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Cable and Compar tmental Models of
Dendritic Trees

IDAN SEGEV

5.1 Intr oduction

In thepreviouschapter, we useda singlecompartmentmodelto studythemechanismsfor
the activation of voltage-activatedchannels,which produceneuron�ring. Next, we need
to understandhow inputsto the neuronaffect the potentialin thesomaandotherregions
thatcontainthesechannels.Thefollowing chapterdealswith theresponseof theneuronto
synapticinputsto producepostsynapticpotentials(PSPs).In this chapter, we concentrate
onmodelingthespreadof thePSPthroughthedendritictree.

Dendritesarestrikinglyexquisiteanduniquestructures.They arethelargestcomponent
in bothsurfaceareaandvolumeof thebrainandtheirspeci�c morphologyis usedtoclassify
neuronsinto classes:pyramidal, Purkinje, amacrine,stellate,etc. (Fig. 5.1). But most
meaningfulis that themajority of thesynapticinformationis conveyed onto thedendritic
treeandit is therewherethisinformationis processed.Indeed,dendritesaretheelementary
computingdeviceof thebrain.

A typicaldendritictreereceivesapproximatelytenthousandsynapticinputsdistributed
over thedendriticsurface. Whenactivated,eachof theseinputsproducesa local conduc-
tancechangefor speci�c ions at the postsynapticmembrane,followed by a �o w of the
correspondingion currentbetweenthe two sidesof the postsynapticmembrane.As a re-
sult,a localchangein membranepotentialis generatedandthenspreadsalongthedendritic
branches.How doesthisspreaddependon themorphology(thebranchingpattern)of the
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52 Chapter 5. CableandCompartmentalModelsof DendriticTrees

Figure 5.1 Dendriteshave uniqueshapeswhich areusedto characterizeneuronsinto types.(A) Cerebellar
Purkinjecell of the guineapig (reconstructedby MosheRapp),(B) a-motoneuronfrom the cat spinalcord
(reconstructedby RobertBurke), (C) Neostriatalspiny neuronfrom the rat (Wilson 1992),(D) Axonlessin-
terneuronsof thelocust(reconstructedby GilesLaurent).In many neurontypes,synapticinputsfrom a given
sourcearepreferentiallymappedinto a particularregion of thedendritictree. For example,in Purkinjecells,
oneexcitatory input comesfrom the vastnumberof synapses(more than100,000)that speci®callycontact
spineson thethin tertiarybranches,whereastheotherexcitatoryinputcomesfrom theclimbing®berthatcon-
tactsthe thick (smooth)dendrites.Inhibition from the basket cells impingescloseto the Purkinjecell soma,
whereasinhibition from stellatecellscontactsmainlydistalpartsof thetree.Notethedifferencesin scalesfor
thedifferentneurontypes.
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treeandon the electricalpropertiesof its membraneandcytoplasm? This questionis a
fundamentalone;its answerwill provide theunderstandingof how thevarioussynapticin-
putsthataredistributedover thedendritictreeinteractin timeandin spaceto determinethe
input-outputpropertiesof theneuronand,consequently, theireffectuponthecomputational
capabilityof theneuronalnetworksthatthey constitute.

Cabletheoryfor dendriteswasdevelopedin 1959by W. Rall preciselyfor thispurpose.
Namely, to derive amathematicalmodelthatdescribesthe�o w of electriccurrent(andthe
spreadof the resultantvoltage)in morphologicallyandphysiologicallyrealisticdendritic
treesthat receive synapticinputsat varioussitesandtimes. In the last thirty years,cable
theoryfor dendrites,complementedby thecompartmentalmodelingapproach(Rall 1964),
playedan essentialrole in the estimationof dendriticparameters,in designingandinter-
pretingexperimentsandin providing insightsinto thecomputationalfunctionof dendrites.
This chapterattemptsto brie�y summarizecabletheoryandcompartmentalmodels,and
to highlight themain resultsandinsightsobtainedfrom applyingcableandcompartmen-
tal modelsto variousneurontypes. A completeaccountof Rall's studies,including his
principalpapers,canbefoundin Segev, RinzelandShepherd(1995).

We begin by gettingacquaintedwith dendrites,thesubjectmatterof this chapter. We
thenintroducethe conceptsandassumptionsthat led to the developmentof cabletheory
andthenintroducethecableequation.Next, wediscusstheimplicationof thisequationfor
severalimportanttheoreticalcasesaswell asfor thefully reconstructeddendritictree.The
numericalsolutionof thecableequationusingcompartmentaltechniquesis thenpresented.
Wesummarizethechapterwith themaininsightsthatweregainedfrom implementingcable
andcompartmentalmodelswith neuronsof varioustypes. Along theway, andat theend
of the chapter, we suggestseveral exercisesusingGENESISthat will help the readerto
understandtheprinciplesthatgovernsignalprocessingin dendritictrees.

5.2 Backgr ound

5.2.1 Dendritic Trees: Anatom y, Physiology and Synaptology

Following thelight microscopicstudiesof thephenomenalneuro-anatomist,Raḿon y Ca-
jal, dendritesbecamethefocusof many anatomicalinvestigationsandtoday, with theaid
of electronmicrographstudiesandcomputer-driven reconstructingtechniques,we have a
ratherintimateknowledgeof the �ne structureof dendrites.Thesestudiesallowed us to
obtainessentialinformationon theexactsiteandtype(excitatoryor inhibitory) of synaptic
inputsaswell ason thedimensionsof dendritesincludingthe�ne structures,thedendritic
spines,that are involved in the synapticprocessing(White 1989,Shepherd1990). Here
we attemptto introduce,in a conciseway, somefactsaboutdendritesandtheir synaptic
inputs.Oneshouldrememberthat,becausedendritescomein many shapesandsizes,such
asummaryunavoidablygivesonly aroughrangeof values;moreinformationcanbefound
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in Segev (1995).

Branc hing

Dendritestendto bifurcaterepeatedlyandcreate(oftenseveral)largeandcomplicatedtrees.
CerebellarPurkinjecells,for example,typically bearonly onevery complicatedtreewith
approximately400 terminaltips (Fig. 5.1A), whereasa-motoneuronsfrom the cat spinal
cord typically possesses8–12trees;eachhasapproximately30 terminaltips (Fig. 5.1B).
Thedendritesof eachtypeof neuronshave a uniquebranchingpatternthat canbe easily
identi�ed andthushelpto classifyneurons.

Diameter s

Dendritesarethin tubesof nerve membrane.Nearthesomathey startwith a diameterof
a few µm; their diametertypically falls below 1 µm as they successively branch. Many
typesof dendrites(e.g., cerebellarPurkinjecells, cortical and hippocampalpyramidals)
arestuddedwith abundanttiny appendages,the dendriticspines,which createvery thin
( � 0 � 1 µm) andshort( � 1 µm) dendriticbranches.Whenpresent,dendriticspinesarethe
majorpostsynaptictarget for excitatorysynapticinputsandthey seemto beimportantloci
for plasticprocessesin thenervoussystem(Rall 1974in Segev et al. 1995,Segev andRall
1988,KochandZador1993).

Length

Dendritic treesmay rangefrom very short (100–200µm, as in the spiny stellatecell in
the mammaliancortex) to quite long (1–2 mm, for the spinala-motoneurons).The total
dendriticlengthmayreach104µm(1 cm) andmore.

Area and Volume

As mentionedin theintroduction,themajorityof thebrainvolumeandareais occupiedby
dendrites.Thesurfaceareaof a singledendritictreeis in therangeof 2,000–750,000µm2;
its volumemayreachup to 30,000µm3.

Physiology of Dendrites

Both the intracellularcytoplasmiccoreand the extracellular�uid of dendritesare com-
posedof ionic mediathat canconductelectriccurrent. The membraneof dendritescan
alsoconductcurrentvia speci�c transmembraneion channels,but theresistanceto current
�o w acrossthemembraneis muchgreaterthanthe resistancealongthecore. In addition
to themembranechannels(membraneresistance),thedendriticmembranecanstoreionic
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charges,thusbehaving likeacapacitor. TheseR-Cpropertiesof themembraneimply atime
constant(t m

� RC) for charging anddischarging the transmembranevoltage. The typical
rangeof valuesfor t m is 1–100msec. Also, themembraneandcytoplasmresistivity imply
aninput resistance(Rin) at any givenpoint in thedendritictree.Rin canrangefrom 1 MW
(at thick andleaky dendrites)andcanreach1000MW(at thin processes,suchasdendritic
spines).The large valuesof Rin expectedin dendritesimply that small excitatory synap-
tic conductancechange(of � 1 nS) will produce,locally, a signi�cant (a few tensof mV)
voltagechange.More detailsof thebiophysicsof dendrites,thespeci�c propertiesof their
membraneandcytoplasmandtheirelectrical(ratherthananatomical)lengthareconsidered
below.

In classicalcabletheory, theassumptionwasthattheelectricalpropertiesof themem-
braneandcytoplasmicpropertiesarepassive(voltage-independent) so thatonecouldcor-
rectly speakof a membranetimeconstantandof a �x edinput resistance(at a givensiteof
the dendritictree). However, recentrecordingsfrom dendrites(e.g.,StuartandSakmann
1994)clearlydemonstratethat thedendriticmembraneof many neuronsis endowedwith
voltage-gatedion channels.This complicatesthesituation(andmakesit moreinteresting)
since,now, themembraneresistivity (andthust m andRin) arevoltage-dependent. For suf-
�ciently largevoltageperturbations,thisnonlinearitymayhave importantconsequenceson
dendriticprocessing(Rall andSegev 1987).Thisimportantissueis furtherdiscussedbelow.

Synaptic Types and Distrib ution

Synapsesarenot randomlydistributed over the dendriticsurface. In general,inhibitory
synapsesaremoreproximalthanexcitatorysynapses,althoughthey arealsopresentatdistal
dendriticregionsand,whenpresent,onsomespinesin conjunctionwith anexcitatoryinput.
In many systems(e.g.,pyramidalhippocampalcellsandcerebellarPurkinjecells),a given
input sourceis preferentiallymappedonto a given region of the dendritictree(Shepherd
1990),ratherbeingrandomlydistributedover thedendriticsurface.

Thetimecourseof thesynapticconductancechangeassociatedwith thevarioustypesof
inputsin agivenneuronmayvaryby 1–2ordersof magnitude.Thefastexcitatory(AMPA
or non-NMDA) andinhibitory (GABAA) inputsoperateonatimescaleof 1 msecandhave
apeakconductanceon theorderof 1 nS; thisconductanceis approximately10 timeslarger
thantheslow excitatory(NMDA) andinhibitory (GABAB) inputsthatbothactonaslower
timescaleof 10–100msec.

5.2.2 Summar y

Dendritesandtheirspinesarethetargetfor a largenumberof synapticinputsthat,in many
cases,arenon-randomlydistributed over the dendriticsurface. The dendriticmembrane
is equippedwith a variety of synapticallyactivatedandvoltage-gatedion channels.The
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kineticsandvoltagedependenceof thesechannels,togetherwith aparticulardendriticmor-
phologyand input distribution, make the dendritic treebehave as a complex dynamical
devicewith apotentiallyrich repertoireof computational(input-output)capabilities.Cable
theoryfor dendritesprovidesthemathematicalframework thatenablesoneto connectthe
morphologicalandelectricalstructureof theneuronto its function.

5.3 The One-Dimensional Cable Equation

5.3.1 Basic Concepts and Assumptions

As mentionedpreviously, dendritesarethin tubeswrappedwith a membranethatis a rela-
tively goodelectricalinsulatorcomparedto theresistanceprovidedby theintracellularcore
or theextracellular�uid. Becauseof this differencein membranevs.axial resistivity, for a
shortlengthof dendrite,theelectricalcurrentinsidethecoreconductortendsto �o w paral-
lel to thecylinder axis (alongthex-axis). This is why theclassicalcabletheoryconsiders
only onespatialdimension(x) alongthecable,while neglectingthey andzdimensions.In
otherwords,onekey assumptionof theone-dimensionalcabletheoryis thatthevoltageV
acrossthemembraneis a functionof only timet anddistancex alongthecoreconductor.

The other fundamentalassumptionsin the classicalcabletheoryare: (1) The mem-
braneis passive (voltage-independent) anduniform. (2) The coreconductorhasconstant
crosssectionandtheintracellular�uid canberepresentedasanohmicresistance.(3) The
extracellularresistivity is negligible (implying extracellularisopotentiality).(4) Theinputs
arecurrents(whichsumlinearly, in contrastto changesin synapticmembraneconductance,
whoseeffectsdo not sumlinearly, aswe shallseein Chapter6). For convenience,we will
make theadditionalassumptionthat themembranepotentialis measuredwith respectto a
restingpotentialof zero,asweassumedin thepreviouschapter.

Theseassumptionsallow usto write down theone-dimensionalpassive cableequation
for V

�

x � t � , the voltageacrossthe membranecylinder at any point x andtime t. As was
shown by Rall (1959),this equationcanbesolvedanalyticallyfor arbitrarily complicated
passive dendritic trees. As notedbefore,real dendritic treesreceive conductanceinputs
(not currentinputs)andmaypossessnonlinearmembranechannels(violating thepassive
assumption).Yet, aswe discusslater, the passive caseis very importantas the essential
referencecase,andit providedthefundamentalinsightsregardingsignalprocessingin den-
drites.

5.3.2 The Cable Equation

At any point along a cylindrical membranesegment(core conductor),currentcan �o w
eitherlongitudinally(alongthex-axis),or throughthemembrane.Thelongitudinalcurrent
Ii (in amperes)encountersthecytoplasmresistance,producingavoltagedrop.Wetake this



5.3.TheOne-DimensionalCableEquation 57

currentto bepositive when�o wing in thedirectionof increasingvaluesof x, andde�ne the
cytoplasmresistivityasaresistanceperunit lengthalongthex-axisr i , expressedin unitsof
W� cm. Then,Ohm's law allows usto write

1
r i

¶V
¶x

��� Ii � (5.1)

The membranecurrentcaneithercrossthe membranevia the passive (resting)mem-
branechannels,representedasa resistancerm (in W � cm) for a unit length,or charge (dis-
charge) the membranecapacitanceper unit lengthcm (in F � cm). If no additionalcurrent
is appliedfrom an electrode,thenthe changeper unit length(¶I i � ¶x) of the longitudinal
currentmustbethedensityof themembranecurrentim perunit length(takenpositive out-
ward),

¶Ii
¶x

��� im ���

� V
rm

�

cm
¶V
¶t

� � (5.2)

CombiningEq.5.1andEq.5.2,wegetthecableequation,asecond-orderpartialdifferential
equation(PDE)for V

�

x � t � ,

1
r i

¶2V
¶x2

� cm
¶V
¶t

�

V
rm

� (5.3)

For the derivation of Eq. 5.3, it hasbeenuseful to considerthe cytoplasmresistivity
r i , membraneresistivity rm andmembranecapacitancecm for a unit lengthof cablehaving
some�x ed diameter. If we want to describethe cablepropertiesin termsof the cable
diameter, or wewish to make acompartmentalmodelof adendritebasedonshortsections
of lengthl (Sec.5.5),wewill needexpressionsfor theactualresistancesandcapacitancein
termsof thecabledimensions.

It is oftenusefulto referto themembranecapacitanceor resistanceof apatchof mem-
branethathasanareaof 1 cm2, sothatour calculationscanbeindependentof thesizeof a
neuralcompartment.Thesequantitiesarecalledthespeci�c capacitanceandspeci�c resis-
tanceof themembrane.In thisbook,andin theGENESIStutorials,we denotethespeci�c
capacitanceby CM andthespeci�c resistanceby RM, andusethesymbolsCm andRm for
theactualvaluesof themembranecapacitanceandresistanceof asectionof dendriticcable
in faradsandohms. This canbea point of confusionwhenreadingotherdescriptionsof
cabletheory, asit is alsocommonto usethe samenotation(Cm andRm) for the speci�c
quantities.

Thecapacitanceof biologicalmembraneswasfoundto have a speci�c valueCM close
to 1 µF � cm2. Hence,the actualcapacitanceCm of a patchof cylindrical membranewith
diameterd andlengthl is pdlCM. In termsof thecapacitanceperunit length,Cm

� lcm. If
thepassivechannelsareuniformly distributedoverasmallpatchof membrane,theconduc-
tancewill beproportionalto themembranearea.Thismeansthatthemembraneresistance
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will be inverselyproportionalto theareaandthat it canbewritten asRm
� RM �

�

pdl � , or
asRm

� rm � l . RM is thenexpressedin unitsof W � cm2. Later in this chapter, we perform
somesimulationsin which a numberof cylindrical compartmentsareconnectedthrough
their axial resistancesRa. As this resistanceis proportionalto the lengthof the compart-
mentandinverselyproportionalto its crosssectionalarea,we cande�ne a speci�c axial
resistanceRA that is independentof the dimensionsof the compartmentandhasunits of
W � cm. Thus,a cylindrical segmentof lengthl anddiameterd will have anaxial resistance
Ra of

�

4lRA � � pd2, or l r i .
Wecansummarizetheserelationshipswith theequations

Cm
� cml � pdlCM � (5.4)

Rm
� rm � l �

RM

pdl
(5.5)

and

Ra
� r i l �

4lRA

pd2 � (5.6)

It is usefulto de�ne thespaceconstant,

l �

�

rm � r i
�

�

�

d � 4� RM � RA (5.7)

(in cm) andthemembranetimeconstant,

t m
� rmcm

� RMCM
� RmCm � (5.8)

Then,thecableequation(Eq.5.3)becomes

l 2¶2V
¶x2

� t m
¶V
¶t

� V � 0 � (5.9)

or in dimensionlessunits,

¶2V
¶X2

�

¶V
¶T

� V � 0 � (5.10)

whereX � x� l andT � t � t m. 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 Volta ge Atten uation with Distance

Thesolutionof Eq. 5.10depends,in additionto theelectricalpropertiesof themembrane
andcytoplasm,ontheinitial conditionandtheboundaryconditionattheendof thesegment
towardwhichthecurrent�o ws. Considerthesimplecaseof asteadystate(¶V � ¶t � 0); the
cableequation(5.10)is reducedto anordinarydifferentialequation.

d2V
dX2

� V � 0 � (5.11)

whosegeneralsolutioncanbeexpressedas

V
�

X �

� AeX �

Be�

X
� (5.12)

whereA andB dependon theboundaryconditions.In thecaseof a cylindrical segmentof
in�nite extension,whereV � 0 at X � ¥ , andV � V0 at X � 0, thesolutionfor Eq. 5.11is

V
�

X �

� V0e�

X
� V0e�

x
�

l
� (5.13)

Thus,in this case,thesteadyvoltageattenuatesexponentiallywith distance.Indeed,in a
very longuniformcylindrical segment,asteadyvoltageattenuatese-fold for eachunit of l .
Thisholdsonly for acylinderof in�nite length.

Now, let usconsidera �nite lengthof dendriticcable.If it hasa lengthl , wecande�ne
thedimensionlesselectrotoniclengthasL � l � l . Whenthecylindricalsegmenthasasealed
endat X � L (“opencircuit termination”),no longitudinalcurrent�o ws at this end.Then,
thesolutionfor Eq.5.11with V � V0 atX � 0 is

V
�

X �

�

V0cosh
�

L � X �

cosh
�

L �

� for
¶V
¶X

� 0 atX � L � (5.14)

As shown in Fig. 5.2,in �nite cylinderswith sealedends,steadyvoltageattenuatesless
steeplythanexp

�

� x� l � . In the otherextreme,wherethe point X � L is clampedto the
restingpotential(denotedhere,for simplicity, as0), thesolutionof Eq.5.11is

V
�

X �

�

V0sinh
�

L � X �

sinh
�

L �

� for V � 0 atX � L � (5.15)

In this case,steadyvoltageattenuatesmoresteeplythantheattenuationin thein�nite case
(Fig. 5.2). In dendritictrees,a dendriticsegmenttypically endswith a subtree;this “leaky
end” conditionis somewherebetweenthesealedend(Eq.5.14)andthe“clampedto rest”
condition(Eq.5.15).(SeeSec.5.4.5.)
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Figure 5.2 Attenuationof membranepotentialwith distancein a cylindrical cablewith differentboundary
conditions.Themiddlecurve shows theattenuationin anin®nite cable(Eq.5.13).Theothertwo plotsarefor
a®nite lengthcableof electrotoniclengthL � 1. Theupperoneis for asealedendcable(nocurrent̄ owspast
theend,Eq.5.14)andthelower is for acablewith theendclampedto therestingpotentialof 0 (Eq.5.15).

5.4.2 Volta ge Decay with Time

Considertheotherextremecaseof thecableequation(5.10)where¶V � ¶x � 0. Thecable
is “shrunken” to anisopotentialelement,andEq.5.10is reducedto anordinarydifferential
equation(ODE),

dV
dT

�

V � 0 � (5.16)

whosegeneralsolutioncanbeexpressedas

V
�

T �

� Ae�

T
� (5.17)

whereA dependson the initial condition. Whena currentstepIpulse is injectedto this
isopotentialneuron,theresultantvoltageV is

V
�

T �

� IpulseRm
�

1 � e�

T
�

� IpulseRm
�

1 � e�

t
�

t m
� � (5.18)

whereRm is the net membraneresistance(in ohms)of this isopotentialsegment. At the
cessationof thecurrentat t � t0, thevoltagedecaysexponentiallyfrom its maximalvalue
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V0
� V

�

t0 � ,

V
�

T �

� V0e�

T
� V0e�

t
�

t m
� for t

�

t0 � (5.19)

Equation5.18 implies that, becauseof the R-C propertiesof the membrane,the voltage
developedasa resultof thecurrentinput lagsbehindthecurrentinput; Equation5.19im-
pliesthatvoltageremainsfor sometime aftertheinputends(“memory”). This situationis
discussedin moredetailin Chapter6.

In the generalcaseof passive cylinders,the solutionto the cableequation(Eq. 5.10)
canbeexpressedasasumof anin�nite numberof exponentialdecays,

V
�

X � T �

�

¥

å
i � 0

Bi cos
�

ipX � L � e�

t
�

t i
� (5.20)

wheretheFouriercoef�cients Bi dependonly onL, theindex i, andontheinitial conditions
(the input point andtheinitial distribution of voltageover the tree). Thetime constantst i

areindependentof locationin thetree;t i �

t i � 1 for any i and,for theuniform membrane,
theslowesttime constantt 0

� t m. Theshorter(“equalizing”) time constants(t i , for i � 1,
2, . . . ) dependonly on theelectrotoniclengthL of thecylinder (in unitsof l ). Speci�cally,
in cylindersof lengthL with a sealedend,they aregivenby

t 0 � t i
� 1

�

�

ip � L �

2
� (5.21)

Consequently, Rall showed thatL canbe estimateddirectly from the valuesof t i , in par-
ticular from the two slowesttime constants,t 0 andt 1, that canbe “peeled” from the ex-
perimentalvoltagetransient(Rall 1969). More detailsaregiven in reviews by Rall (1977,
1989)andJacket al. (1975).Youmayobserve thiseffectby doingExercise5 at theendof
thechapter.

Rall alsoshowed that the time courseof synapticpotentialschangesasthe recording
point movesaway from the input location. The time courseof the voltageresponsenear
the input site is relatively rapidandit becomessigni�cantly prolonged(andattenuated)at
a point distantfrom the input site. This effect is the sourceof Rall's method(Rall 1967)
of usingshapeparametersof the synapticpotentials(its “rise time” andits width at half
amplitude,the“half-width”) to estimatetheelectrotonicdistanceof thesynapse(theinput)
from the soma(the recordingsite). As shown in Fig. 5.3B and in Exercise7, the more
delayedthepeakis, andthemore“smeared”it is, themoredistaltheinput (Rall 1967).

5.4.3 Functional Signi�cance of l and t m

Thespaceconstantl andthemembranetimeconstantt m aretwo veryimportantparameters
thatplay a critical role in determiningthespatio-temporalintegrationof synapticinputsin
dendritictrees. Equation5.19shows that t m providesa measureof the time window for
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input integration. A cell with large t m (e.g.,50 msec) integratesinputsover a larger time
window comparedto cellswith smallert m values(say, 5 msec). Thevalueof t m depends
on theelectricalpropertiesof themembraneRM andCM, but it doesnot dependon thecell
morphology. Neuronswith a high densityof openmembranechannels(i.e., with a small
RM value)will respondquickly to theinputandwill “forget” this input rapidly. In contrast,
neuronswith relatively few openmembranechannels(large RM � will beableto summate
inputsfor relatively longperiodsof time (slow voltagedecay).

In contrastto t m, the spaceconstantl dependsnot only on the membraneproperties
but alsoon the speci�c axial resistanceandthe diameter. In neuronswith large l (e.g.,
with large RM and/orlargediameter, or smallRA) voltageattenuateslesswith distanceas
comparedto neuronswith a smallerl value. Thus, in the former case,inputs that are
anatomicallydistantfrom eachotherwill summatebetter(spatially)with eachotherthan
in thelattercase.Therefore,knowledgeof l andt m for a givenneuronprovidesimportant
informationaboutthecapabilityof its dendritictreeto integrateinputsbothin time andin
space.

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

A third importantparameteris Rin, theinputresistanceatagivenpoint in thedendritictree.
Whena steadycurrentI0 is appliedat a givenlocationin a structure,a steadyvoltageV0 is
developedat thatpoint. TheratioV0 � I0 is theinput resistanceat thatpoint. Thisparameter
is of greatfunctionalsigni�cancebecauseit providesa measurefor the “responsiveness”
of a speci�c region to its inputs. It is alsoa quantitywhich, unlike RM, may be directly
measured.From Ohm's law, we know that a dendritic region with a large Rin requires
only asmall inputcurrent(asmallexcitatoryconductancechange)to produceasigni�cant
voltagechangelocally, at theinputsite.Conversely, aregionwith smallRin requiresamore
powerful input (or severalinputs)to generateasigni�cant voltagechangelocally.

In thecaseof anin�nite cylinder, whena steadycurrentinput is injectedat somepoint
x � 0, theinputcurrentmustdivide into two equalcorecurrents;onehalf �o ws to theright
atx � 0 andtheotherhalf �o ws to theleft. Thus,from Eq.5.1,

Ii ���

1
r i

¶V
¶x

�

�

�

�

x� 0

�

I0
2

� (5.22)

FromEq. 5.13,thederivative
�

¶V � ¶x��� x� 0
��� V0 � l . Wethenget,

Rin
� V0 � I0 � r i l � 2 ��� rmr i � 2 � (5.23)

or

Rin
�

�

1� p � d �

3
�

2 � RMRA � (5.24)
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For the semi-in�nite cylinder, the input resistance(often representedby R¥ ) will be
twice this amount. Hence,in an in�nitely long cylinder, the input resistanceis directly
proportionalto the squareroot of the speci�c membraneandaxoplasmresistivities, and
is inverselyproportionalto thecorediameter, raisedto the3/2 power. Consequently, thin
cylindershave a larger Rin comparedto thicker cylinders that have the sameRM andRA

values. The dependenceof the input resistanceon d3
�

2 was utilized by Rall (1959) to
develop the conceptof “treesequivalentto a cylinder”. Rall arguedthatwhena cylinder
with diameterdp bifurcatesinto two daughterbrancheswith diametersd1 andd2 (andboth
daughterbrancheshave thesameboundaryconditionsat thesamevalueof L), thebranch
pointbehavesasa continuouscablefor currentthat�o ws from theparentto daughters,if

d3
�

2
p

� d3
�

2
1

�

d3
�

2
2 � (5.25)

Providedthatthespeci�c propertiesof membraneandcytoplasmareuniform,Eq.5.25im-
pliesthatthesumof inputconductancesof thetwo daughterbranches(at thebranchpoint)
is equalto theinputconductanceof theparentbranchat this point (impedancematchingat
thebranchpoint). Thus,a branchpoint thatobeys Eq. 5.25is electricallyequivalentto a
uniformcylinder(lookingfrom theparentinto thedaughters).Rall extendedthisconceptto
treesandshowedthat(from thesomaviewpoint out to thedendrites)thereis a subclassof
treesthatareelectricallyequivalentto a singlecylinder whosediameteris thatof thestem
(nearthesoma)dendrite.(SeeRall (1959,1989)andJacket al. (1975).) It wassurprising
to �nd thatdendritesof many neurontypes(e.g.,thea-motoneuronin Fig. 5.1B)obey, to
a �rst approximation,thed3

�

2 rule (Eq.5.25). (See,for example,Bloom�eld, Hamosand
Sherman(1987).) However, thedendritesof severalmajor typesof neurons(e.g.,cortical
andhippocampalpyramidalcells) do not obey this rule. Still, the “equivalent cylinder”
model for dendritic treesallows for a simple analyticalsolution (Rall and Rinzel 1973,
Rinzel andRall 1974)and,indeed,it provided the main insightsregardingthe spreadof
electricalsignalsin passive dendritictrees,assummarizedin Sec.5.7.

It maybeshown thattheinputresistancefor a�nite cylinderwith sealedendatX � L is
largerby afactorof coth

�

L � thanthatof asemi-in�nite cylinderhaving thesamemembrane
andaxial resistance,andthesamediameter. Whentheendat X � L is clampedto rest,the
inputresistanceis smallerthanthatof thesemi-in�nite cylinderby afactorof tanh

�

L � . (See
Rall (1989)for completederivations.)This leadsto theusefulresultthat,if theneuronand
its associateddendritictreecanbe approximatedby an equivalentsealedendcylinder of
surfaceareaA andelectrotoniclengthL, then

RM
� RinAtanh

�

L � � L � (5.26)

This providesa way to estimatethe speci�c membraneresistanceRM from the measured
input resistanceif A andL areknown, or to estimatethedendriticsurfaceareaif RM andL
areknown (Rall 1977,1989).
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5.4.5 Summar y of Main Results from the Cable Equation

In view of thesolutionsfor the threerepresentative cases,the in�nite cylinder (Eq. 5.13),
the�nite cylinderwith sealedend(Eq.5.14)andthe�nite cylinderwith endclampedto the
restingpotential(Eq.5.15),it is importantto emphasizea few points:

1. Theattenuationof steadyvoltageis determinedsolelyby thespaceconstantl , only
in the caseof in�nite cylinders. In this case,steadyvoltageattenuatese-fold per
unit of lengthl . In �nite cylinders,however, l is not the soledeterminantof this
attenuation;theelectricallengthof thecylinder L andtheboundaryconditionat the
endtowardwhichcurrent�o ws(andvoltageattenuates)alsodeterminethedegreeof
attenuationalongthecylinder (Fig. 5.2).

2. The “sealedend” or “open circuit” boundaryconditionand the “clampedto rest”
terminationaretwo extremes.In dendritictrees,shortdendriticsegmentsterminate
byasubtreethatimposes“leaky” boundaryconditionsatthesegment'sends.Thesize
of thesubtreeandits electricalpropertiesdeterminehow leaky theconditionsareat
the boundariesof any given segment. In general,whena large treeis connectedat
theendof thedendriticsegment,theleaky boundaryconditionat thisendapproaches
the“clampedto rest” condition.Whencurrent�o ws in thedirectionof sucha leaky
end,voltageattenuatessteeplyalongthis segment. In contrast,whenthe subtreeis
very small the leaky boundaryconditionsapproachthe “sealed-end”conditionand
a very shallow attenuationis expectedtowardssuchanend(Fig. 5.3A). Rall (1959)
showedhow to computeanalyticallythevariousboundaryconditionsat any point in
a passive treewith arbitrarybranchingandspeci�ed RM, RA and(for the transient
case)CM values(seealsoJacketal. (1975),Segev et al. (1989)).

3. An importantconsequenceof this dependenceof voltageattenuationon thebound-
ary conditionsin dendritictreesis that this attenuationis asymmetricin the central
(from dendritesto soma)vs. theperipheral(away from soma)directions.In general,
becausetheboundaryconditionsaremore“leaky” in thecentraldirection,voltageat-
tenuationin thisdirectionis steeperthanin theperipheralone.Figure5.3Aillustrates
this importantpointveryclearly.

4. Dendritictreescanbeapproximated(electrically),to a�rst degree,byasingle(�nite)
cylinder. Therefore,analysisof the behavior of voltagein suchcylindersprovides
importantinsightsinto thebehavior of voltagein dendritictrees.

5. By peelingtheslowest(t 0) andthe �rst equalizingtime constant(t 1) from somatic
voltagetransients,the electricallengthL of the dendritic treecould be estimated,
assumingthat thetreeis equivalentto a singlecylinder (Eq.5.21). Indeed,utilizing
this peelingmethodfor many neurontypeswe know that,dependingon theneuron
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typeandexperimentalcondition,L rangesbetween0.3–2(in unitsof l ). Thus,from
theviewpointof thesoma,dendritesareelectricallyrathercompact.

Figure 5.3 The voltagespreadin passive dendritic treesis asymmetrical(A); its time-coursechanges(is
broadened)andthepeakis delayedasit propagatesaway from theinputsite(B). Solidcurve in (A) shows the
steady-statevoltagecomputedfor currentinput to terminalbranchI. Largeattenuationis expectedin theinput
branchwhereasmuchsmallerattenuationexists in its identicalsibling branchB. Thedashedline corresponds
to thesamecurrentwhenappliedto thesoma.Notethesmalldifference,at thesoma,betweenthesolid curve
andthe dashedcurve, indicatingthe negligible ªcostºof placingthis input at the distalbranchratherthanat
thesoma.(Datareplottedfrom Rall andRinzel(1973).) In (B), a brief transientcurrentis appliedto terminal
branchI andthe resultantvoltageat the indicatedpointsis shown on a logarithmicscale. Note the marked
attenuationof thepeakvoltage(by severalhundredfold)from theinputsiteto thesomaandthebroadeningof
the transientasit spreadsaway from the input site. (Datareplottedfrom RinzelandRall (1974).) Dendritic
terminalshavesealedendsin both(A) and(B).

5.5 Compar tmental Modeling Appr oach

Thecompartmentalmodelingapproachcomplementscabletheoryby overcomingthe as-
sumptionthatthemembraneis passiveandtheinputis current(Rall 1964).Mathematically,
thecompartmentalapproachis a �nite-dif ference(discrete)approximationto the (nonlin-
ear)cableequation.It replacesthecontinuouscableequationby a set,or a matrix, of or-
dinarydifferentialequationsand,typically, numericalmethodsareemployed to solve this
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system(whichcanincludethousandsof compartmentsandthusthousandsof equations)for
eachtimestep.Conceptually, in thecompartmentalmodeldendriticsegmentsthatareelec-
trically shortareassumedto beisopotentialandarelumpedinto asingleR-C(eitherpassive
or active) membranecompartment(Fig. 5.4C).Compartmentsareconnectedto eachother
via a longitudinalresistivity accordingto the topologyof the tree. Hence,differencesin
physicalproperties(e.g.,diameter, membraneproperties,etc.) anddifferencesin poten-
tial occurbetweencompartmentsratherthanwithin them. It canbeshown thatwhenthe
dendritictreeis dividedinto suf�ciently smallsegments(compartments)thesolutionof the
compartmentalmodelconvergesto that of the continuouscablemodel. A compartment
canrepresentapatchof membranewith a varietyof voltage-gated(excitable)andsynaptic
(time-varying)channels.A review of thisverypopularmodelingapproachcanbefoundin
Segev, FleshmanandBurke (1989).

As an example,considera sectionof a uniform cylinder, divided into a numberof
identicalcompartments,eachof lengthl . If we introduceanadditionalcurrentI j to repre-
sentthe �o w of ions from the jth compartmentthroughactive (nonlinearsynapticand/or
voltage-gated)channels,wecanwrite Eq.5.3as

l2

Ra

¶2Vj

¶x2
� Cm

¶Vj

¶t
�

Vj

Rm

�

I j � (5.27)

Here,Vj representsthe voltagein the jth compartment,and we have usedEqs.5.4-5.6
to give the actualvaluesof the resistancesandcapacitances(in ohmsandfarads)of this
compartment,insteadof the valuesfor a unit length. Note that now Rm representsthe
membraneresistanceat rest,beforethemembranepotential(andmembraneresistance)is
changeddue to the currentI j . Also, note that Vj appearsin the expressionfor I j . For
example,in the caseof synapticinput to compartmentj, I j

� g
�

t �

�

Vj
� Esyn� . Here,g

�

t �

andEsyn aresynapticconductanceandreversalpotential,respectively. (This is discussedin
moredetailin Sec.6.3.1of thefollowing chapter.)

It canbeshown by useof Taylor's seriesthat for small valuesof l , the left handside
of Eq.5.27canbeexpressedin termsof differencesbetweenthevalueof Vj andthevalues
in the adjacentcompartments,Vj

�

1 andVj � 1. In this approximation,the cableequation
becomes

Vj � 1
� 2Vj

�

Vj
�

1

Ra

� Cm
dVj

dt
�

Vj

Rm

�

I j � (5.28)

For thegeneralcaseof adendriticcableof non-uniformdiameter(in whichRm, Ra and
Cm mayvary amongcompartments),we obtaintheresultgivenearlierin Eq. 2.1 anddis-
cussedin Sec.2.2. This equationcaneasilybeextendedto includea branchstructure.For
a treerepresentedby N compartmentswegetN coupledequationsof theform of Eq.5.28.
They shouldbesolvedsimultaneouslyto obtainVj , for j � 1 � 2 � � � � � N at eachtimestepDt.
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Figure5.4 Dendrites(A) aremodeledeitherasasetof cylindricalmembranecables(B) orasasetof discrete
isopotentialR-C compartments(C). In thecablerepresentation(B), thevoltagecanbecomputedat any point
in thetreeby usingthecontinuouscableequationandtheappropriateboundaryconditionsimposedby thetree.
An analyticalsolutioncanbeobtainedfor any currentinput in passivetreesof arbitrarycomplexity with known
dimensionsandknown speci®cmembraneresistanceandcapacitance(RM , CM) andspeci®ccytoplasm(axial)
resistance(RA). In the compartmentalrepresentation,the treeis discretizedinto a setof interconnectedR-C
compartments.Eachis a lumpedrepresentationof the membranepropertiesof a suf®ciently small dendritic
segment. Compartmentsareconnectedvia axial cytoplasmicresistances.In this approach,the voltagecan
be computedat eachcompartmentfor any (nonlinear)input andfor voltageandtime-dependentmembrane
properties.
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A discussionof thenumericaltechniquesusedby GENESISto solve this setof equations
is givenin Chapter20.

5.6 Compar tmental Modeling Experiments

Having coveredthebasicsof cabletheoryandcompartmentalmodeling,wearenow ready
to try somecomputer“experiments”that will help us to betterunderstandthe previous
sections.TheGENESISCabletutorial implementsa dendriticcablemodelthathasbeen
convertedto anequivalentcylinder. Thus,it createsa one-dimensionalcompartmentalized
cablesimilar to a singlebranchof thedendritictreeshown in Fig. 5.4C.Eachcylindrical
compartmentis similar to the oneshown in Fig. 2.3, with the axial resistanceon the left
side of the compartmentand with the restingmembranepotentialEm set to zero. You
canprovide a currentinjection pulseto any compartment,settingthe delay, pulsewidth
andamplitudefrom a menu. Althoughwe won't make useof it in this chapter, you may
alsoprovide a synapticinput,correspondingto thevariableresistorin serieswith a battery
shown in Fig. 2.3.

The cableconsistsof a “soma” compartmentandN identical “cable” compartments.
YoucansetN to beany numberyoulike,andcanseparatelymodify thelengthanddiameter
for thesomaandfor the identicalcablecompartments.You canalsosetthespeci�c axial
andmembraneresistancesandspeci�c membranecapacitance.Thesevaluesapplyto both
the somaandcablecompartments.The somacompartmentis labeledascompartment0,
andis the leftmostcompartment,locatedat X � 0. This meansthat theaxial resistanceof
thesomacompartmentdoesn't enterinto thecalculation— all compartmentscommunicate
throughthe axial resistancesof the dendritic cable. This also meansthat the rightmost
compartment,compartmentN at X � L, canhave no current�o w to the right. Thus,our
modelcorrespondsto thesealedendboundaryconditiondiscussedin Sec.5.4.1.

As always,thebestway to understandthemodelis to run thesimulation.Beforeread-
ing further, you shouldstarttheCablesimulationfrom a terminalwindow at thebottomof
your screen.This is doneby changingto theScripts/cabledirectoryandtyping “ ���������	���


���
��

� .” After a slight delay, a controlpanelandtwo graphswill appear. If you click the
mouseon both the


����

�����




�

�	�����������

�����

�

� and

����

�����


����	�

�������������������� �� but-
tons,two morewindows shouldappear, resultingin a displaysimilar to theoneshown in
Fig. 5.5.

As with mostof the tutorials,the !�"	#

�

button will call up a menuwith a numberof
selections,including $

�

�	�%�&���'�

�

�)(��

�������

���* �� . Youmayusethis to getadescriptionof
theusesof thevariousbuttons,togglesanddialogboxes.Takeafew minutesto understand
whatthedefault valuesof thecableparametersare,andtheunitsthatarebeingused.Note
thatthe


���
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��+

���-, dialogbox shows “ . ,” indicatingthatthereis only a singlesoma
compartment.Thedialogboxesin the




�

�	�����*�����

�����

�

� menuat theupperright indicate
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Figure 5.5 A displayfrom theGENESISCabletutorial, showing thedefault valuesof variousparameters.
The ���������
	���	
�
������������	
�
	
��� and �������
�
	��������
	��
�������
	������
��� buttonson thecontrolpanel(to theleft)
wereusedto call up thetwo menuson theright.

thatit hasalengthanddiameterbothequalto 50µm(0.005cm). Later, wewill adddendritic
cablecompartmentsandchangesomeof theparameters.

Try hitting “Return” while thecursoris in thedata�eld of oneof thedialogboxesin
the




�

�������*���&�

�����

�

� menu. This would normally be doneafter changingsomeof the
dialogboxesfor thecompartmentdimensionsor thespeci�c resistancesandcapacitances,
so that thevaluesof Rm, Cm andRa will be recomputed.It alsocausesthesevaluesto be
displayedin theterminalwindow. Canyou satisfyyourselfthatthey aretheonesexpected
from Eqs.5.4–5.6? The menuat the lower right indicatesthat, with no delay, a current
of 0 � 2 nA will be injectedto the somafor 10 msec. Canyou predictwhat the plots of
V

�

t � andln
�

V
�

t � � will look like? Whatwill bethemaximumvalueof V
�

t � ? Whatdo you
expect the slopeof the logarithmicplot to be after the endof the injection pulse? After
you have madetheseestimates,go aheadandclick on (! 	"

�

to performthesimulationfor
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50 msec. Now, measurethequantitiesthatyou have predicted.If thevaluesarenot within
reasonableagreementwith theory, take thetime to correctyour mistakes,or to understand
whatwentwrong.(Hint: usethe �	�

���

� buttonto call upthegraphscalemenu,or click and
dragthemousealonga graphaxis to zoomin to a region in orderto make moreaccurate
measurements.It maybehelpful to usea small ruler with a millimeter scaleto helpwith
interpolation. If your computerhasthe ability to captureandprint portionsof the screen
image,thiswill make thesemeasurementseveneasier.)

After this “warm-up”exercise,wearereadyto performa moreinterestingexperiment.
Now, adda dendriticcableto thesomaby changingthe


���
��

�




 

��+

� � , dialogbox con-
tentsto “ �&. .” Keepthe original dimensionsfor the somacompartmentandalsousethe
default valuesof the cablecompartmentdimensions(a diameterof 1 µm and length of
50 µm). You shouldbe ableto verify that eachcablecompartmenthasa lengthof 0 � 1l ,
andthat theelectrotoniclengthof theentirecableis givenby L � 1. Althoughwe arenot
dealingwith a steadyvoltage,nor with anin�nite cable,Eq.5.13suggeststhatthechange
in voltagefrom onecompartmentto anotherwill berelatively smallwith thissizecompart-
ment,justifying our useof a compartmentalmodel.Clearly, thequestionof how smallwe
needto make thecompartmentsis an importantone. You mayinvestigatethis issuemore
carefullyin Exercise3, at theendof thischapter.

Beforecontinuing,you shouldbeawareof anotherfactorthatcanaffect theaccuracy
of yoursimulation.In previouschapters,wehavereferredto theimportanceof choosingan
appropriatesizefor the integrationtime step(given in the ��� dialogbox). This is particu-
larly truefor cablemodelsthatcontainmany shortcompartments(Chapter20,Sec.20.3.4).
Although the default time stepshouldbe adequatefor the exercisessuggestedhere,you
shouldexperimentwith smallervaluesif you make signi�cant changesin thecableparam-
eters.

In order to comparethe resultsto thoseobtainedwith only the isolatedsoma,click
on �����

�������

���	� so that it changesto �����

���	���

��
 ; thenclick on $�"�(*"  and (! 	"

�

. Do
you expectthedifferentdimensionsof thecableto affect thedecayof thevoltageafterthe
pulse?Canyou explain any differencesin thetwo plotsof ln

�

V � right after theendof the
injectionpulse?Youmayexplorethiseffect in moredetailin Exercise5.

Finally, let's examinetheeffect of thedendritediameteron thepropagationof voltage
changesalongthedendriticcable. For this, we would like a little sharperchangein volt-
age,so increasethesomainjectioncurrentto 2 nA (0 � 002µA) andreducethepulsewidth
to 1 msec. In orderto measurethe 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 thesoma.By entering“ � ” andthen“ ��. ” in thedialogbox, you mayaddplotsof V
for thesetwo compartments.Clicking on $��

�

 ����


	��
��

�

���

 ���� removesplotting for all
but thesomacompartment.Having addedthesetwo extra plots, leave the cablediameter
at 1 µmandrun thesimulation.Make a noteof themaximumvalueof Vm andthe time it
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takesto reachthis valuefor eachof the threelocations. Now, changethe cablediameter
to 0 � 5 µmandrepeattheexperiment.Whatis theelectroniclengthL of thecablewith this
new diameter?How doesthediameteraffect thedecayof thepotentialwith distance?Can
you explain this? By observingthechangeof positionof thepeakin V with distance,can
you estimatethepropagationvelocity of thevoltagedeviation? How doesthepropagation
velocityseemto dependondendritediameter?

Therearea numberof otherexperimentssuggestedat theendof thechapterthatwill
shedmore light on the effect the dendritic cablehasupon the propagationof electrical
signals. For example,Exercise4 investigatesthe asymmetryof propagationfrom soma
to dendritesascomparedto propagationin the oppositedirection,asseenin Fig. 5.3A.
Exercise6 studiestheeffectof thecableontheinputresistanceof theneuron.In Exercise7,
wemakeuseof thebroadeningof potentialsasthey propagateawayfrom thepointatwhich
they wereintroduced(Fig. 5.3B)to estimatedendriticlengths.

5.7 Main Insights for Passive Dendrites with Synapses

Herewesummarizethemaininsightsregardingtheinput-outputpropertiesof passive den-
drites,gainedfrom modelingandexperimentalstudieson dendritesduring the last forty
years.

1. Dendritictreesareelectricallydistributed(ratherthanisopotential)elements.Conse-
quently, voltagegradientsexist over thetreewhensynapticinputsareappliedlocally.
Becauseof inherentnon-symmetricboundaryconditionsin dendritictrees,voltage
attenuatesmuchmoreseverely in thedendrites-to-somadirectionthanin theoppo-
site direction(Fig. 5.3A). In otherwords, from the somaviewpoint, dendritesare
electricallyrathercompact(averagecablelengthL of 0.3–2l ). From the dendrite
(synaptic)viewpoint, however, the tree is electrically far from being compact. A
corollaryof this asymmetryis that,asseenin Fig. 5.3A, shortsidebranches(in par-
ticular, dendriticspines)areessentiallyisopotentialwith the parentdendritewhen
current�o ws from the parentinto thesesidebranches(spines)but a large voltage
attenuationexists from terminal(spine)to parentwhenthe terminalreceivesdirect
input.

2. Thelargevoltageattenuationfrom dendritesto soma(whichmaybea few hundred-
fold for brief synapticinputsat distal sites)implies that many (several tens)of ex-
citatory inputsshouldbe activatedwithin the integrationtime window t m, in order
to build up depolarizationof 10–20mV andreachthresholdfor �ring of spikesat
thesomaandaxon(e.g.,Otmakhov, Shirke andMalinow 1993,Barbour1993).The
large local depolarizationexpectedat thedendrites,togetherwith themarkedatten-
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uationin thetreeimply thatthetreecanbefunctionallyseparatedinto many, almost
independent,subunits(Koch,PoggioandTorre1982).

3. Althoughseverelyattenuatedin peakvalues,theattenuationof theareaof transient
potentials(aswell astheattenuationof charge) is relatively small. Theattenuation
of theareais identicalto theattenuationof thesteadyvoltage,independentlyof the
transientshape(RinzelandRall 1974). Comparingthesteady-statesomaticvoltage
that resultsfrom distal dendritic input to the somavoltagewhenthe sameinput is
applieddirectlyto thesoma(dashedline in Fig. 5.3A)highlightsthispoint. Thus,the
“cost” (in termof areaor charge)of placingthesynapseat thedendritesratherthan
at thesomais quitesmall.

4. Linearsystemtheoryimpliesaninterestingreciprocityin passive trees.Thevoltage
atsomelocationx j resultingfrom transientcurrentinputatpointxi is identicalto the
voltagetransientmeasuredat xi whenthesamecurrentinput is appliedat x j (Koch
et al. 1982). Becausethe input resistanceis typically larger at thin distal dendrites
andin spinesthanat proximaldendrites(andthesoma),thesamecurrentproduces
a larger voltageresponseat distal dendriticarbors. Thus, the reciprocity theorem
implies that the attenuationof voltagefrom thesesitesto the somais steeperthan
in theoppositedirection(i.e., asymmetricalattenuation).Reciprocityalsoholdsfor
thetotalsignaldelaybetweenany givenpointsin thedendritictree(Agmon-Snirand
Segev 1993).

5. Synapticpotentialsaredelayed,andthey becomesigni�cantly broader, asthey spread
away from the input site (Fig. 5.3B). The large sink provided by the treeat distal
arborsimplies that, locally, synapticpotentialsare very brief. At the somalevel,
however, thetime-courseof thesynapticpotentialsis primarily governedby t m. This
changein width of thesynapticpotentialimpliesmultiple timewindows for synaptic
integrationin thetree(Agmon-SnirandSegev 1993).

6. Excludingvery distal inputs,thecost(in termsof delay)that resultsfrom dendritic
propagationtime(i.e., thenetdendriticdelay)is smallcomparedto therelevanttime
window (t m) for somaticintegration.Thus,for themajorityof synapses,thesigni�-
canttimewindow for somaticintegrationremainst m (Agmon-SnirandSegev 1993).

7. Becauseof theinherentconductancechange(shunt)associatedwith synapticinputs,
synapticpotentialssumnonlinearly(lessthan linear) with eachother (Chapter6).
This local conductancechangeof themembraneis better“felt” by electricallyadja-
centsynapsesthanby moreremote(electricallydecoupled)synapses.Consequently,
in passive trees,spatiallydistributed excitatory inputssummore linearly (produce
morecharge)thandospatiallyclusteredsynapses(Rall 1964).



5.8.Biophysicsof ExcitableDendrites 73

8. Inhibitory synapses(whoseconductancechangeis associatedwith a batterynearthe
restingpotential)aremoreeffective whenlocatedon thepathbetweentheexcitatory
input andthe “target” point (soma)thanwhenplaceddistal to the excitatory input.
Thus,whenstrategically placed,inhibitory inputscanspeci�cally veto partsof the
dendritictreeandnotothers(Rall 1964,Kochet al. 1982,Jacket al. 1975).

9. Becauseof dendriticdelay, thesomaticdepolarizationthatresultsfrom activationof
excitatory inputsat the dendritesis very sensitive to the temporalsequenceof the
synapticactivation. It is largestwhenthesynapticactivationstartsat distaldendritic
sitesandprogressesproximally. Activationof thesamesynapsesin thereverseorder
in timewill producesmallersomaticdepolarization.Thus,theoutputof neuronswith
dendritesis inherentlydirectionallyselective (Rall 1964).

10. Becausethesynapticinput changesthemembraneconductance,it effectively alters
thecableproperties(electrotoniclength,input resistance,time constant,etc.) of the
postsynapticcell. Thisactivity canreducethetimeconstantbyafactorof 10(Bernan-
deret al. 1991,Rappet al. 1992).Thus,spontaneous(background)synapticactivity
dynamicallychangesthecomputational(input-output)capabilitiesof theneuron.

5.8 Bioph ysics of Excitab le Dendrites

A growing bodyof experimentalevidencein recentyearshasclearlydemonstratedthatthe
membraneof many typesof dendritesis endowedwith voltage-gated(nonlinear)ion chan-
nels, including the NMDA channelsaswell asvoltage-activatedinward (Ca� 2 andNa� )
andoutward(K � ) conductances(e.g.,StuartandSakmann1994,Laurent1993,McKenna
et al. 1992,Wilson 1992). Thesechannelsareresponsiblefor a variety of subthreshold
electricalnonlinearitiesand,underfavorableconditions,they cangeneratefull-blown ac-
tion potentials. The useof voltage-and ion-dependentdyesaswell as intracellularand
patch-clamprecordingsfrom dendritessuggestedthat, in contrastto axonaltrees,the re-
generative phenomenonfrom input into excitabledendritestendsto spreadonly locally.
This makes functionalsensesince,otherwise,the dendritic treewould be essentiallyno
differentfrom the axon,implementinga simpleall-or-noneoperation.However, because
of theasymmetricspreadof voltageswithin thedendritictree(Fig. 5.3A) andbecauseof
inhomogeneousdistribution of excitablechannelsin dendrites,spikescanpropagatemore
readilybackfrom thesomato thedendrites(StuartandSakmann1994).Unfortunately, we
still lack informationregardingthedistribution, thevoltage-dependence,andthekineticsof
excitablechannelsin dendritesandmostof theresultsof thissectionareprimarily basedon
theoreticalpredictions.

Whatis theelectricalbehavior to beexpectedfrom dendriteswith voltage-gatedmem-
braneion channels?First,we notethatthepresenceof voltage-gatedchannelsin dendrites
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doesnot automaticallyimply that thesechannelsparticipatein the electricalactivity of
the treeunderall conditions.The large conductanceload imposedby the treeeffectively
increasestheactivation thresholdof thesechannelsfor local synapticpotentials(Rall and
Segev 1987).Thesechannelswill bemorereadilyactivatedunderfavorableconditionssuch
asin regionswith highdensitiesof excitablechannels(asin theinitial segmentof theaxon),
whenthe excitablechannelshave fastactivation kinetics,or whenthe input is distributed
(not localized). Whenactivated,thesechannelscanmodulatethe input-outputproperties
of theneuron.For example,they canamplifytheexcitatorysynapticcurrentand,for chan-
nelsthat carry inward current,the regenerative activity canspread(“chain reaction”)and
indirectlyactivatenearbydendriticregionsthatwill furtherenhancetheexcitatorysynaptic
inputs(Rall andSegev 1987). Consequently, distalexcitatorysynapticinputsmaybe less
attenuatedand,thus,affect morestronglytheneuronoutputthanwould beexpectedin the
passive case.In general,becauseof theasymmetryof voltageattenuationin dendritictrees
(Fig. 5.3A), regenerative activity in dendriteswill spreadmoresecurelyin thecentrifugal
(soma-to-dendrites)directionthanin thecentripetaldirection.This effectmaybeexplored
in thesimulation(traub91) of theCA3 pyramidalcell describedin Chapter7. In addition
to modulatingthestrengthof the synapticcurrent,the kineticsof excitablechannelsmay
alsoplayanimportantrole in modulatingthespeedof electricalinteractionin thedendritic
tree.

Anotherconsequenceof dendriticnonlinearitywasdiscussedby Mel (1993).Unlikethe
passive casewheresynapticsaturationimplieslossin synapticef�cacy whenthesynapses
arespatiallyclustered(seenumber7 above), in theexcitablesituation(includingthecase
of thevoltage-andtransmitter-gatedNMDA receptors)acertaindegreeof inputclustering
impliesmorecharge transferto the soma(dueto theextra active inward current). In this
case,theoutputat theaxondependssensitively on thesize(andsite)of the“clusteron”and
this mayserve asa mechanismfor implementinga multi-dimensionaldiscriminationtask
of inputpatternsvia multiplication-like operation.

Recently, thepossibility thatactive dendriticcurrents(both inwardandoutward)may
serve asa mechanismfor synapticgain control wasput forward by Wilson (1992)in the
context of neostriatalneuronsandby Laurent(1993)for theaxonlessnonspikinginterneu-
ronsof the locust. Theprincipal ideais that,asa resultof active currents,the integrative
capabilitiesof the neuron(e.g., its input resistanceandelectrotoniclength)aredynami-
cally controlledby themembranepotential;therebytheneuronoutputdependson its state
(membranepotential).Activecurrents(e.g.,outwardK � current)canactto counterbalance
excitatorysynapticinputs(negative feedback)andthusstabilizetheinput-outputcharacter-
isticsof theneuron.Conversely, at othervoltageregimes,active currentsmighteffectively
increasethe input resistanceandreducethe electrotonicdistancebetweensynapses(pos-
itive feedback)with theconsequenceof nonlinearlyboostinga speci�c groupof coactive
excitatorysynapses.
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5.9 Computational Function of Dendrites

It seemsappropriateto concludethischapterby askingwhatkind of computationscouldbe
performedby aneuronwith dendritesthatcouldnotbecarriedoutwith justaformlesspoint
neuron.Severalanswershave alreadybeendiscussed;herethemajoronesaresuccinctly
highlighted:

1. Neuronswith dendritescancomputethedirectionof motion(Rall 1964,Kochet al.
1982).

2. Neuronswith dendritescansimultaneouslyfunctionon multiple time windows. For
local dendriticcomputations(e.g.,triggeringlocal dendriticspikes,triggeringlocal
plasticprocesses)distalarborsactmoreascoincidencedetectors,whereasthesoma
actsmoreasanintegratorwhenbrief synapticinputs(i.e.,non-NMDA andGABAA)
areinvolved(Agmon-SnirandSegev 1993).

3. Neuronswith dendritescanimplementa multi-dimensionalclassi�cationtask(Mel
1993).

4. Neuronswith dendritescanfunction asmany, almostindependent,functionalsub-
units. Eachunit canimplementa rich repertoireof logical operations(Koch et al.
1982,Rall andSegev 1987)aswell asotherlocal computations(e.g.,local synaptic
plasticity)andthey canfunctionassemi-autonomousinput-outputelements(e.g.,via
dendrodendriticsynapses).

5. Neuronswith slow ion currentsin the dendritesthat are partially decoupledfrom
fastspike-generatingcurrentsat thesoma/axonhillock canproducealargerepertoire
of frequency patterns.By modulatingthedegreeof electricalcouplingbetweenthe
dendritesandthesoma(e.g.,by inhibition) thesameinput canproduceregularhigh
frequency spiking as well as bursting — as thoughtto occur in experimentaland
theoreticalmodelsof epilepticseizures(Pinsky andRinzel1994).

5.10 Exercises

1. Plot the theoreticalattenuationof steadyvoltageasa function of physicaldistance
in in�nitely long cylindrical cableswith RM

� 10� 000W � cm2 andRA
� 100W � cm.

Make plots for the threecablediameters,d � 0 � 5 µm, 1 µm and2 µm. What can
you concludeaboutthe effect of dendriticdiameteron the passive propagationof
voltages?How doesthis comparewith the resultsof the experimenton the �nite
cablediscussedin Sec.5.6?
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2. (a)Calculatetheinput resistanceof in�nite cylindrical cableswith d � 0 � 5 µm, 1 µm
and 2 µm. As in the precedingexercise,assumeRM

� 10� 000 W � cm2 and RA
�

100W � cm.

(b) Calculatethe input resistanceof two identicaldaughterbranchesof the above
cylinder thatobey Eq.5.25.

(c) Calculatethe input resistanceat X � 0 of a �nite cylinder with d � 1µm, RM
�

10� 000W � cm2 andRA
� 100W � cm. Examineboththecaseof asealedendatX � 1

andthecaseof anendthatis clampedto rest(V � 0) at X � 1.

(d) Which of theinput resistancescalculatedin (a) and(c) is closestto theresultfor
the�nite cablethatwesimulatedin Sec.5.6?Explainany similaritiesanddifferences.

3. Oneof the�rst questionsto beansweredbeforeusingor constructingacompartmen-
tal modelis, “What valueof l is smallenoughto allow theapproximationof Eq.5.27
with Eq. 5.28?” This questioncanbe answeredby performing“computerexperi-
ments”on a systemfor which we know theexactsolution. Equation5.14givesthe
exactresultfor theattenuationof asteady-statemembranepotentialwith distancefor
a uniform �nite lengthcable. In orderto make the simulatedcablea uniform one,
changethe somadimensionsto make it the samesizeasa dendriticcompartment.
Thenadd10 cablecompartmentsto thesoma,usingthedefault valuesof all thepa-
rameters.Explainwhy, althoughtherearenow 11compartments,includingthesoma,
theelectrotoniclengthof this cableis L � 1, andnotL � 1 � 1.

Setthevalueof thecurrentinjectionto thesomaat 0 � 0001µA (0 � 1 nA), andsetthe
width of theinjectionpulseto a largevalue,sothattherewill bea constantinjection
current. Plot the membranepotentialin both the somaand the end compartment,
and calculatethe steady-stateratio of V

�

L � � V
�

0� . How doesit comparewith the
predictionof Eq.5.14?

Now, repeatthe experimentwith 5 andthen20 cablecompartments,changingthe
compartmentlengthto keepthetotalelectrotoniclengthof thecableat L � 1. What
doyouconcludeis agoodpracticalde�nition of “small enough”?

4. Restorethedefaultparametersfor theCablesimulation(somalengthanddiameterof
50µm; cablecompartmentdiameterof 1 µmandlengthof 50µm). Makeacablewith
10 dendriticcompartments,andprovide a 2 msecpulseof 0 � 1 nA currentinjection
to the soma,recordingthe membranepotentialat both the somaandcompartment
10. Thenchangetheinjectionpoint to compartment10,toggleto  ����

���	���

��
 , click
on $�"�(*"  andrun thesimulationagain. Make anestimateof theattenuationof the
voltagein thesoma-to-dendritedirectionandthenin theoppositedirection.Finally,
repeattheexperimentwith thedendriticcablediametersetto 0 � 5 µm. Whataccounts
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for the different attenuationin the two directions? Why is the dendriticdiameter
relevant?Whatsigni�cancedo theseresultshave for neuronalbehavior?

5. Usethe uniform cable(L � 1) from Exercise3 andapply a brief (2 msec) current
injectionto thesoma.Usethe

�

�	� 
�$��

�

 ����

���

 *� � menuto plotV
�

t � from compart-
ments0, 5 and10. Examinetheplot of ln

�

V � vs.t andnotethattheresponseis nota
simpleexponential.Explainwhy thethreelogarithmicplotshavedifferentcurvatures
at thestartof thevoltagedecay, andaccountfor thedirectionof each.

Now, recordonly from thesoma,andgenerateoverlaid logarithmicplots for cables
of lengthL � 0 � 5, 1 and2 (5, 10 and20 compartments).Explainwhy someof these
show a linearslopeatearliertimesthanothers.

6. UsetheCablesimulationto constructa uniformcablelike theonein Exercise3 and
performanexperimentto measuretheinput resistanceat thesoma(X � 0). Usethis
valueto calculatethespeci�c membraneresistanceRM for thecableandcompareit
to thevaluethatwasactuallyusedin thesimulation.

7. UsingtheCablesimulation,add15cablecompartments,each0 � 1l long,to thesoma
compartment.Placeyour recordingelectrodeat compartment0 (“soma”) andinject
a brief currentpulseonceat compartment0, thenat 5, 10 and15. Measurethepeak
time(PT)andhalf width (HW) of thesomaticvoltagefor thedifferentcasesandplot
PTvs. HW for thedifferentX values.Labeleachdatapointwith theX valueto which
it corresponds.Do someinterpolation.Canyou predicttheresultfor compartment8
with any accuracy?
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