THE CONCEPT OF DECISION POINTSAS A TOOL IN ANALYZINGDENDRITIC COMPUTATIONH. Agmon-Snir (hagai@helix.nih.gov)I. Segev* (idan@vms.huji.ac.il)Mathematical Research Branch, NIDDKNational Institutes Of Health, Bethesda, MD 20892*Dept. of Neurobiology and Center for Neural ComputationHebrew University, Jerusalem, 91904, IsraelABSTRACTThe concept of decision points is introduced as a tool for analyzing computationalprocesses in dendritic trees. Using this concept, a simplified model of a dendritic treeis derived. The various nonlinear processes in dendritic trees are interpreted as�computational decisions� made at �decision points�. This simplified model providesinsights into the possible role of dendritic geometry and passive biophysicalproperties such as Rm and Ri. First, we demonstrate the computational limitations ofpassive dendritic trees in which the inputs are modeled as current injections. Theadvantage of adding nonlinearities into dendritic trees is then demonstrated, byanalyzing the spatio-temporal integration properties of various nonlinear decisionpoints at the dendritic tree. Distal dendritic decision points are found to be suitablefor performing coincidence detection of synaptic events, while proximal and somaticdecision points tend to act as integrators of synaptic inputs. The spatial integrationproperties also vary between decision points: the synapses that significantly affect agiven decision point are located in the vicinity of the point or distal to it. Wecompare different realistic dendritic morphologies and demonstrate that the geometryof the tree is a major determinant of its computational capabilities. This emphasizesthe importance of a dendro-centric view of the neuron as a computational device.

INTRODUCTIONNeural network modelers usually consider a point-neuron as the atom of theirnetwork. The effect of the dendritic geometry and the spatial distribution of synapseson the dendrites is thus neglected1,2,3. Even in network models that utilize a more�realistic� neuron, the dendrite is represented by a short cable, or a �tree� with oneorder of branching4. Although these models include some of the realistic biophysicalproperties of neurons (as voltage dependent channels), they fail to mimic the role ofthe branching structure of the dendritic trees.On the other hand, single neuron modelers, impressed by the magnificent variety ofdendritic geometries found in nature, are expending a lot of effort to understand therole of this geometrical variety5,6. Still, there aren�t systematic tools for comparingdifferent dendritic geometries and biophysical properties of various cell types andexplaining the meaning of the differences between these cells. The commonly usedapproach is to use detailed compartmental modeling. The results of these multi-parameter models are often hard to interpret and generalize. The computationalfunction of the neuron depends on many complicated factors (morphology, channeldensity and distribution as well as input architecture) and trying to mimic thecomplicated reality by a complicated simulation does not lead to a generalunderstanding of the system. However, it is still unknown which neuronal propertiesare important and which are secondary in their importance.As an alternative to the detailed compartmental modeling approach, we propose herea simple model, based on the concept of decision points, that can help in obtaininginsights into the main functional properties of dendritic trees. In general, simplemodels try to explain the function of few factors in the system, by simplifying theother factors. The concept of decision points neglects some important contributors toneuronal computation, such as the vast variety of channel types, and emphasizes therole of dendritic geometry and the passive properties of neurons. However, thenonlinear properties of neurons are introduced in a very simplified way. Hence, thisnew type of model serves as a bridge between strictly passive models and activemodels of single neurons.THE CONCEPT OF DECISION POINTSFor the input-output relationship of the neuron, we typically emphasize the role ofthe soma (and the axon hillock) as a site where synaptic currents are transformed intoa pattern of action potentials. Because of the convergence of the many synapticinputs at the soma, the soma cannot be regarded as a faithful relay that delivers allthe arriving information to the next �station�. Many combinations of synaptic inputscan result in the same output. In other words, only part of the spatio-temporal information that arrives at the soma is expressed in the output pattern of actionpotentials at the axon. Hence, in the soma, a decision is made - what part of theinformation should be delivered to the axon. For example, in a simple isopotentialintegrate-and-fire model of the neuron, the only information delivered by the neuronis when the sum of the inputs reaches a threshold.The soma, however, is not the only decision point in the cell. Many types ofnonlinear interactions between inputs at the dendritic tree (e.g., local �veto� effect ofsynaptic inhibition, nonlinear summation of excitatory inputs at partly isolateddendritic arbors, activation of voltage-dependent channels) may be implemented aslocal decision points. The dendritic decision points are triggered by a subset of theinputs that impinge on the dendrites, and in many cases, the voltage response at thedecision point affects other decision points. Decision points cannot be regarded asfaithful relay points because their output does not include all the informationcontents of their inputs. We may say that such decision points �decide� what part ofthe information is to be transmitted to other decision points (specifically, to thesoma).The idea that the processing in the dendrite is done by �decisions� at �decisionpoints� does not convey all the biophysical properties of realistic neurons, but itallows one to state some rules for dendritic computation. In the present work, thedendritic tree and the soma were assumed to be passive, and the inputs were modeledby current injections (rather than by conductance changes). The method of momentswas used to analyze the transient voltage response of a passive dendritic tree to acurrent input7,8. To this passive analysis we then added the concept of decisionpoints. Hence, although the voltage response in the model was calculated using theelegant methods of passive cable theory, the interpretation of the results was madefrom the point of view of the decision points, where nonlinear operations could takeplace. This �hybrid� approach is demonstrated in this chapter.RESULTSThe somatic decision pointWhen a synapse is placed at a dendritic location in a passive dendrite, its efficacy onthe somatic decision point will be smaller and delayed, compared to placing thatsynapse directly at the soma. What is the cost, in terms of efficacy and delay, ofmoving a synapse from the soma to the dendrites? To answer these questions, we usedefinitions that are based on the method of moments8. We define attenuation cost ofplacing an input at location i when the decision point is at location d as 1 – Rtr(i,d) Rin(d)

Rtr(i,d) Rin(d)

, where Rtr(i,d) is the transfer resistance between points and d andRin(d) is the input resistance at point d (the classical steady-state definitions of input and transfer resistances are equivalent numerically to the transient-input definitionsof these resistances, based on the ratio between the time-integrals of the transient

).For an input that is modeled by a transient current injection,

Rtr(i,d) Rin(d)

is the ratiobetween the time-integral of the voltage response at point

(the decision point) whenthe input is located at and the time-integral of the voltage response at d when theinput is located at d. Therefore, the attenuation cost is the fraction of the voltageresponse that was lost (at point d) when the input is moved from point d to point

Similarly, we define delay cost of placing an input at location when the decisionpoint is at location d as

D_{tr}(i,d) – D_{in}(d)

, where

D_{tr}(i,d) is the transfer delay betweenpoints and d and

D_{in}(d) is the input delay at point d (these delays are defined asdifferences between the centroids of transient signals7,8). The delay cost is theadditional delay in the voltage response at due to moving the input from to somatic integration (except for special cases of spatio-temporal input patterns). FromFig. 1 it is also clear that the delay cost of placing an input at the dendrites is small,except for inputs at distal parts of apical dendrites.Although these results may depend on the biophysical properties of the modeleddendrites, it can be shown that in general, the cost of placing an input outside thesoma is small. Therefore, a model of a passive dendrite with inputs that arerepresented by current injections has computational capabilities that are very similarto those of a point neuron. However, using the concept of dendritic decision points,nonlinearities in dendrites may be found to increase the computational repertoire ofthe dendrites.Dendritic decision point compared to the somatic decision pointIf some inputs should be summed together for activating a nonlinear process at adecision point, their voltage responses at the decision point must overlap. Hence,these inputs must arrive within the same time window, the width of which isgoverned by the width of the voltage responses. The input delay at the decision pointmay serve as an estimate for the width of this local integration time window7,8. In anisopotential neuron model, the input delay is the membrane time constant, tm, whichis an estimate of the width of the voltage response to a brief input. As depicted inFig. 1, The input delay at dendritic decision points, and hence the integration timewindow, can be 10 times smaller. The range of input delays may vary from one celltype to another, presenting a clear dependence of the properties of the decision pointson the dendritic geometry. It can be shown that the branching is a major factor increating the wide range of integration time windows.An analysis of the attenuation costs and the delay costs with respect to variousdendritic decision points shows a difference between the decision points in theirdependence on the spatial distribution of the inputs. For a given decision point, onecan define a dendritic region for the inputs that may affect significantly the voltageresponse at this decision point. The dendritic tree introduces hierarchy between thevarious decision points in the process of computation. Each decision point is affectedby inputs that arrive from its vicinity and from inputs that are distal to it (the detailedanalysis is in preparation).SUMMMARY AND CONCLUSIONS1.The concept of decision points, combined with the method of moments, is auseful tool for analyzing the computational capabilities of realistic dendriticmodels that include some kinds of nonlinearities

2.Using the method of moments and the concept of decision points, we show thata passive model in which the soma is the only decision point, does not addsignificantly to the computational capability of the neuron (compared to a�point neuron�). This was shown by analyzing the �cost� of placing a synapseaway from the soma.3.We show that the structure of the dendritic tree provides for many decisionpoints with various computational properties. Moreover, there are differentsynchronization requirements for inputs in local versus global decision points.We suggest that the role of the spatial distribution of synapses on thedendritic tree is for making �local computation clusters�.4.The theoretical framework demonstrated here may be used for a detailedanalysis of reconstructed dendritic trees and for analyzing the effect of differentbiophysical properties on their integrative properties.AcknowledgmentsThe authors wish to thank P. Rhodes for his comments, and to R. Douglas, M. Rapp, D. Amaral and N.Ishizuka for making their reconstructed cells available. The work was supported by grants from the Officeof Naval Research (I.S.), the US-Israel Bi-National foundation (I.S.) and by a long-term fellowship fromthe International Human Frontier Science Program (H. A-S.).References

Abeles, M. Corticonics. Cambridge: Cambridge University Press, 1991.2. Amit, D. J. Modeling Brain Function. Cambridge: Cambridge University Press, 1989.

Hopfield, J. J. and Herz, A. 1995. Rapid local synchronization of action-potentials - toward computationwith coupled integrate-and-fire neurons. Proc. Natl. Acad. Sci. USA 92: 6655-6662.4. Wilson, M. A. and Bower, J. M. �The simulation of large-scale neural networks�. In Methods inNeuronal Modeling: from Synapses to Networks, C. Koch and I. Segev. Cambridge, MA: MIT Press,1989, p. 291-333.

Mel, B. W. 1994. Information processing in dendritic trees. Neural Computation 6: 1031-1085.

Rall, W. �Cable theory for dendritic neurons�. In: Methods in Neuronal Modeling: from Synapses toNetworks, C. Koch and I. Segev. Cambridge, MA: MIT Press, 1989, p. 9-62.7. Agmon-Snir, H. and Segev, I. 1993. Signal delay and input synchronization in passive dendriticstructures. J. Neurophysiol. 70: 2066-2085.

Agmon-Snir, H. 1995. A novel theoretical approach to the analysis of dendritic transients. Biophys. J.69 (5): In press.