Cable and Compar tmental Models of
Dendritic Trees

IDAN SEGEV

5.1 Introduction

In the previous chapterwe useda singlecompartmenmodelto studythe mechanismsor
the activation of voltage-actiatedchannelswhich produceneuron ring. Next, we need
to understandhow inputsto the neuronaffect the potentialin the somaandotherregions
thatcontainthesechannelsThefollowing chapterdealswith theresponsef the neuronto
synapticinputsto producepostsynaptigpotentials(PSPs).In this chapterwe concentrate
on modelingthe spreadf the PSPthroughthedendritictree.

Dendritesarestrikingly exquisiteanduniquestructuresThey arethelargestcomponent
in bothsurfaceareaandvolumeof thebrainandtheirspeci c morphologyis usedo classify
neuronsinto classes:pyramidal, Purkinje, amacrine stellate,etc. (Fig. 5.1). But most
meaningfulis thatthe majority of the synapticinformationis conveyed onto the dendritic
treeandit is therewherethisinformationis processedndeed dendritesaretheelementary
computingdevice of thebrain.

A typical dendritictreerecevesapproximatelytenthousandynaptidnputsdistributed
over the dendriticsurface. Whenactivated,eachof theseinputsproducesalocal conduc-
tancechangefor speci ¢ ions at the postsynaptianembranefollowed by a o w of the
correspondingon currentbetweenthe two sidesof the postsynaptienembrane As are-
sult,alocalchangén membrangotentialis generate@ndthenspreadslongthedendritic
branchesHow doesthis spreaddependn the morphology(the branchingpattern)of the
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52 Chapter 5. CableandCompartmentallodelsof Dendritic Trees

Figure5.1 Dendriteshave uniqueshapesvhich areusedto characterizeneuronsnto types. (A) Cerebellar
Purkinje cell of the guineapig (reconstructedby MosheRapp),(B) a-motoneurorfrom the cat spinal cord
(reconstructedby RobertBurke), (C) Neostriatalspiry neuronfrom the rat (Wilson 1992),(D) Axonlessin-
terneuron®f thelocust(reconstructedby GilesLaurent).In mary neurontypes,synapticinputsfrom a given
sourceare preferentiallymappednto a particularregion of the dendritictree. For example,in Purkinjecells,
one excitatory input comesfrom the vastnumberof synapsegmore than 100,000)that speci®callycontact
spinesonthethin tertiarybrancheswhereagheotherexcitatoryinput comesrom the climbing ®berthatcon-
tactsthe thick (smooth)dendrites.Inhibition from the baslet cellsimpingescloseto the Purkinjecell soma,
whereasnhibition from stellatecells contactanainly distal partsof thetree. Notethe differencesn scaledor

thedifferentneurontypes.
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tree and on the electricalpropertiesof its membraneand cytoplasm? This questionis a
fundamentabne;its answemwill provide theunderstandingf how thevarioussynapticin-
putsthataredistributedoverthedendritictreeinteractin time andin spacedo determinghe
input-outputpropertief theneuronand,consequentjytheir effectuponthecomputational
capabilityof the neuronahetworksthatthey constitute.

Cabletheoryfor dendritesvasdevelopedin 1959by W. Rall preciselyfor this purpose.
Namely to derive amathematicamodelthatdescribeshe o w of electriccurrent(andthe
spreadof the resultantvoltage)in morphologicallyand physiologicallyrealisticdendritic
treesthat receve synapticinputsat varioussitesandtimes. In the lastthirty years,cable
theoryfor dendritescomplementedby the compartmentainodelingapproachRall 1964),
playedan essentialole in the estimationof dendriticparametersin designingandinter
pretingexperimentsandin providing insightsinto the computationafunctionof dendrites.
This chapterattemptsto brie y summarizecabletheory and compartmentaimodels,and
to highlight the main resultsandinsightsobtainedfrom applying cableand compartmen-
tal modelsto variousneurontypes. A completeaccountof Rall's studies,including his
principalpaperscanbefoundin Segev, RinzelandShepherd1995).

We bagin by gettingacquaintedvith dendritesthe subjectmatterof this chapter We
thenintroducethe conceptsand assumptionshat led to the developmentof cabletheory
andthenintroducethe cableequation Next, we discusgheimplicationof this equatiorfor
se/eralimportanttheoreticatasesaswell asfor thefully reconstructedendritictree. The
numericalsolutionof thecableequatiorusingcompartmentaiechniquess thenpresented.
We summarizéhechaptemwith themaininsightsthatweregainedrom implementingcable
andcompartmentaiodelswith neuronsof varioustypes. Along the way, andat the end
of the chapter we suggessereral exercisesusing GENESISthat will help the readerto
understandhe principlesthatgovernsignalprocessingn dendritictrees.

5.2 Background

5.2.1 Dendritic Trees: Anatomy, Physiology and Synaptology

Following the light microscopicstudiesof the phenomenaheuro-anatomisRanbny Ca-
jal, dendriteshecamehe focus of mary anatomicainvestigationsandtoday with the aid
of electronmicrographstudiesand computerdriven reconstructingechniquesye have a
ratherintimate knowledgeof the ne structureof dendrites. Thesestudiesallowed usto
obtainessentiainformationon the exactsiteandtype (excitatoryor inhibitory) of synaptic
inputsaswell ason thedimensionof dendritesncludingthe ne structuresthe dendritic
spines,that areinvolved in the synapticprocessingWhite 1989, Shepherdl990). Here
we attemptto introduce,in a conciseway, somefactsaboutdendritesandtheir synaptic
inputs.Oneshouldremembethat, becauselendritescomein mary shapesandsizessuch
asummaryunasoidably givesonly aroughrangeof values;moreinformationcanbefound
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in Segev (1995).

Branc hing

Dendritegendto bifurcaterepeatedlyandcreatgoftenseveral)largeandcomplicatedrees.
CerebellaPurkinjecells, for example,typically bearonly onevery complicatedreewith

approximatelyd00 terminaltips (Fig. 5.1A), whereasa-motoneurongrom the cat spinal
cordtypically possesse8—12trees;eachhasapproximately30 terminaltips (Fig. 5.1B).
The dendritesof eachtype of neuronshave a uniquebranchingpatternthat canbe easily
identi ed andthushelpto classifyneurons.

Diameter s

Dendritesarethin tubesof nene membrane Nearthe somathey startwith a diameterof

a few um their diametertypically falls belov 1 um asthey successiely branch. Many

typesof dendrites(e.g., cerebellarPurkinje cells, cortical and hippocampalpyramidals)
are studdedwith alundanttiny appendageghe dendritic spines,which createvery thin

( 01 pm andshort( 1 um) dendriticbranchesWhenpresentdendriticspinesarethe
majorpostsynapti¢amgetfor excitatory synapticinputsandthey seento beimportantloci

for plasticprocessem the nenoussystem(Rall 1974in Segev etal. 1995,Seyev andRall

1988,KochandZador1993).

Length

Dendritic treesmay rangefrom very short (100-200um asin the spiry stellatecell in
the mammaliancortex) to quite long (1-2 mm for the spinala-motoneurons).The total
dendriticlengthmayreach10*um (1 cm) andmore.

Area and Volume

As mentionedn theintroduction the majority of the brainvolumeandareais occupiedoy
dendrites The surfaceareaof a singledendritictreeis in therangeof 2,000-750,00Qun?;
its volumemayreachup to 30,000un?.

Physiology of Dendrites

Both the intracellularcytoplasmiccore and the extracellular uid of dendritesare com-
posedof ionic mediathat can conductelectric current. The membraneof dendritescan
alsoconductcurrentvia speci ¢ transmembranisn channelsbut theresistancéo current
o w acrossghe membrandgs muchgreaterthanthe resistancelongthe core. In addition
to the membranehannel{membranegesistance)the dendriticmembraneanstoreionic
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chages,thusbehaing like acapacitor TheseR-C propertieof themembranémply atime
constani{t,, RC) for chaging anddischaging the transmembraneoltage. Thetypical
rangeof valuesfor t , is 1-100msec Also, the membraneindcytoplasmresistvity imply
aninputresistancé€Ri,) atary givenpointin thedendritictree. Ry, canrangefrom 1 MW
(atthick andleaky dendritesandcanreachl000MW (at thin processessuchasdendritic
spines). The large valuesof R, expectedin dendritesmply that small excitatory synap-
tic conductancehange(of 1 nS§ will producejocally, a signi cant (a few tensof nV)
voltagechange More detailsof the biophysicsof dendritesthe speci ¢ propertieof their
membran&@ndcytoplasmandtheir electrical(ratherthananatomical)engthareconsidered
below.

In classicakabletheory the assumptiorwasthatthe electricalpropertieof the mem-
braneandcytoplasmicpropertiesare passivgvoltage-indepereh) sothatonecould cor
rectly speakof amembrandime constantandof a x edinputresistancéat a given site of
the dendritictree). However, recentrecordingsrom dendrites(e.g., Stuartand Sakmann
1994)clearly demonstratéhat the dendriticmembranef mary neuronss endaved with
voltage-gatedon channels.This complicateghe situation(andmakesit moreinteresting)
since,now, themembraneesistvity (andthust , andR;,) arevoltage-dependénFor suf-
ciently largevoltageperturbationsthis nonlinearitymayhave importantconsequencesn
dendriticprocessindRall andSegev 1987). Thisimportantissues furtherdiscussedelow.

Synaptic Types and Distrib ution

Synapsesre not randomlydistributed over the dendriticsurface. In general,inhibitory
synapsearemoreproximalthanexcitatorysynapsesalthoughthey arealsopresenatdistal
dendriticregionsand,whenpresentpn somespinesn conjunctiorwith anexcitatoryinput.
In mary systemge.qg.,pyramidalhippocampatellsandcerebellaiPurkinjecells),a given
input sourceis preferentiallymappedonto a given region of the dendritictree (Shepherd
1990),ratherbeingrandomlydistributedover thedendriticsurface.

Thetime courseof thesynapticconductancehangeassociatewith thevarioustypesof
inputsin agivenneuronmayvary by 1-2 ordersof magnitude Thefastexcitatory (AMPA
or non-NMDA) andinhibitory (GABA ») inputsoperateon atime scaleof 1 mseandhave
apeakconductancentheorderof 1 nS this conductancés approximatelylOtimeslarger
thantheslow excitatory(NMDA) andinhibitory (GABAg) inputsthatbothacton a slower
time scaleof 10—-100msec

5.2.2 Summary

Dendritesandtheir spinesarethetargetfor alarge numberof synapticinputsthat,in mary
casesare non-randomlydistributed over the dendritic surface. The dendritic membrane
is equippedwith a variety of synapticallyactvatedand voltage-gatedon channels.The
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kineticsandvoltagedependencef thesechannelstogethemwith aparticulardendriticmor-

phology and input distribution, malke the dendritic tree behae asa complex dynamical
device with a potentiallyrich repertoireof computationa(input-output)capabilities.Cable
theoryfor dendritegprovidesthe mathematicaframevork thatenableoneto connectthe
morphologicabndelectricalstructureof the neuronto its function.

5.3 The One-Dimensional Cable Equation

5.3.1 Basic Concepts and Assumptions

As mentionedpreviously, dendritesarethin tubeswrappedwith amembranghatis arela-
tively goodelectricalinsulatorcomparedo theresistanc@rovidedby theintracellularcore
or theextracellular uid. Becausef this differencein membraness. axial resistvity, for a
shortlengthof dendrite the electricalcurrentinsidethe coreconductotendsto o w paral-
lel to the cylinder axis (alongthe x-axis). This is why the classicalcabletheoryconsiders
only onespatialdimension(x) alongthe cable while neglectingthey andz dimensionsin
otherwords,onekey assumptiorof the one-dimensionatabletheoryis thatthe voltageV
acrosgshemembranés afunctionof only timet anddistancex alongthe coreconductor

The other fundamentalassumptionsn the classicalcabletheoryare: (1) The mem-
braneis passie (voltage-indepenad) anduniform. (2) The coreconductorhasconstant
crosssectionandtheintracellular uid canberepresentedsanohmicresistance(3) The
extracellularresistvity is nggligible (implying extracellularisopotentiality).(4) Theinputs
arecurrentywhichsumlinearly, in contrasto changesn synapticonembraneonductance,
whoseeffectsdo not sumlinearly, aswe shallseein Chapter6). For conveniencewe will
male the additionalassumptiorthatthe membrangotentialis measuredvith respecto a
restingpotentialof zero,aswe assumedh the previouschapter

Theseassumptionallow usto write down the one-dimensiongbassie cableequation
for V xt , the voltageacrossthe membranecylinder at ary point x andtimet. As was
shavn by Rall (1959),this equationcanbe solved analyticallyfor arbitrarily complicated
passie dendritictrees. As notedbefore,real dendritictreesreceve conductancénputs
(not currentinputs)and may possessionlinearmembranechannelgviolating the passie
assumption).Yet, aswe discusdater, the passie caseis very importantasthe essential
referenceaseandit providedthefundamentainsightsregardingsignalprocessingn den-
drites.

5.3.2 The Cable Equation

At ary point along a cylindrical membranesegment(core conductor),currentcan ow
eitherlongitudinally (alongthe x-axis), or throughthe membraneThelongitudinalcurrent
li (in amperesgncountershecytoplasmresistanceproducinga voltagedrop. We take this
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currentto be positive when o wing in thedirectionof increasingraluesof x, andde ne the
cytoplasnresistivityasaresistanc@erunit lengthalongthex-axisr;, expressedn units of
W cm Then,Ohm's law allows usto write

11V

ri

The membranecurrentcan eithercrossthe membranevia the passie (resting)mem-

branechannelsrepresentedsa resistancen, (in W cm) for a unit length,or chage (dis-

chage) the membraneapacitancer unit lengthcy, (in F cm). If no additionalcurrent

is appliedfrom an electrode thenthe changeper unit length (l; X) of the longitudinal

currentmustbe the densityof the membraneurrenti, perunit length(taken positive out-
ward),

I (5.1)

1l : \Y \%

— — — 5.2

X Im = Cm it (5.2)
CombiningEqg.5.1andEg.5.2,we getthecableequationasecond-ordepartialdifferential

equation(PDE)forV x t ,

173V v Vv
R R -

For the derivation of Eq. 5.3, it hasbeenusefulto considerthe cytoplasmresistvity
ri, membraneesistvity r,, andmembraneapacitance,, for aunitlengthof cablehaving
some x ed diameter If we wantto describethe cable propertiesin termsof the cable
diameteror we wishto make a compartmentamodelof a dendritebasedbn shortsections
of lengthl (Sec.5.5),we will needexpressiongor theactualresistanceandcapacitancin
termsof the cabledimensions.

It is oftenusefulto referto the membraneapacitancer resistancef a patchof mem-
branethathasanareaof 1 cn?, sothatour calculationanbeindependentf the sizeof a
neuralcompartmentThesequantitiesarecalledthe speci ¢ capacitanceandspeci cresis-
tanceof themembraneln this book,andin the GENESIStutorials,we denotethe speci ¢
capacitancéy Cy andthe speci c resistancéy Ry, andusethe symbolsCy, and Ry, for
theactualvaluesof themembraneapacitancandresistancef a sectionof dendriticcable
in faradsandohms. This canbe a point of confusionwhenreadingotherdescriptionsof
cabletheory asit is alsocommonto usethe samenotation(C,, and R,) for the speci c
guantities.

The capacitancef biologicalmembranesvasfoundto have a speci ¢ valueCy, close
to 1 uF cn?. Hence,the actualcapacitanc€,, of a patchof cylindrical membranewith
diameterd andlengthl is pdICy. In termsof the capacitanc@erunitlength,C, lcy. If
thepassie channelsareuniformly distributedover asmallpatchof membranetheconduc-
tancewill be proportionalto the membranarea.This meanghatthe membraneesistance

(5.3)
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will beinverselyproportionalto the areaandthatit canbewrittenasR,, Rw pdl , or
asRn rm |. Ry is thenexpressedn unitsof W cn?. Laterin this chapterwe perform
somesimulationsin which a numberof cylindrical compartmentsre connectedhrough
their axial resistance®,. As this resistances proportionalto the lengthof the compart-
mentandinverselyproportionalto its crosssectionalarea,we cande ne a speci ¢ axial
resistanceR, thatis independenof the dimensionsof the compartmenand hasunits of
W cm Thus,a cylindrical sgmentof lengthl anddiameterd will have anaxial resistance
Raof 4Ry pd?, orlr;.
We cansummarizegheserelationshipsvith theequations

Cmn Cml pdiCy (5.4)
Rw
Rn Im | pdl (5.5)
and
4R,

It is usefulto de ne the spaceconstant

I 'm Ti d4 RM RA (5'7)

(in cm) andthemembanetime constant

tm 'mtm RvwCv RwCwm (5.8)

Then,the cableequation(Eq.5.3)becomes

2V
|211IT7 tm% V 0 (5.9)
or in dimensionlessinits,
v 1w
oE T V 0 (5.10)

whereX x| andT t ty A completederivationof thecableequationcanbefoundin
Rall (1989)andin Jack,NobleandTsien(1975).
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5.4 Solution of the Cable Equation for Several Cases

5.4.1 Steady-State Voltage Atten uation with Distance

The solutionof Eq. 5.10dependsin additionto the electricalpropertiesof the membrane
andcytoplasmpntheinitial conditionandtheboundaryconditionattheendof thesegment
towardwhichthecurrent o ws. Considetthesimplecaseof asteadystate(fV it  0); the

cableequation(5.10)is reducedo anordinarydifferentialequation.

dv
— V 0 5.11
whosegenerakolutioncanbeexpresseds
VX A& BeX (5.12)

whereA andB dependon the boundaryconditions.In the caseof a cylindrical segmentof
in nite extensionwhereV OatX ¥,andV VpatX 0,thesolutionfor Eq.5.11is

VX Ve X Ve X! (5.13)

Thus,in this case the steadyvoltageattenuategxponentiallywith distance.Indeed,in a
verylonguniformcylindrical sggment,a steadyvoltageattenuates-fold for eachunitof | .
Thisholdsonly for acylinder of in nite length.

Now, let usconsidera nite lengthof dendriticcable.If it hasalengthl, we cande ne
thedimensionlesslectotoniclengthasL | | . Whenthecylindrical sggmenthasasealed
endatX L (“opencircuit termination”),no longitudinalcurrent o ws at this end. Then,
thesolutionfor Eq.5.11withV  VpatX Ois

\pcoshL X
o= 2 for'”V

VX coshlL (3

OatX L (5.14)
Asshavnin Fig.5.2,in nite cylinderswith sealecends steadyvoltageattenuateess

steeplythanexp x| . In the otherextreme,wherethe point X L is clampedto the

restingpotential(denotechere for simplicity, as0), the solutionof Eq.5.11is

VpsinhL X

V X -
sinh L

forV. OatX L (5.15)
In this case steadyvoltageattenuatesnoresteeplythanthe attenuatiorin thein nite case
(Fig. 5.2). In dendritictrees,a dendriticsggmenttypically endswith a subtreethis “leaky

end” conditionis somavherebetweerthe sealedend(Eqg. 5.14) andthe “clampedto rest”

condition(Eq.5.15).(SeeSec.5.4.5.)
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Figure5.2 Attenuationof membrangotentialwith distancen a cylindrical cablewith differentboundary
conditions.The middle curve shavs the attenuatiorin anin®nite cable(Eq. 5.13). The othertwo plotsarefor
a®nitelengthcableof electrotonidengthL 1. Theupperoneis for asealecendcable(no current ows past
theend,Eq.5.14)andthelower is for a cablewith the endclampedo therestingpotentialof 0 (Eq.5.15).

5.4.2 \Voltage Decay with Time

Considerthe otherextremecaseof the cableequation(5.10)wherefV fx 0. Thecable
is “shrunken” to anisopotentiaklementandEq.5.10is reducedo anordinarydifferential
equation(ODE),

dav
— V 0 5.16
dT ( )
whosegenerakolutioncanbe expresseds
VT Ae'T (5.17)

whereA dependson the initial condition. Whena currentstepl s is injectedto this
isopotentiaheuron theresultantoltageV is

VT luseRml 7 lpysRml et'im (5.18)

whereRy, is the net membraneaesistancéin ohms)of this isopotentialsggment. At the
cessatiorof thecurrentatt  tg, thevoltagedecaysexponentiallyfrom its maximalvalue
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Vo Vi,

VT Vel Ve!' fort to (5.19)

Equation5.18 implies that, becausef the R-C propertiesof the membranethe voltage
developedasaresultof the currentinput lagsbehindthe currentinput; Equation5.19im-
pliesthatvoltageremainsfor sometime aftertheinputends(“*memory”). This situationis
discussedh moredetailin Chapter6.

In the generalcaseof passie cylinders,the solutionto the cableequation(Eq. 5.10)
canbeexpressedsasumof anin nite humberof exponentialdecays,

¥
VXT & BicosipX Lel't (5.20)
i 0
wherethe Fouriercoefcients B; dependnly onL, theindex i, andontheinitial conditions
(theinput point andtheinitial distribution of voltageover thetree). Thetime constants;
areindependentf locationin thetree;t; t; 1 for ary i and,for the uniform membrane,
theslowesttime constanty tn,. Theshorter(*equalizing”) time constantgt;, fori 1,
2,...) dependbnly ontheelectrotonidengthL of thecylinder (in unitsof | ). Speci cally,
in cylindersof lengthL with a sealecend,they aregivenby

tot; 1 ipL? (5.21)

ConsequentlyRall shaved thatL canbe estimateddirectly from the valuesof t;, in par
ticular from the two slowesttime constantst g andt ,, thatcanbe “peeled” from the ex-
perimentalvoltagetransientRall 1969). More detailsaregivenin reviews by Rall (1977,
1989)andJacketal. (1975). You mayobsere this effect by doingExercise5 atthe endof
thechapter

Rall alsoshaved that the time courseof synapticpotentialschangesasthe recording
point mavesaway from the input location. The time courseof the voltageresponsaear
theinput siteis relatively rapid andit becomesigni cantly prolonged(andattenuatedat
a point distantfrom the input site. This effect is the sourceof Rall's method(Rall 1967)
of usingshapeparameter®f the synapticpotentials(its “rise time” andits width at half
amplitude the“half-width”) to estimateheelectrotoniadistanceof the synapsdtheinput)
from the soma(the recordingsite). As shavn in Fig. 5.3B andin Exercise7, the more
delayedhe peakis, andthemore“smeared'it is, the moredistaltheinput (Rall 1967).

5.4.3 Functional Signicance of | and tp

Thespaceconstant andthemembrangime constant ,, aretwo veryimportantparameters
thatplay acritical role in determiningthe spatio-temporahtegrationof synapticinputsin
dendritictrees. Equation5.19 shaws thatt ,, providesa measureof the time window for
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inputintegration. A cell with larget , (e.g.,50 mseg integratesinputsover a largertime
windowv comparedo cellswith smallert , values(say 5 mseg. Thevalueof t,, depends
ontheelectricalpropertief the membrandry, andCy, but it doesnotdependonthecell
morphology Neuronswith a high densityof openmembranechannelqi.e., with a small
Rw value)will respondquickly to theinputandwill “forget” thisinputrapidly. In contrast,
neuronswith relatvely few openmembranehannelglarge Ry will be ableto summate
inputsfor relatively long periodsof time (slow voltagedecay).

In contrastto t -y, the spaceconstant dependsot only on the membraneproperties
but alsoon the speci ¢ axial resistanceandthe diameter In neuronswith large | (e.g.,
with large Ry and/orlarge diameteror smallRa) voltageattenuategesswith distanceas
comparedto neuronswith a smallerl value. Thus, in the former case,inputsthat are
anatomicallydistantfrom eachotherwill summatebetter(spatially)with eachotherthan
in the lattercase.Therefore knowledgeof | andt , for a givenneuronprovidesimportant
informationaboutthe capabilityof its dendritictreeto integrateinputsbothin time andin
space.

5.4.4 The Input Resistance R, and “Trees Equiv alent to a Cylinder”

A third importantparameteis Ri,, theinputresistancetagivenpointin thedendritictree.
Whena steadycurrentlg is appliedat a givenlocationin a structure a steadyvoltageV, is
developedatthatpoint. TheratioVy g is theinputresistanceatthatpoint. This parameter
is of greatfunctionalsigni cancebecausét providesa measurdor the “responsieness”
of a speci ¢ region to its inputs. It is alsoa quantitywhich, unlike Ry, may be directly
measured.From Ohm's law, we know that a dendritic region with a large Rj, requires
only asmallinput current(a smallexcitatoryconductancehange}o producea signi cant
voltagechangdocally, attheinputsite. Corversely aregion with smallRj, requiresamore
powerful input (or severalinputs)to generatea signi cant voltagechangedocally.

In the caseof anin nite cylinder, whena steadycurrentinputis injectedat somepoint
X  0,theinputcurrentmustdivide into two equalcorecurrentspnehalf o wsto theright
atx Oandtheotherhalf o wstotheleft. Thus,from Eq.5.1,

1V lo

i - 5.22

I A (5.22)
FromEq. 5.13,thederivative IV x o Vo | . Wethenget,

Rn Volo r1il 2 mli 2 (5.23)

or

Rn 1pd?3? RuRa (5.24)
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For the semi-in nite cylinder, the input resistancgoften representedby Ry) will be
twice this amount. Hence,in anin nitely long cylinder, the input resistances directly
proportionalto the squareroot of the speci ¢ membraneand axoplasmresistvities, and
is inverselyproportionalto the corediametey raisedto the 3/2 power. Consequent|ythin
cylindershave a larger R, comparedo thicker cylindersthat have the sameRy andRa
values. The dependencef the input resistanceon d* 2 was utilized by Rall (1959) to
develop the conceptof “treesequivalentto a cylinder”. Rall aguedthatwhena cylinder
with diameterd, bifurcatesinto two daughteibranchesvith diametersi; andd, (andboth
daughtetbranches$ave the sameboundaryconditionsat the samevalueof L), the branch
pointbehaesasa continuousablefor currentthat o wsfrom the parento daughtersif

dp? d¥% d? (5.25)

Providedthatthespeci ¢ propertieof membranendcytoplasmareuniform, Eq.5.25im-
pliesthatthe sumof inputconductancesf thetwo daughteibranchegat the branchpoint)
is equalto theinput conductancef the parentbranchat this point (impedancenatchingat
the branchpoint). Thus,a branchpoint thatobeys Eq. 5.25is electricallyequivalentto a
uniformcylinder (looking from theparentinto thedaughters)Rall extendedhis concepto
treesandshavedthat(from the somaviewpoint out to the dendrites}thereis a subclasof
treesthatareelectricallyequivalentto a singlecylinder whosediameteris thatof the stem
(nearthesoma)dendrite.(SeeRall (1959,1989)andJacket al. (1975).) It wassurprising
to nd thatdendritesof mary neurontypes(e.g.,the a-motoneurorin Fig. 5.1B) obey, to
a rst approximationthed? 2 rule (Eq. 5.25). (See for example,Bloom eld, Hamosand
Sherman(1987).) However, the dendritesof several majortypesof neuronge.g.,cortical
and hippocampalpyramidal cells) do not obey this rule. Still, the “equivalent cylinder”
model for dendritic treesallows for a simple analyticalsolution (Rall and Rinzel 1973,
Rinzeland Rall 1974)and, indeed,it provided the maininsightsregardingthe spreadof
electricalsignalsin passie dendritictrees assummarizedn Sec.5.7.

It maybeshavn thattheinputresistancéor a nite cylinderwith sealecendatX Lis
largerby afactorof coth L thanthatof asemi-in nite cylinderhaving thesamemembrane
andaxial resistanceandthe samediameter Whentheendat X L is clampedo rest,the
inputresistancés smallerthanthatof thesemi-in nite cylinderby afactorof tanh L . (See
Rall (1989)for completederivations.)This leadsto the usefulresultthat,if the neuronand
its associatedlendritictree canbe approximatedyy an equivalentsealedend cylinder of
surfaceareaA andelectrotonidengthL, then

Rv RpAtanhL L (5.26)

This providesa way to estimatethe speci ¢ membraneesistancdry, from the measured
inputresistancéf A andL areknown, or to estimatehe dendriticsurfaceareaif Ry andL
areknown (Rall 1977,1989).
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5.4.5 Summary of Main Results from the Cable Equation

In view of the solutionsfor the threerepresentate casesthein nite cylinder (Eq.5.13),
the nite cylinderwith sealecend(Eq.5.14)andthe nite cylinderwith endclampedo the
restingpotential(Eqg.5.15),it is importantto emphasize few points:

1. Theattenuatiorof steadyvoltageis determinedsolely by the spaceconstant , only
in the caseof in nite cylinders. In this case,steadyvoltage attenuate®-fold per
unit of lengthl . In nite cylinders,however, | is not the soledeterminanof this
attenuationthe electricallengthof the cylinder L andthe boundaryconditionat the
endtowardwhich current o ws (andvoltageattenuatesdlsodeterminghe degreeof
attenuatioralongthe cylinder (Fig. 5.2).

2. The “sealedend” or “open circuit” boundarycondition and the “clampedto rest”
terminationaretwo extremes.In dendritictrees,shortdendriticsegmentsterminate
by asubtreghatimposesleaky” boundaryconditionsattheseggmentsends.Thesize
of the subtreeandits electricalpropertiesdeterminehow leaky the conditionsareat
the boundarieof ary given sggment. In generalwhena large treeis connectedat
theendof thedendriticsggment theleaky boundaryconditionatthisendapproaches
the“clampedto rest” condition. Whencurrent o wsin the directionof sucha leaky
end, voltageattenuatesteeplyalongthis segment. In contrastwhenthe subtrees
very smallthe leaky boundaryconditionsapproactthe “sealed-end'conditionand
avery shallav attenuatioris expectedtowardssuchanend(Fig. 5.3A). Rall (1959)
shaved how to computeanalyticallythe variousboundaryconditionsatary pointin
a passie treewith arbitrarybranchingandspeci ed Ry, Ry and (for the transient
case)Cy values(seealsoJacketal. (1975),Sagev etal. (1989)).

3. An importantconsequencef this dependencef voltageattenuatioron the bound-
ary conditionsin dendritictreesis that this attenuatioris asymmetridn the central
(from dendritedo soma)vs. the peripheralaway from soma)directions.In general,
becaus¢heboundaryconditionsaremore“leaky” in thecentraldirection,voltageat-
tenuatiorin thisdirectionis steepethanin theperipherabne.Figure5.3Aillustrates
thisimportantpointvery clearly

4. Dendritictreescanbeapproximatedelectrically),to a rst degree by asingle( nite)
cylinder. Therefore,analysisof the behaior of voltagein suchcylindersprovides
importantinsightsinto the behaior of voltagein dendritictrees.

5. By peelingthe slowest(t o) andthe rst equalizingtime constan{t 1) from somatic
voltagetransientsthe electricallength L of the dendritictree could be estimated,
assuminghatthetreeis equivalentto a singlecylinder (Eq. 5.21). Indeed,utilizing
this peelingmethodfor mary neurontypeswe know that, dependingon the neuron
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type andexperimentakondition,L rangesetweerD.3-2(in unitsof | ). Thus,from
theviewpoint of thesoma dendritesareelectricallyrathercompact.

A. Voltage Spread B. Time Development
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Figure 5.3 The voltagespreadin passve dendritictreesis asymmetricalA); its time-coursechangegis
broadenedandthepeakis delayedasit propagatesway from theinputsite (B). Solid curve in (A) shavs the
steady-stateoltagecomputedor currentinputto terminalbranchl. Largeattenuatioris expectedn theinput
branchwhereasnuchsmallerattenuatiorexistsin its identicalsibling branchB. The dashedine corresponds
to the samecurrentwhenappliedto the soma.Notethe small difference at the soma betweerthe solid curve
andthe dasheccure, indicatingthe nggligible 2costf placingthis input at the distal branchratherthanat
thesoma.(Datareplottedfrom Rall andRinzel (1973).) In (B), a brief transientcurrentis appliedto terminal
branchl andthe resultantvoltageat the indicatedpointsis shavn on a logarithmicscale. Note the marked
attenuatiorof the peakvoltage(by severalhundredfoldfrom theinput site to the somaandthe broadeningf
thetransientasit spreadsway from theinput site. (Datareplottedfrom RinzelandRall (1974).) Dendritic
terminalshave sealedendsin both (A) and(B).

5.5 Compar tmental Modeling Approach

The compartmentamodelingapproachcomplementsabletheory by overcomingthe as-
sumptionthatthemembranés passie andtheinputis current(Rall 1964). Mathematically
the compartmentahpproachs a nite-dif ference(discrete)approximatiorto the (nonlin-
ear)cableequation.It replaceghe continuouscableequationby a set,or a matrix, of or-
dinary differentialequationsand, typically, numericalmethodsare emplgredto solwe this
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systemwhich canincludethousandsf compartmentandthusthousandef equationsjor
eachtime step.Conceptuallyin thecompartmentainodeldendriticsgmentghatareelec-
trically shortareassumedbo beisopotentiabndarelumpedinto asingleR-C (eitherpassie
or actve) membraneompartmentFig. 5.4C). Compartmentsireconnectedo eachother
via a longitudinalresistvity accordingto the topology of the tree. Hence,differencesn
physicalproperties(e.g., diameter membranepropertiesetc.) anddifferencesn poten-
tial occurbetweencompartmentsatherthanwithin them. It canbe shawvn thatwhenthe
dendritictreeis dividedinto sufciently smallsegmentgcompartmentsthe solutionof the
compartmentamodel corvergesto that of the continuouscablemodel. A compartment
canrepreseng patchof membranavith a variety of voltage-gatedexcitable)andsynaptic
(time-varying) channelsA review of this very popularmodelingapproactcanbe foundin
Sgyev, FleshmarandBurke (1989).

As an example, considera sectionof a uniform cylinder, divided into a numberof
identicalcompartmentsgachof lengthl. If we introduceanadditionalcurrentl; to repre-
sentthe o w of ionsfrom the jth compartmenthroughactive (nonlinearsynapticand/or
voltage-gatedghannelsye canwrite Eq.5.3as

PRV N Y

Ra X2 ftt Rm
Here,V; representshe voltagein the jth compartmentand we have usedEqgs.5.4-5.6
to give the actualvaluesof the resistancesind capacitance§in ohmsandfarads)of this
compartmentjnsteadof the valuesfor a unit length. Note that now Ry, representshe
membrangesistancat rest,beforethe membrangotential(andmembraneesistancejs
changeddueto the currentl;. Also, notethatV; appearsn the expressionfor I;. For
example,in the caseof synapticinputto compartmeng, I; gt V; Esyn. Here,gt
andEsyn aresynapticconductancendreversalpotential respectiely. (Thisis discussedh
moredetailin Sec.6.3.10f thefollowing chaptel)

It canbe shawn by useof Taylor's seriesthat for smallvaluesof |, the left handside
of Eq.5.27canbeexpressedn termsof differencedetweerthevalueof V; andthevalues
in the adjacentcompartmentsy; 1 andV; 1. In this approximationthe cableequation
becomes

1 (5.27)

Vit ) Vi 4oy
Ra dt Ry

For thegenerakaseof a dendriticcableof non-uniformdiameter(in which R, Ry and
Cm may vary amongcompartments)ve obtainthe resultgiven earlierin Eq. 2.1 anddis-
cussedn Sec.2.2. This equationcaneasilybe extendedo includea branchstructure.For
atreerepresentetdy N compartmentsve getN coupledequation®f theform of Eq.5.28.
They shouldbe solvedsimultaneouslyo obtainV;, for j 1 2 N ateachtime stepDxt.

(5.28)



5.5. Compartmentallodeling Approach 67

Figure5.4 DendritegA) aremodeleckitherasasetof cylindricalmembraneablegB) or asasetof discrete
isopotentiaR-C compartment$C). In the cablerepresentatio(B), the voltagecanbe computedat ary point
in thetreeby usingthe continuousableequatiorandtheappropriatdoundaryconditionamposedy thetree.
An analyticalsolutioncanbeobtainedor ary currentinputin passie treesof arbitrarycompleity with knovn
dimensionsandknown speci®cmembraneaesistancendcapacitanc€R,, Cy) andspeci®ccytoplasm(axial)
resistancé€R,). In the compartmentatepresentatiorthe treeis discretizednto a setof interconnectedR-C
compartmentsEachis a lumpedrepresentationf the membrangropertiesof a suf®ciently small dendritic
segment. Compartmentsre connectedria axial cytoplasmicresistancesin this approachthe voltagecan
be computedat eachcompartmenfor ary (nonlinear)input andfor voltageandtime-dependenmmembrane
properties.
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A discussiorof the numericaltechniquesisedby GENESISto solve this setof equations
is givenin Chapter20.

5.6 Compartmental Modeling Experiments

Having coveredthe basicsof cabletheoryandcompartmentaiodeling,we arenow ready
to try somecomputer‘experiments”that will help us to betterunderstandhe previous
sections.The GENESISCabletutorial implementsa dendriticcablemodelthathasbeen
convertedto anequivalentcylinder. Thus,it createsa one-dimensionatompartmentalized
cablesimilar to a singlebranchof the dendritictree shawvn in Fig. 5.4C.Eachcylindrical
compartments similar to the oneshavn in Fig. 2.3, with the axial resistancen the left
side of the compartmentand with the restingmembranepotential E,,, setto zero. You
canprovide a currentinjection pulseto ary compartmentsettingthe delay pulsewidth
andamplitudefrom a menu. Althoughwe won't make useof it in this chapteryou may
alsoprovide a synapticinput, correspondingo the variableresistorin serieswith a battery
shawvnin Fig. 2.3.

The cableconsistsof a “soma” compartmentind N identical“cable” compartments.
YoucansetN to beany numberyoulike,andcanseparatelynodify thelengthanddiameter
for the somaandfor the identicalcablecompartmentsYou canalsosetthe speci ¢ axial
andmembraneesistanceandspeci ¢ membraneapacitanceThesevaluesapplyto both
the somaand cablecompartments.The somacompartments labeledascompartmen®,
andis the leftmostcompartmentlocatedat X 0. This meanghatthe axial resistancef
thesomacompartmentoesnt enterinto the calculation— all compartmentsommunicate
throughthe axial resistance®f the dendritic cable. This also meansthat the rightmost
compartmentcompartmenN at X L, canhave no current o w to theright. Thus,our
modelcorrespondso the sealecendboundaryconditiondiscussedn Sec.5.4.1.

As always,the bestway to understandhe modelis to run the simulation.Beforeread-
ing further, you shouldstartthe Cablesimulationfrom aterminalwindow at the bottomof
your screen.Thisis doneby changingto the Scripts/cablelirectoryandtyping “

/" After aslight delay a control panelandtwo graphswill appear If you click the
mouseon both the and but-
tons,two morewindows shouldappearresultingin a displaysimilar to the oneshavn in
Fig.5.5.

As with mostof the tutorials, the buttonwill call up a menuwith a numberof
selectionsincluding . Youmayusethisto getadescriptiorof
theusesof thevariousbuttons,togglesanddialogboxes. Take a few minutesto understand
whatthe default valuesof the cableparametersre,andthe unitsthatarebeingused.Note
thatthe dialogbox shavs“ " indicatingthatthereis only a singlesoma
compartmentThedialogboxesin the menuatthe upperright indicate
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Figure5.5 A displayfrom the GENESISCabletutorial, shaving the default valuesof variousparameters.
The and buttonson the controlpanel(to theleft)
wereusedto call up thetwo menusontheright.

thatit hasalengthanddiameteibothequalto 50 um(0.005cm). Later, we will adddendritic
cablecompartmentandchangesomeof the parameters.

Try hitting “Return” while the cursoris in the data eld of oneof the dialog boxesin
the menu. This would normally be doneafter changingsomeof the
dialog boxesfor the compartmentimensionsor the speci ¢ resistanceandcapacitances,
sothatthe valuesof Ry, Cy, andR, will berecomputed.lt alsocauseghesevaluesto be
displayedn theterminalwindow. Canyou satisfyyourselfthatthey arethe onesexpected
from Egs.5.4-5.6? The menuat the lower right indicatesthat, with no delay a current
of 02 nA will beinjectedto the somafor 10 msec Canyou predictwhat the plots of
Vt andin V t will looklike? Whatwill bethe maximumvalueofV t ? Whatdo you
expectthe slopeof the logarithmicplot to be after the end of the injection pulse? After
you have madetheseestimatesgo aheadandclick on to performthe simulationfor
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50 msec Now, measurehe quantitiesthatyou have predicted.If thevaluesarenotwithin
reasonablegreementvith theory take thetime to correctyour mistales,or to understand
whatwentwrong. (Hint: usethe buttonto call upthegraphscalemenu,or click and
dragthe mousealonga graphaxisto zoomin to aregion in orderto make moreaccurate
measurementdt may be helpful to usea small ruler with a millimeter scaleto helpwith
interpolation. If your computerhasthe ability to captureandprint portionsof the screen
image,thiswill make thesemeasuremen&veneasiel)

After this “warm-up”exercise we arereadyto performa moreinterestingexperiment.
Now, adda dendriticcableto the somaby changingthe dialogbox con-
tentsto“ " Keepthe original dimensiondfor the somacompartmentnd also usethe
default valuesof the cablecompartmentlimensions(a diameterof 1 um and length of
50 um). You shouldbe ableto verify thateachcablecompartmenhasa lengthof 0 11,
andthatthe electrotonidengthof the entirecableis givenby L 1. Althoughwe arenot
dealingwith a steadyvoltage,norwith anin nite cable,Eq.5.13suggestshatthe change
in voltagefrom onecompartmento anothewill berelatively smallwith this sizecompart-
ment,justifying our useof a compartmentamodel. Clearly the questionof how smallwe
needto make the compartmentss animportantone. You may investigatethis issuemore
carefullyin Exercise3, attheendof this chapter

Beforecontinuing,you shouldbe aware of anotherfactorthat canaffect the accurag
of your simulation.In previouschaptersye have referredio theimportanceof choosingan
appropriatesizefor the integrationtime step(givenin the  dialogbox). This is particu-
larly truefor cablemodelsthatcontainmary shortcompartmentéChapter20, Sec.20.3.4).
Although the default time stepshouldbe adequatdor the exercisessuggestedhere,you
shouldexperimentwith smallervaluesif you male signi cant changesn the cableparam-
eters.

In orderto comparethe resultsto thoseobtainedwith only the isolatedsoma,click
on sothatit changedo ; thenclick on and . Do
you expectthe differentdimensionf the cableto affect the decayof the voltageafterthe
pulse?Canyou explain ary differencesn thetwo plotsof In V right afterthe endof the
injectionpulse?You mayexplorethis effectin moredetailin Exerciseb.

Finally, let's examinethe effect of the dendritediameteron the propagatiorof voltage
changesalongthe dendriticcable. For this, we would like a little sharperchangen volt-
age,soincreasdhe somainjectioncurrentto 2 nA (0 002 pA) andreducethe pulsewidth
to 1 msec In orderto measurahe potentialat otherplacesalongthe cable,click on the

button to bring up a menuthatwill allow you to specifyothercom-
partmentsin which to recordthe membranepotential. Note that the default is to record
from the soma.By entering® ” andthen* " in the dialogbox, you may addplotsof V
for thesetwo compartmentsClicking on removesplotting for all
but the somacompartmentHaving addedthesetwo extra plots, leave the cablediameter
at 1 umandrun the simulation. Make a note of the maximumvalue of V, andthetime it
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takesto reachthis valuefor eachof the threelocations. Now, changethe cablediameter
to 0 5 umandrepeathe experiment.Whatis the electroniclengthL of the cablewith this
new diameterHow doesthe diameteraffect the decayof the potentialwith distance®an
you explain this? By observingthe changeof positionof the peakin V with distancegcan
you estimatethe propagationvelocity of the voltagedeviation? How doesthe propagation
velocity seemto dependon dendritediameter?

Therearea numberof otherexperimentssuggesteat the endof the chapterthat will
shedmore light on the effect the dendritic cable hasupon the propagationof electrical
signals. For example, Exercise4 investigategshe asymmetryof propagatiorfrom soma
to dendritesas comparedo propagationn the oppositedirection, as seenin Fig. 5.3A.
Exerciseb studiegheeffectof thecableontheinputresistancef theneuron.In Exercise?,
we malke useof thebroadeningf potentialsaasthey propagateway from thepointatwhich
they wereintroducedFig. 5.3B)to estimatadendriticlengths.

5.7 Main Insights for Passive Dendrites with Synapses

Herewe summarizéhe maininsightsregardingthe input-outputpropertiesof passie den-
drites, gainedfrom modelingand experimentalstudieson dendritesduring the last forty
years.

1. Dendritictreesareelectricallydistributed(ratherthanisopotentiallelementsConse-
quently voltagegradientsxist over thetreewhensynaptidnputsareappliediocally.
Becausef inherentnon-symmetridooundaryconditionsin dendritictrees,voltage
attenuatesnuchmoreseverely in the dendrites-to-somdirectionthanin the oppo-
site direction (Fig. 5.3A). In otherwords, from the somaviewpoint, dendritesare
electricallyrathercompact(averagecablelengthL of 0.3-21 ). Fromthe dendrite
(synaptic)viewpoint, however, the treeis electrically far from being compact. A
corollaryof thisasymmetryis that,asseenin Fig. 5.3A, shortsidebranchegin par
ticular, dendritic spines)are essentiallyisopotentialwith the parentdendritewhen
current o ws from the parentinto theseside brancheqspines)but a large voltage
attenuatiorexists from terminal (spine)to parentwhenthe terminalrecevesdirect
input.

2. Thelarge voltageattenuatiorfrom dendritego soma(which maybe afew hundred-
fold for brief synapticinputsat distal sites)implies that mary (several tens)of ex-
citatory inputs shouldbe activatedwithin the integrationtime window t ,, in order
to build up depolarizatiorof 10-20mV andreachthresholdfor ring of spikesat
thesomaandaxon(e.g.,Otmakha, Shirke andMalinow 1993,Barbour1993). The
large local depolarizatiorexpectedat the dendritestogethemwith the marked atten-
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uationin thetreeimply thatthetreecanbefunctionally separateéhto mary, almost
independentsuhunits (Koch,Poggioand Torre 1982).

. Although sererely attenuatedin peakvalues,the attenuatiorof the areaof transient

potentials(aswell asthe attenuatiorof chage) is relatively small. The attenuation
of the areais identicalto the attenuatiorof the steadyvoltage,independentlyf the
transientshapgRinzelandRall 1974). Comparingthe steady-statsomaticvoltage
that resultsfrom distal dendriticinput to the somavoltagewhenthe sameinput is
applieddirectlyto thesoma(dashedine in Fig. 5.3A) highlightsthis point. Thus,the
“cost” (in term of areaor chage) of placingthe synapset the dendritesatherthan
atthesomais quitesmall.

. Linearsystentheoryimpliesaninterestingreciprocityin passie trees.Thevoltage

atsomelocationx; resultingfrom transienturrentinputat point; is identicalto the
voltagetransientmeasureat x; whenthe samecurrentinputis appliedat x; (Koch
etal. 1982). Becausdhe input resistances typically larger at thin distal dendrites
andin spinesthanat proximal dendriteqandthe soma),the samecurrentproduces
a larger voltageresponseat distal dendriticarbors. Thus, the reciprocity theorem
implies that the attenuationof voltagefrom thesesitesto the somais steepethan
in the oppositedirection(i.e., asymmetricahttenuation).Reciprocityalsoholdsfor
thetotal signaldelaybetweerary givenpointsin thedendritictree(Agmon-Snirand
Sgyev 1993).

. Synaptigotentialsaaredelayedandthey becomesigni cantly broaderasthey spread

away from the input site (Fig. 5.3B). The large sink provided by the tree at distal
arborsimplies that, locally, synapticpotentialsare very brief. At the somalevel,

however, thetime-coursef thesynapticpotentialds primarily governedby t .. This
changdn width of the synapticpotentialimpliesmultiple time windows for synaptic
integrationin thetree(Agmon-SnirandSegev 1993).

. Excludingvery distalinputs,the cost(in termsof delay)thatresultsfrom dendritic

propagatiortime (i.e., thenetdendriticdelay)is smallcomparedo therelevanttime
window (t ) for somaticintegration. Thus,for the majority of synapseshe signi -
canttime window for somatidntegrationremaing ,, (Agmon-SnirandSegev 1993).

. Becausef theinherentconductancehanggshunt)associatedavith synapticinputs,

synapticpotentialssum nonlinearly (lessthan linear) with eachother (Chapter6).

This local conductancehangeof the membranes better“felt” by electricallyadja-
centsynapsethanby moreremote(electricallydecoupledysynapsesConsequently
in passie trees,spatially distributed excitatory inputs sum morelinearly (produce
morechage)thando spatiallyclusteredsynapse¢Rall 1964).
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8. Inhibitory synapse$whoseconductancehangds associateavith a batterynearthe
restingpotential)aremoreeffective whenlocatedon the pathbetweerthe excitatory
input andthe “target” point (soma)thanwhen placeddistal to the excitatory input.
Thus,whenstratgically placed,inhibitory inputscanspeci cally veto partsof the
dendritictreeandnot others(Rall 1964,Kochetal. 1982,Jacketal. 1975).

9. Becaus®f dendriticdelay the somaticdepolarizatiorthatresultsfrom activation of
excitatory inputs at the dendritesis very sensitve to the temporalsequencef the
synapticactiation. It is largestwhenthe synapticactivation startsat distaldendritic
sitesandprogresseproximally Activationof thesamesynapse# thereverseorder
in timewill producesmallersomaticdepolarizationThus,theoutputof neuronswith
dendriteds inherentlydirectionallyselectve (Rall 1964).

10. Becausehe synapticinput changeshe membraneonductanceif effectively alters
the cablepropertieqelectrotonidength,input resistancetime constantgetc.) of the
postsynapticell. Thisactiity canreducehetime constanby afactorof 10(Bernan-
deretal. 1991,Rappetal. 1992). Thus,spontaneougackgroundpynapticactiity
dynamicallychangeshe computationa{input-output)capabilitiesof the neuron.

5.8 Bioph ysics of Excitab le Dendrites

A grawing bodyof experimentakvidencein recentyearshasclearlydemonstratethatthe
membranef mary typesof dendriteds endavedwith voltage-gatednonlinear)ion chan-
nels,includingthe NMDA channelsaswell asvoltage-actiatedinward (Ca 2 andNa )
andoutward (K ) conductancege.g.,StuartandSakmanmL994,Laurent1993,McKenna
et al. 1992, Wilson 1992). Thesechannelsare responsiblgor a variety of subthreshold
electricalnonlinearitiesand, underfavorableconditions,they cangeneratdull-blown ac-
tion potentials. The useof voltage-andion-dependentlyesaswell asintracellularand
patch-clampecordingsfrom dendritessuggestedhat, in contrastto axonaltrees,there-
generatie phenomenorirom input into excitable dendritestendsto spreadonly locally.
This makes functional sensesince, otherwise,the dendritic tree would be essentiallyno
differentfrom the axon,implementinga simple all-or-none operation. However, because
of the asymmetricspreadof voltageswithin the dendritictree (Fig. 5.3A) andbecausef
inhomogeneoudistribution of excitablechannelsn dendritesspikescanpropagatenore
readilybackfrom thesomato thedendriteqStuartandSakmanri994).Unfortunatelywe
still lackinformationregardingthedistrikution, thevoltage-depender, andthekineticsof
excitablechannelsn dendritesandmostof theresultsof this sectionareprimarily basecn
theoreticabredictions.

Whatis theelectricalbehaior to be expectedrom dendriteswith voltage-gateagnem-
braneion channelsFirst, we notethatthe presencef voltage-gate¢hannelsn dendrites
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doesnot automaticallyimply that thesechannelsparticipatein the electricalactvity of

thetreeunderall conditions. The large conductancéoad imposedby the tree effectively

increaseshe activation thresholdof thesechanneldor local synapticpotentials(Rall and
Seger 1987).Thesechannelsvill bemorereadilyactivatedunderfavorableconditionssuch
asin regionswith highdensitieof excitablechannelgasin theinitial segmentof theaxon),
whenthe excitable channelshave fastactiation kinetics,or whenthe inputis distributed

(notlocalized). Whenactivated,thesechannelscan modulatethe input-outputproperties
of the neuron.For example they canamplifythe excitatorysynapticcurrentand,for chan-
nelsthatcarry inward current,the regeneratie actvity canspread(“chain reaction”)and
indirectly activatenearbydendriticregionsthatwill furtherenhanceheexcitatorysynaptic
inputs(Rall and Seger 1987). Consequent|ydistal excitatory synapticinputsmay be less
attenuate@nd,thus,affect morestronglythe neuronoutputthanwould be expectedn the

passie case.n generalpecaus®f theasymmetryof voltageattenuationn dendritictrees
(Fig. 5.3A), regeneratie actvity in dendriteswill spreadmoresecurelyin the centrifugal
(soma-to-dendritesjirectionthanin the centripetadirection. This effect maybe explored
in the simulation(traub9) of the CA3 pyramidalcell describedn Chapter7. In addition
to modulatingthe strengthof the synapticcurrent,the kineticsof excitablechannelamay
alsoplay animportantrole in modulatingthe speedf electricalinteractionin thedendritic
tree.

Anotherconsequencef dendriticnonlinearitywasdiscussedtyy Mel (1993).Unlikethe
passie casewheresynapticsaturatiorimplieslossin synapticef cacy whenthe synapses
arespatiallyclusteredseenumber7 above), in the excitablesituation(includingthe case
of thevoltage-andtransmittergatedNMDA receptorsh certaindegreeof input clustering
implies more chage transferto the soma(dueto the extra active inward current). In this
casetheoutputattheaxondependsensitvely onthesize(andsite)of the“clusteron”and
this may sene asa mechanisnfor implementinga multi-dimensionabiscriminationtask
of input patternssia multiplication-like operation.

Recently the possibility thatactive dendriticcurrents(both inward and outward) may
sene asa mechanisnfor synapticgain controlwas put forward by Wilson (1992)in the
contet of neostriataheuronsandby Laurent(1993)for the axonlessionspikinginterneu-
ronsof thelocust. The principalideais that, asa resultof active currentsthe integrative
capabilitiesof the neuron(e.g.,its input resistanceand electrotoniclength) are dynami-
cally controlledby the membrangotential;therebythe neuronoutputdepend®n its state
(membrangotential).Active currentge.g.,outwardK current)canactto counterbalance
excitatorysynaptidnputs(negative feedbackpndthusstabilizetheinput-outputcharacter
isticsof theneuron.Corversely at othervoltageregimes,active currentamight effectively
increasehe input resistanceindreducethe electrotonicdistancebetweensynapsegpos-
itive feedback)with the consequencef nonlinearlyboostinga speci ¢ groupof coactve
excitatorysynapses.
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5.9 Computational Function of Dendrites

It seemsappropriatéo concludethis chapteby askingwhatkind of computationgouldbe
performedoy aneuronwith dendriteghatcouldnotbecarriedoutwith justaformlesspoint
neuron. Seseral answershave alreadybeendiscussedherethe major onesare succinctly
highlighted:

1. Neuronswith dendritescancomputethe directionof motion (Rall 1964,Kochetal.
1982).

2. Neuronswith dendritescansimultaneouslfunctionon multiple time windows. For
local dendriticcomputationge.g.,triggeringlocal dendriticspikes, triggeringlocal
plasticprocessedjistal arborsact moreascoincidencaletectorsywhereaghe soma
actsmoreasanintegratorwhenbrief synapticinputs(i.e.,non-NMDA andGABA )
areinvolved (Agmon-SnirandSeges 1993).

3. Neuronswith dendritescanimplementa multi-dimensionaklassi cationtask (Mel
1993).

4. Neuronswith dendritescanfunction asmary, almostindependentfunctional sub-
units. Eachunit canimplementa rich repertoireof logical operationgKoch et al.
1982,Rall andSeger 1987)aswell asotherlocal computationge.g.,local synaptic
plasticity)andthey canfunctionassemi-autonomousput-outputelementge.g.,via
dendrodendriticynapses).

5. Neuronswith slow ion currentsin the dendritesthat are partially decoupledrom
fastspike-generatingurrentsatthe soma/axomillock canproducealargerepertoire
of frequeng patterns.By modulatingthe degreeof electricalcouplingbetweerthe
dendritesandthe soma(e.g.,by inhibition) the sameinput canproduceregular high
frequeng spiking aswell asbursting— asthoughtto occurin experimentaland
theoreticaimodelsof epilepticseizuregPinsky andRinzel 1994).

5.10 Exercises

1. Plot the theoreticalattenuatiorof steadyvoltageasa function of physicaldistance
in in nitely long cylindrical cableswith Ry 10 000W cn? andRy  100W cm
Make plots for the threecablediametersd 05 pm, 1 pmand2 pm What can
you concludeaboutthe effect of dendriticdiameteron the passie propagationof
voltages? How doesthis comparewith the resultsof the experimenton the nite
cablediscussedh Sec.5.6?
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2. (a) Calculatetheinputresistancef in nite cylindrical cableswithd 05 pum, 1 um

and2 um As in the precedingexercise,assumeRy 10 000 W cn? and Ra
100W cm

(b) Calculatethe input resistanceof two identicaldaughterbranchesf the above
cylinderthatobey Eq.5.25.

(c) Calculatethe input resistanceat X 0 of a nite cylinderwith d 1pm Ry
10 000W cn?andRa  100W cm Examineboththecaseof asealecendatX 1
andthecaseof anendthatis clampedorest(V 0O)atX 1.

(d) Which of theinput resistancesalculatedn (a) and(c) is closestto the resultfor
the nite cablethatwe simulatedn Sec5.6?Explainary similaritiesanddifferences.

. Oneofthe rst questiongo beansweredeforeusingor constructingacompartmen-

tal modelis, “What valueof | is smallenoughto allow theapproximatiorof Eq.5.27
with Eqg. 5.28?" This questioncanbe answeredy performing“computerexperi-
ments”on a systemfor which we know the exact solution. Equation5.14 givesthe
exactresultfor theattenuatiorof a steady-statemembrangootentialwith distanceor
a uniform nite lengthcable. In orderto make the simulatedcablea uniform one,
changethe somadimensiongo make it the samesize asa dendriticcompartment.
Thenadd10 cablecompartments$o the soma,usingthe default valuesof all the pa-
rametersExplainwhy, althoughtherearenow 11 compartmentsncludingthesoma,
theelectrotonidengthof thiscableisL 1,andnotL 1 1.

Setthe valueof the currentinjectionto the somaat 0 0001pA (0 1 nA), andsetthe
width of theinjectionpulseto alarge value,sothattherewill beaconstaninjection
current. Plot the membranepotentialin both the somaand the end compartment,
and calculatethe steady-stateatio of V L V 0. How doesit comparewith the
predictionof Eq.5.14?

Now, repeatthe experimentwith 5 andthen 20 cablecompartmentsghangingthe
compartmentengthto keepthetotal electrotonidengthof thecableatL 1. What
doyou concludes agoodpracticalde nition of “small enough”?

. Restordghedefault parameterfor the Cablesimulation(somalengthanddiameterof

50 um cablecompartmentliameterof 1 umandlengthof 50 um). Make a cablewith
10 dendriticcompartmentsand provide a 2 msecpulseof 0 1 nA currentinjection
to the soma,recordingthe membranepotentialat both the somaand compartment
10. Thenchangeheinjectionpointto compartmeni0, toggleto , click
on andrun the simulationagain. Make an estimateof the attenuatiorof the
voltagein the soma-to-dendriteirectionandthenin the oppositedirection. Finally,
repeatheexperimentwith thedendriticcablediametersetto 0 5 um Whataccounts
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for the differentattenuationin the two directions? Why is the dendritic diameter
relevant?Whatsigni cancedo theseresultshave for neuronabehaior?

5. Usethe uniform cable(L 1) from Exercise3 and apply a brief (2 mseg current
injectionto thesoma.Usethe menuto plotV t from compart-
ments0, 5 and10. Examinetheplot of In V vs.t andnotethattheresponsés nota
simpleexponential Explainwhy thethreelogarithmicplotshave differentcurvatures
atthestartof the voltagedecayandaccounfor thedirectionof each.

Now, recordonly from the soma,andgenerateverlaid logarithmicplotsfor cables
of lengthL 05, 1and2 (5,10 and20 compartments)Explainwhy someof these
shav alinearslopeat earliertimesthanothers.

6. Usethe Cablesimulationto constructa uniform cablelike theonein Exercise3 and
performanexperimentto measureheinputresistancatthesoma(X 0). Usethis
valueto calculatethe speci ¢ membraneesistancdry for the cableandcompareit
to thevaluethatwasactuallyusedin thesimulation.

7. Usingthe Cablesimulation,add15 cablecompartmentssachO 1l long,to thesoma
compartmentPlaceyour recordingelectrodeat compartmen0 (“soma”) andinject
a brief currentpulseonceat compartmen@, thenat 5, 10 and15. Measurehe peak
time (PT) andhalf width (HW) of thesomaticvoltagefor thedifferentcasesandplot
PTvs. HW for thedifferentX values.Labeleachdatapointwith the X valueto which
it correspondsDo someinterpolation.Canyou predicttheresultfor compartmen8
with ary accurag?
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