notto synapticallyactivatedchannels.

17.2 Customizing the userprefs File

WhenNeuokit is run, it beginsby assigningdefault valuesto a numberof globalvariables
calleduservariables Thesevariablesarede ned in the Neuokit directory le defaults.g
andareresponsibldor the initial valuesof mostof the Neuokit dialog boxes, scalesfor
graphsandagooddealof whatyou seeon the screen Althoughyou maywishto examine
defaults.git shouldnotbemodi ed. Next, Neuokit looksfor a le calleduserpefs.g This
le is responsibldor creatingthe prototypeelementsn the library andfor making any
desiredchangesn the uservariablesthat were setin defaults.g Unlessyou arerunning
the examplecamit (CA mitral cell) demonstratiorsimulationfrom the Neuwokit directory
you will wantto run Neuokit from anotherdirectorythat containsyour own customized
userpefs le andyour own cell parameterle. Typically, you will have a .simic le that
hasseta pathto the Scripts/newkit andScripts/neuskit/protatypesdirectoriessothatthis
maybedone.If theuserpefs le is notfoundin thedirectoryfrom which Neuokit is being
run, the default userpefs.gin the Neuokit directoryis used.This le, shavnin Fig. 17.1,
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may be usedasa modelfor the constructionof your own userpefs le. To illustratethis
customizationwe will go throughthe le, makingthe changeseededo constructour
modelneuron.If youarefeelingimpatient,youmayconsultheresultinguserpefs.glisting
in AppendixB. However, you will gainthe mostfrom this tutorial by developingthe le
pieceby pieceasyouwork throughthetutorial.

17.2.1 Step 1

The rst stepis to include the scriptsthat de ne the functionsto be usedto createthe
prototypeelements.In Chapterl9, we will createour own prototypechannels.For now,
we will build our neuronwith channelghatwe can nd in the prototypeddirectory The
neukit/prototype/LIST le providesasummaryof these.

We needcompartment¢de ned in compartments)g sodiumandpotassiunHodgkin-
Huxley channeldde ned in hhdan.g, anexcitatory synapticchannela synchanobject),
anda spike generatotike the onewe usedin the previoustutorial. We can nd thelatter
de ned in protospile.g. In Fig. 17.1,the le mitsyn.gde nes functionsfor creatingboth
anexcitatorychannel(male_glu_mit.upi) andaninhibitory channel(male_GABA_mit_upi).
Notethat, unlike the namesn our “generic” syndans.g le, the prototypechanneinames
follow thecornventionrecommendeih theneuokit/prototypedREADME le. Forexample,
glu_mit_upi is aglutamate-actatedmitral cell channelauthoredy Upi Bhalla. In general,
youshouldlookfor a le thatde nesaprototypeclosestotheoneyouneed.In somecases,
it maybenecessario modify anexisting le to producethedesiredorototypeorto change
thedefault eld values,oncethe prototypeis created.For our model,we canusethe le
syndans.g which hasexactly whatwe need. Thus,the rst sectionof our userpefs le
will befairly similarto thatof thedefault versionandto the statementgivenin Sec.16.2.2.
It will containthe statements:

17.2.2 Step 2

Neuokit begins by creatinga neutralelement/library to containthe prototypes,so our
secondstepshouldbe to changeto this elementandexecutethe functionsthatwill create
the desiredprototypeelements. However, we should rst considerwhat we needto do
in orderto properly setthe valuesof the internal elds of theseprototypes. In the case
of compartmentsall the relevant elds canbe setfrom informationcontainedn the cell
parameterle. For channelsthe maximumchannelconductancés theonly eld thatis
determinedrom the cell parameterle. Neuwokit allows someother elds to be setfrom
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Figurel7.1 Theuserpefs.g®le for thedefault Neuokit simulation.For brevity, someof thecomment$ave
beenremoved.
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dialogboxes, but mary would have to be changedusingthe GENESISset eld command,
if thedesiredvaluesarenot setwhenthe prototypesarecreated.Thus,we shouldexamine
the channekreationfunctionsin orderto seewhatchangesve might needto make within
theuserpefs le.

Looking at the listing for hhchan.gin Appendix B, we seethat it makes useof the
globalvariablesERESTACT, ENA, andEK to de ne therestingpotentialandthe Na and
K equilibriumpotentials.Thefunctionsmake_Na_squid hh andmale_K _squid hh usethese
valueswhencreatingthe channels.If they arenot the valueswe want, we shouldmodify
themwithin userpefs.g This shouldbe doneat a point after the scriptis included,but
befoe thefunctionsareinvoked. As the default valueshadbeenmodi ed from the original
Hodgkin-Huxlg squidvaluesfor usein a mitral cell simulation,we will needto change
themto thepropervaluesaswedid in Chapterd.4throughl6. (Youmaynotethathhdan.g
assignsa valueto afourth globalvariable SOMAA. Why maywe leave this asis?)

As in the protodefs.gle from the previous tutorial, we canusethe male_Ex_channel
functionto createthe glutamate-actated channelEx channelwith all the properdefault
eld values.Althoughit isn't usedby the cell modelthatwe aregoingto create we might
aswell puta GABA channellinh_channelin thelibrary, in casewe wantto edit the cell to
includeit later Chapterl5describediow a spike generatofinkedto thesomamaybeused
to translatesomaticactionpotentialgo presynapticeurotransmitterelease As before we
will usethe male_spile functionin protospile.g to createan elementamedspile with a
unit amplitudeandan absoluterefractoryperiodof 10 msec Thus,the secondsectionof

userpefs.gcontains:

Of course,one doesnot have to rely on the functionsthat are de ned in the neu-
rokit/prototypes les. Neuokit setsthe SIMPATH to include“./prototypes soyou may
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have your own prototypegdirectorywith scriptscontainingyour own functionde nitions.

17.2.3 Step 3

The nal stepisto make ary neededchangesn the uservariablesfrom thevaluesgivenin
defaults.g Although mostof thesemay be setfrom dialog boxeswithin Neuokit, it is far
more corvenientto have Neuokit startup con gured for the simulationthat you wantto
run. In this partof thetutorial, we will setsomeof the morecommonuservariables.

The Neuokit menucontainsdefault valuesfor the nameof the cell to be created
andthesourcele name(thecell descriptorle) thatwill beloadedwvhenyouclick on

. In Chapterl6,we createdacell called/cell fromthe le cell.p sowewill start

with:

The selectionbringsup a form with dialog
boxesfor mary parametershatwe will wantto customizefor our simulation. Figure17.2
shaws the display that is producedwith the camit simulation. It would be bestto run
Neuokit asyou readthroughthis tutorial. If you do this with the userpefs le you have
createdsofar, youwill beableto experimentby changinghe dialogboxesby handasyou
edityouruserpefs le to changeheuservariables.The parameterthatwe aremostlikely
to wantto changearethe run time, the simulationtime step( ), andthe numberof
stepdetweerupdateof thegraphg _ ). Intheprevioustutorials,weranthe
simulationfor 100 mse¢ usingatime stepof 0.05msec We cansave someexecutiontime
by plotting the graphsevery ve simulationsteps,insteadof plotting at every simulation
step.Thesevaluesmaybe setwith the statements:

We will alsoneedto modify somevariablesthatappeaiin the dialog boxesunderthe
headingof the . Someof thesalialog
boxesappeamnddisappearaccordingto the type of stimulationthatis appliedto the cell.
Table 17.1lists the typesof stimulation,the dialog box labels,and the associatediser
variables.

We will experimentwith the valuesof mostof theselateronin the tutorial. You may
assignreasonablénitial valuesto thesein the userpefs le now, or maydo it later after
having gainedsomeexperiencewith the simulation. In the earliertutorials,we found that
0.3 nA wasa goodvalueto usefor the injection current,so you may setuserinject to
this valuenow. Thetwo boxeslabeled - and _ obtaintheirvalues
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Figurel7.2 TheNeuokit SIMULATION CONTROL PANEL form.

whenyou click on acompartmenin oneof thetwo Cell Windows, for eitherrecordingor
stimulation.Finally, thereis adialogboxlabeled . This containghe nameof the
channethatwill beusedfor oneof thethreeformsof synapticstimulation.Thecontentsf
this box maybe setby hand,or by clicking on oneof thetwo buttonsto theleft. We canset
thelabelsof thesebuttonsto thetwo availablesynapticallyactivatedchanneldy including
the statements

in theuserpefs le, aswasdonein thedefaultuserpefs le for thecamitsimulation.
Therearealsooneor two Cell Windows thateachcontaina diagramof the cell anda

graphwith axesscaledappropriatelyfor the quantityto be plotted. The simulationthatwe

aretrying to recreatehada graphto plot the somamembrangotential,anda secondyraph
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Stimulation Dialog BoxLabel Uservariable
Iclamp Inject(nA) userinject
Vclamp Clampvoltage(mV) userclamp
Synact Amountof synapticactivation useractwv
Synspike  Weightof spike userspike
Synrand Spikerate(H2) userrate
Spike weight userweight

Tablel17.1 Thedialogboxesanduservariablesassociateavith the varioustypesof stimulationthatmaybe
appliedto thecell.

to plot the conductancef the excitatorychannel We canspecifytheaxisscalingfor these
two graphgo bethe sameaswe usedbefore,if we addthe statements:

We alsoneedto usethe usernumxoutsvariableto specifythattwo graphswill be shavn,
andwe needto specifywhatwill be plottedin eachgraph. The defaults.gle species
valuesof * " and“ ” for theuservariablesuser eldl anduserpathl This meanghat
theVm eld will be plottedfor the compartmenthatis selectedor recordingin the rst
Cell Window. Thisis justwhatwe wantfor the rst graph. However, thesesamedefaults
arealsospeci edfor the secondgraph. For our secondCell Window, we would like to be
ableto plantarecordingelectrodein the dendritecompartmentaind plot the conductance
Gk of the excitatorychanneEx channel We canmale thesechangesith the statements:

Thereare also buttonsthat will bring up menusto changethe representation
of the cell which is shavn in eachwindown. The Neuokit READMEanddefaults.gles
provide informationon the variableshatappeaiin thesemenus.Most of thesecorrespond
to elds of thexcell widget,asdescribedn the GENESISReferencéManual. For now, we
will usethedefaultvalues.
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17.3 The Cell Descriptor File

The format of the cell descriptor le wasdiscussedn Chapterl6, so you may wish to
review thatsectionof thetutorial. For our simulationunderNeuokit, we canusethesame
cell.p le.

You shouldrecallthatthe cell readerusesthe _ _ " optionto specify
its own internalvariablesCM, RM andRAin thecell descriptorle in orderto calculatehe
elds Cm RmandRafrom thecompartmentlimensionsignoringary initial valuessetin
the prototypes.The EmandinitVm elds aresimilarly setfrom the ERESTACT variable.
The ELEAK variablemay be usedif it is necessaryo seta differentleakagepotentialfor
Em Also, the maximumconductancéor a channeis setfrom thedensparameteandthe
dimensionof the parentcompartmentoverridingary valuesetin the prototype.However,
all otherchanneparametersemainthe sameasthosein the prototypelibrary. Fortunately
Neuokit providesdialogboxesfor changingmary of them.

17.4 Some Experiments Using Neurokit

Now thatyou have acustomizediserpefs.g le andacell.p le, youarereadyto try some
experimentaith Neuokit. Youshouldrun GENESISfrom thedirectorythatcontainghese
les, andthentype* " tothe GENESISprompt.If all iswell, theNeuokit title bar
shouldeventuallyappearat the top of the screenlf GENESIScannotnd Neuokit, make
surethatyour .simic le hasproperlysetthe SIMPATH. If you getfatal errorsduringthe
loadingof userpefs.g look for syntaxor typographicakrrorsin this le. OnceNeuookit

is running,click onthe optiononthetitle bar (As usualwhenwe say*“click on...”
we mean‘“click the left mousebuttonon ...,” unlessanotherbuttonis speci ed.) Next,
click the buttononthe menu,andthenclick onthetitle
bar You shouldseethe with the timing parametergou
providedandtwo Cell Windows with properlyscaledgraphs.

Initially the buttonswill shav thatyou arereadyto plantrecord-
ing electrodesClick onthesomain the rst Cell Window andonthedendritein thesecond
Cell Window. The two _ dialog boxes shouldnow shav “ " and

1 ”

As a start, let's do a simple currentinjection experimentto make surethatthe soma

compartmenis working properly After clicking on , you shouldseea dialog box
shawing thatthe injection currentis 0.3 nA. Click on the somain the rst Cell Window
to plantaninjection electrode.Now click on in the

After you have satis ed yourselfthatthis providesthe expectedaction potentialsremaove
theinjectionelectrodeby clicking on the somawith the middle mousebuttonandclick on
to clearthegraph.
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We are now readyto try applyingsynapticactivation. We will startby usingmouse
clicksto deliver spikesto the Ex channelchannel. This channehameshouldbe displayed

in the dialog box. If not, the namecanbe enteredn the box “by hand”, or by
clicking onthebuttonlabeled* _ " attheleft.

First, click on the button underthe heading.Note
thatthe displayat the top of thetwo Cell Windows now shaws thatthe left button
is labeled" " andthatthe middle buttonis labeled" ". Unlessyou have
changedhe user spile variablein the userpefs le, the dialog will

shav thedefaultvalueof 1.0. Themaximumconductancégmay of asynapticallyactivated
channels reachedvhena spike with a unit amplitudeis deliveredto thechannelsothisis
areasonablamplitudeto use.

Now, click on inthe . After themembrangotential
hasleveledoff to about 70 mV, click on the dendritecompartmenin the second(right)
Cell Window. You shouldseea nearlylinear rise of the channelconductancefollowed
by an exponentialdecaywith a time constanof about3 msec Try clicking severaltimes
rapidly in successiorin orderto let the conductancandpostsynaptipotentialbuild upto
alevel sufcient to createanactionpotentialin thesoma.ln orderto checkthe consisteng
of theseresults,we caninspectthe channelparameterdy selecting from the
top menubar.

Click on the dendritecompartmentn the Cell Window (lower left) andthenon the
Ex channelchannelin the Compartmeniindow (upperright). The ParameteiWindow
shoulddisplaythedendritedimensionsindthemaximumchannetonductancen S m?. Of
coursegmaxcanalsobefoundby typing“ 8
to the GENESISprompt. Verify thatthis agreeswith the maxmumconductancxpra/lded
by asinglespike.

In orderto deliver spikesat randomintenals, select againandclick on

in the menu. Dialog boxeswill appearfor both

and . Try a spike rateof 200 Hz, andleave the weightat 1.0, asbefore.
The left andmiddle mousebuttonswill now belabeled* " and” ". Click
theleft buttonon thedendritecompartmenin Cell Window 2, andthenrunthe simulation.
Repeateduns (after ) will continueto deliver randomspikes until you click the
middlebuttonin the Cell Window 2 dendritecompartment(Notethatswitchingto another
form of input to the neuron,suchas or , Will notremore therandom
spike inputunlessyou rst usethemiddle buttonto remove theinput.)

The buttondeliversa constansynapticinput. Usingthedefault valueof 1000
for the , run the simulationandclick the left button
in the Cell Window 2 dendritecompartmentNote thatthe channelconductancéevels off
atabout40 10 ° siemen.Canyou explain why? Be sureto usethe middle button to
remove theactivationwhenyou arethrough.

Now, how aboutthefeedbaclkconnectiorthatwe usedin Chaptersl5and16?Neuokit
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wasdesignedor singlecell modeling,without connectiondbetweerthe cells, so we will
have to entersomeadditional GENESIScommandsn orderto make the connection.As
we wantto make a synapticconnectionbetweenthe spike generatorand the Ex_.channel
channel,we entera commandat the GENESISpromptto senda SPIKE messagéo the
channel:

We alsoneedto assigna synapticweightanda delayfor propagatioralongthe axon.
In the previous tutorials, we useda weight of 10 synapticconnectionsanda delay of 5
msec We alsoneedto setsomeparameterfor the spike generatarThe cell parameterle
only letsyou setthethreshholdor the spike generatarWe alsoneedanamplitudeandan
absoluterefractoryperiod. As with our previous implementation®f this cell model,we
wantto give eachspike a unitamplitudeandto give the spikesanabsoluteefractoryperiod
of 10 msec Thus,we needto give theadditionalcommands:

By usingshow eld to nd the numberof synapticconnectiongo Ex channe] you
shouldverify that the index “0” is the properoneto designatehis synapticconnection.
After enteringthesecommandsperformthe experimentagain. You shouldno-
tice thatafterthe rst actionpotentialoccurs thefeedbackproducesa continousstreamof
actionpotentialsasin Chaptersl5and16. As we did in thesetutorials,we candeletethe
connectiorwith thecommand

Sofar, we have donenothingwith theinhibitory synapticchannethatis lying dormant

in thelibrary. Use to pastein thelnh_channelchannelUsethecell parameters
form to setthe maximumconductancéo the sameasthatof the glutamatechannel.Select
this asthe andinject somecurrentto the somain orderto getthe cell ring.

We would like to deliver someactivation to this channelto prevent the cell from ring.

However, we would alsolike to seea plot of the conductancéom this channelinsteadof

thatfrom the glutamatechannel.This canbe changedwith the buttonat the top of

Cell Window 2. Changethe dialogentryto*  _ ”. Now useeither
or to inhibit the ring thatis produceddy the currentinjection.
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17.5 Exercises and Projects

1. In the simulationsof Chaptersl5 and 16, we had a toggle button to allow usto
addanddeletethe feedbackconnectiorbetweerthe axonandthe excitatory synap-
tic channel. Here, we hadto resortto the ratherawkward expedientof entering
long GENESIScommands. Will Neuokit allow us to extendits capabilitiesand
build in the feedbackconnectionalong with a toggle to take it in and out? Can
we have dialog boxesto enterthe value of the weightanddelay parameter$or the
synapticconnection? Fortunately the answeris “yes’” The but-
tonin the will invoke ausersuppliedfunctioncalled
da_paradigm The de nition of this function andthe statementseededo createa
form with the neededlialog boxesandtoggle canresidein a supplementargcript
thatis broughtinto the simulationwith the include statement.This may be donein
your userpefs le or maybedoneatthe GENESISpromptafteryour simulationhas
beenstarted. The demonstratiorsimulationin Scripts/vclampprovidesan example
of sucha paradigmle. For anotherexample,take alook atthescriptl_plots.gfrom
the Burster tutorial of Chapter7. Usethis informationto write a function that will
causehe buttonto togglethe feedbackconnectioron andoff.

2. Therearea numberof experimentghatonecando with just a “naked” somain or-
derto studythe effectsof varioustypesof voltage-actiatedionic channels Modify
your cell.p le to createjust this simple somawith the two Hodgkin-Huxlg chan-
nels. Also modify your userprefsle to putanon-inactvatingmuscarinigpotassium
current(the “M-current”) in the library. The conductancenay be createdwith the
function male_KM_bsgykain the neuokit/pototype le yamadaban.g This le
containdunctionsto createseseralconductancethatwereusedin amodelof abull-
frog sympathetiganglionneuronby YamadaKochandAdams(1989).

Startby calculatingand makinga plot of the current-frequenc(f-1) relationshipof
a standardHodgkin-Huxlg patchof membrang(i.e., containingonly the Na and
K channels).Thatis, inject a constantamountof currentfor, e.g.,200 mse¢ and
plot the resultingfrequeng of spikes versusthe amplitudeof the injectedcurrent.
Reducethe potassiunconductancend describehow the f-I curve changes.Next,
use to pastein the M-currentchannelandrecomputahef-I curve. How
doesit change?Note thatevenif very large input currentsare applied,the spiking
frequeng will not becomearbitrarily large. What underlyingparametetimits the
spikingfrequeng?

3. In Chapter7 (Sec.7.3.2),we brie y mentionedalow thresholdcalciumcurrentthat
contritutesto burst productionin thalamicrelaycells. The le THALMODES.gn
the neuokit/prototypes directoryimplementshe channelmodelsthat are described
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by McCormick et al. (1992). Usethesechannelsto createa single compartment
burstingthalamicrelaycell model.

4. Try torecreateheresultsobtainedoy ConnorandStevens(1971c)for theirmodelof
AnisidorisgastropodeuronsThechanneprototypesarecontainedn CStan.g

5. If you have workedthroughthe programmingof thetutorialin Chapterl5, you may
be interestedn doing some“snooping” beneattthe surfaceof Neuokit. While the
simulationof our simplecell is runningwith selectedor synapticinputto
the Ex_channelchannelusethe show eld andshowmsgommandgo discorer how
theinputis providedto this channel.How doesthis comparewith the way thatthe
randominput wasimplementedn Chapterl5? What connection®r messageare
usedto provide the option?
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