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Abstract
A modelling study of hippocampal pyramidal neurons is described. This
study is based on simulations using HIPPO, a program which simulates the
somatic electrical activity of these cells. HIPPO is based on a) descriptions
of eleven non-linear conductances that have been either reported for this
class of cell in the literature or postulated in the present study, and b) an
approximation of the electrotonic structure of the cell that is derived in this
thesis, based on data for the linear properties of these cells.
HIPPO is used a) to integrate empirical data from a variety of sources
on the electrical characteristics of this type of cell, b) to investigate the
functional significance of the various elements that underly the electrical
behavior, and c) to provide a tool for the electrophysiologist to supplement
direct observation of these cells and provide a method of testing speculations
regarding parameters that are not accessible.---.
._

The novel results of this thesis include:

"

'

Simulation of a wide range of electrical behavior of hippocampal pyramidal cells by using descriptions of ionic conductances (channels) whose
kinetic properties are developed from both limited voltage-clamp and
current-clamp data and from the theory of single-barrier gating mechanisms. This result suggests that the single-barrier gating mechanism
of the Hodgkin-Huxley model for ionic channels is empirically valid for
a wide variety of currents in excitable cells.

* An estimation of the linear parameters of hippocampal pyramidal cells
that suggest that the membrane resistivity, and thus the membrane
time constant, is non-homogeneous.
" An estimation of dendritic membrane resistivity (Rm) and cytoplasmic resistivity (R,) that is higher than generally considered, and the
conclusion that the cell is more electrically compact than previously
thought. This compactness implies that distal and proximal dendritic
input have similar efficacies in generating a somatic response.
" A method for estimating the dimensions of the equivalent cable approximation to the dendritic tree based solely on histological data.

r

" Descriptions of three putative Na+ currents (INa-tig, 'Na-rep, and
INa-tail) that quantitatively reproduce the behavior generally ascribed

to Na+ currents in hippocampal pyramidal cells.
" Descriptions of two Ca 2+ currents (Ic and Icas) and a system for
regulating Ca2 + inside the cell that qualitatively reproduces the data
for Ca 2 +-only behavior in hippocampal pyramidal cells.
" Descriptions of six K+ currents (a delayed rectifier K + current - IDR,
a transient K+ current - IA, a Ca 2 +-mediated K+ current - Ic, a
Ca 2 +.mediated slow K+ current - IAHP, a muscarinic K+ current IM, and an anomalous rectifier K+ current - IQ) that are consistent
with the available data on these currents and that reproduce either
quantitatively or qualitatively the behavior associated to each current
during the electrical response of hippocampal pyramidal cells.
" Simulations demonstrating possible computational and/or pathologic
roles for the model currents.
" The design of an interactive program that simulates hippocampal pyramidal cells with a variety of models of electrotonic structure and the
inclusion of Hodgkin-Huxley-like non-linear conductances at various
points in the cell.
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Chapter 1

INTRODUCTION
1.1

Modelling Neurons of the Central Nervous
System

Understanding the brain is a multi-level task, incorporating perspectives
from molecular biology to cognitive science and psychology. At some point in
this hierarchy the single cell is encountered, and the view that all information
processing in the brain derives from mechanisms on this level is generally
accepted; i.e. it is correct to speak of a neuron processing signals, rather
than the neuropil being the basic functional unit for computation.
The actual role of individual neurons in information processing is open
to speculation. In some systems good arguments have been advanced in
support of the handling of certain tasks by specific cells. In most structures
in the central nervous system (CNS), however, the role of the single cell
is not well defined. Typically, descriptions of information processing in the
CNS refer to anatomical structures consisting of (at least) thousands of cells,
and fail to assign roles to single cells.
Thus, an investigation into information processing on the level of the
single neuron is important. Over the past decade quantitative data on CNS
neurons has grown considerably, and interpretation of this data is now appropriate in order to establish the role of the neuron as it receives the multitudinous sigiials from the neural mesh. Utilization of systematic models is a
method of addressing this problem. One of the models that is an appropriate
vehicle for this task is named HIPPO
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1.2

The HIPPO Model of Hippocampal Pyramidal Cells

This thesis describes the development and application of the computer model,
HIPPO. This model simulates the somatic electrical behavior of a stereotypical cortical integrating neuron, the mammalian hippocampal pyramidal
cell (HPC). The development of HIPPO includes an estimation of the electrical structure for this cell, development of the numerical technique used in
the model algorithm, integration of electrophysiological data into the model
(particularly that describing the non-linear conductances reported for the
HPC), and implementation of the model on a Symbolics 3600 LISP machine.
The application of HIPPO includes an integration of sparse and conflicting
data obtained from a variety of electrophysiological protocols. Applying
HIPPO includes also testing of speculations regarding characteristics not
accessible to in vivo or in vitro measurement.
As set forth this report, modelling a non-linear system as complex as
the hippocampal pyramidal cell is problematic at best. The situation is
complicated by both the numerous interdependencies of the mechanisms
underlying electrical behavior in these neurons1 , and by the approximations
and assumptions (e.g. the Hodgkin-Huxley model, ref. Chapter 4) that are
required due to the present state of the data.
In light of these difficulties, this model is presented with the understanding that many of the putative mechanisms described could easily be incorrect
in their details, but given the constraints imposed on the development of the
model parameters (as defined throughout this Thesis), these descriptions are
reasonable in that they are based on first principles and that they generate
the desired behavior. At best, the descriptions will in some way reflect what
is actually going on in these cells; at worst, the descriptions and the resulting behavior of the model will generate testable predictions and suggestions
for postulating more accurate mechanisms.
'In fact, these interdependencies provide important and implicit constraints on the
derivation of parameters, which in turn causes the selection of parameters to be less
arbitrary than otherwise would be the case. These constraints are manifest in the croschecking of overall model behavior, required whenever a subset of the model parameters
is altered. This point will be reiterated several times in later chapters when strategies for
developing various elements are reviewed.
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1.3

Organization of Thesis

In this chapter Sections 1.4 through 1.7 will introduce the hippocampal
pyramidal neuron and describe the motivations for modelling this cell. Some
comments on the applied aspects of the program are also presented.
Chapter 2 contains a discussion of the strategy used herein in developing HIPPO and the basic structure of the model, outlining the geometry
of the model and the type of circuit that it simulates. The development of
HIPPO involves careful examination of the literature on hippocampal cells
(and other neurons, as required) in conjunction with consultation with electrophysiologists. The techniques used by the electrophysiologist to measure
the various components of the electrical behavior of a neuron are reviewed
since these techniques guide the construction of the model from available
data and the evaluation of any inconsistencies in that data. This chapter
closes with a brief discussion of the network elements, in particular the electrochemical potentials that drive the electrical excitability of these neurons.
Chapter 3 covers the evaluation of the linear characteristics of the HPC.
This analysis forms a basis for building the model of the pyramidal neuron,
particularly since many of the non-linear parameters must be estimated from
incomplete data. Estimating the characteristics of non-linearities in the cell
is fruitless without a solid linear description to build on. Several approaches
to this problem , as well as a critical review of the published data on the
linear structure of the HPC, are presented. Finally, the linear parameters
used for the present version of HIPPO are discussed.
The non-linear conductances in the model are all based on some variation of the classic Hodgkin and Huxley model ([21], [20], [22], [23]) of the
Na+ and K+ conductances in the squid axon. This approach represents a
major assumption in the HIPPO model, particularly since many of the nonlinear conductances in HPC have not been conclusively demonstrated as
being Hodgkin-Huxley-like conductances. However, in light of the paucity
of data for these cells, this approach is a reasonable one, and in fact has
been successful in reproducing many qualitative and quantitative aspects of
HPC electrical behavior. Since the Hodgkin-Huxley model is of such basic
importance to the HIPPO description, this model and the application of
this model to putative HPC conductances are described in Chapter 4. In
addition, the implications of the single-barrier gating interpretation of the
Hodgkin-Huxley model are discussed in detail.
In the next three chapters the development of descriptions of the various
non-linear currents is described, along with the simulated behavior of these
15

currents. In these chapters the behavior of the model is compared typically with data from cells obtained under conditions similar to those being
simulated.
In Chapter 5, the three proposed Na+ currents, INa-trig, INo-rep, and
INo-toi, are presented and the HIPPO simulation of Na+-only HPC behavior is shown.
In Chapter 6, the HIPPO description of the two Ca2 + cu, ents, Ica and
Icos, are presented with simulations of Ca 2 +-only HPC behavior, as well as
the HIPPO description of the dynamics of intracellular Ca2+ and the factors
that determine the concentration of Ca2 + underneath the cell membrane.
This latter component is important since two K+ currents (Ic and IAHP)
are presumably mediated by the concentration of intracellular Ca +, and
the magnitude of [Ca 2 +].hel.1 (ref. Chapter 6) can significantly change the
reversal potential for Ca2 + (Eca).
In Chapter 7 the six K+ currents in the model are presented. These
currents, IDR, IA, Ic, IAHP, IM, and IQ, display a wide range of activation/inactivation characteristics and thus modulate the HPC response in
many different ways. The parameters used in the model for these currents
are presented here, as well as various simulations demonstrating their behavior.
In Chapter 8 and Chapter 9 some selected simulations are presented of
voltage clamp protocols and current clamp protocols, respectively. These
simulations augment the ones that are presented in earlier chapters, and
demonstrate the overall behavior of the model and how the model reproduces
various data taken from cells. In contrast to the results presented in earlier
chapters, the simulations discussed here represent speculative behavior of
the HPC, given the HIPPO description of its electrical characteristics.
In Chapter 10 implications of the results obtained by the model are
discussed, and the validity of both these results and the approach used in
constructing HIPPO. Guidelines are also proposed regarding the application
of HIPPO. In the final chapter, Chapter 11, some of the future applications
of HIPPO are presented.
In Appendix A a sample simulation session is described, showing the
interactive nature of the menu-driven HIPPO and the presentation of simulation results. Appendix B contains a description of the predictor-corrector
algorithm used by HIPPO to solve the network equations. In Appendix C
the structure of the HIPPO code will be described. Appendix D contains
the software listing for HIPPO.
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1.4

Hippocampal Pyramidal Neurons As A Stereotypical Cortical Integrating Neuron

The hippocampus is a part of the cerebral cortex. This structure carries
and (presumably) processes signals projecting to and leaving from various
regions of the neocortex. The hippocampus forms along the free medial edge
of the temporal lobe of each cerebral hemisphere, extending from the several
layers of neocortex, forming its characteristic spiral, which in turn consists
of a single layer of pyramidal cells. Historically, the striking anatomy and
connectivity of the hippocampus has made it one of the more studied areas of
cortex. Although the classical role of the hippocampus as a major player in
the so-called "limbic system" is now being re-evaluated, there is substantial
evidence of various functional roles of this structure, including a putative
role in mediating long-term memory.
The pyramidal neuron is the basic efferent cell of the cerebral cortex,
integrating afferents from both intracortical and extracortical structures.
The connectivity of a single pyramidal cell is typically very large, with hundreds to thousands of afferent connections. This input tends to be quite
segregated, with distinct tracts originating from various structures making
synapses with specific regions of the pyramidal cell's extensive dendritic tree.
The pyramidal cell, as one of the major cell types in the cortex, is an important determinant of cortical function on the cellular level. The hippocampal
pyramidal cell is representative of this class of neurons, and for these reasons
and those set forth below, it is a cell of choice for investigations of central
neuron characteristics.
The large body of knowledge for the hippocampus has been enhanced in
recent years by the brain slice technique used for obtaining stable in vitro
electrophysiological measurements with various micro-electrode techniques.
In the slice technique, approximately 500 pm thick transverse slices of freshly
excised hippocampus (typically rat or guinea pig) are maintained for several hours in small chambers filled with an appropriate oxygenated solution.
Once set up in this manner, intracellular recordings from microelectrodes can
be obtained for several hours. A related technique, which also has been developed receitly, is the combination of patch clamp recording methods with
pyramidal cells cultured from embryonic neurons. This technique, while
clearly moving one more step away from the physiological environment, allows for higher quality measurements due to the improved electrical nad
mechanical characteristics of the patch electrode over the micro-electrode.
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The hippocampal pyramidal cell has therefore been chosen as the target
cell for the present study. To build this model, an attempt was made to
evaluate a large sample of the literature, which is quite extensive. As an
initial modelling study, this effort was successful in quantifying much of the
behavior of this representative cell in the CNS, and in establishing the basic
aspects of somatic HPC function. These results may be extended to other
cells in the CNS, especially when more data on these cells becomes available.

1.5

Application of HIPPO

An important aspect for the application of the HIPPO model as a research
tool is its flexibility. The structure of HIPPO allows straightforward testing
of the sensitivity of the model to changes in various parameters. In particular, estimating a parameter which is based on low-confidence experimental
data can require testing of values over a wide range. One cost of this flexibility is in the execution time of a given simulation protocol. For this reason,
versions of HIPPO were developed which had a relatively fixed structure
and simulation protocol but executed considerably faster. In some cases
the use of these quick "customized" HIPPOs was effective in developing an
intuitive sense of the behavior of the model, and presumably that of the
cell. For example, voltage-clamp simulations of isopotential structures involve considerably less computation than that of voltage-clamp simulations
of non-isopotential structures or current-clamp simulations in general. Yet,
to a first approximation, much of the tiata in the literature can be effectively
simulated with the simplified voltage-clamp protocol. Once initial estimates
of simulation parameters have been tested on the simplified HIPPO, then
the more general HIPPO can be used to examine more realistic structures.

1.6

The User Interface

A substantial effort was invested in the user interface of HIPPO. Input to the
model is done via a menu hierarchy (ref. Appendix A) that allows efficient
manipulation of relevant parameters and a subsequently rapid set-up for a
given simulation. A limited degree of automated simulation execution is also
provided. Output of HIPPO is both graphical and numerical. Manipulation
of the output is straightforward and non-displayed parameters are easily
accessible. The user interface design has a net result of being able to use
HIPPO in an interactive, self-documenting fashion.
18

1.7

Previous Work

Much of the program design philosophy and the approaches used in estimating model parameters were inspired by an earlier model constructed by
Prof. Christof Koch and Prof. Paul Adams for the bullfrog sympathetic
ganglion cell [2].
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Chapter 2

MODELLING STRATEGY
AND THE ELEMENTS OF
HIPPO
2.1

Introduction

The goal of the HIPPO model is to give a reasonable description of a nonlinear time-varying multi-variable system. To achieve this, development of
the model was accomplished in stages of increasing complexity along several degrees of freedom, including the geometry of the model cell and its
non-linear, time-varying properties. Since many of the network components
are non-linear, superposition does not hold in general. The resulting interdependence of the parameters was a considerable problem in constructing
a valid description, especially since any change in a single parameter often
meant that much of the model behavior had to be checked. Careful evaluation of experimental results was essential in order to prevent generation of
false-positive solutions. This chapter will discuss the general development
of the model, the structure of the modelled system and its elements.

2.2

Determining the Validity of the Model Resuits

A key consideration in the interpretation of the HIPPO results is in determining the validity of a given version of the model. There is no clear-cut
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unique solution set for the model parameters. For example, many (nonphysiological) descriptions of the kinetics will yield reasonable behavior.
The basic approach considers an evaluation of as many parameters as
possible under orthogonal or nearly orthogonal simulation protocols, mimicking the electrophysiologist's technique. Particular attention is paid to
when experimental results reflect the overlapping of several kinetic mechanisms, particularly when superposition does not hold (when superposition
does hold, then it may be exploited to extract the relevant parameters from
the total response). Whenever several non-linear elements contribute to the
model response the model is used iteratively to test different hypotheses for
the parameters in question.
Most of the HPC currents are present over a limited range of membrane
voltages. In the simplest case, involving a determination of the kinetics
of a system with two currents X1 and X2, when the activation ranges for
X 1 and X2 are non-overlapping, then the voltage clamp protocol will have
no problem quantifying each current. In practice, however, there are few
currents that experience an exclusive range of activation, and therefore the
situation is more complicated 1.
While more than one current may be activated at a given voltage range,
different components may be distinguished if they have significantly different
time courses. For example, IA and IDR are activated over the same range.
Since IA activates and inactivates much faster than 'DR over part of this
range, however, the two currents can be distinguished by their distinct time
courses in voltage clamp protocols (Segal and Barker, 1980).
Another technique to separate different currents is to exploit the pharmocological sensitivity of some currents. For example, Na+ currents are
generally believed to be blocked by the puffer fish toxin, tetradotoxin (TTX),
and that channels for other ions are largely unaffected by TTX. Thus, in
voltage clamp preparations TTX is commonly used to unmask currents that
might otherwise be swamped by larger Na+ currents. with simliar kinetics. Other examples of selective blocking of currents include the use of
tetra-ethylammonium (TEA) to block some potassium currents (e.g. IDR),
4-aminopyridine (4-AP) to block 1A, and various Ca' blockers (e.g. Mn )
or Ca2+ -chelators to inhibit Ca2+ currents , and calcium-mediated currents
(Ic and IAHP) (ref. Table 7.1).
1

The main exception is IQ, which is the only current activated at fairly hyperpolarized
potentials (Chapter 7). The leak current is superimposed on the Q current, but that may
be readily distinguished from the IQ.
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Figure 2.1: Typical geometry of iIPPO compartmental model simulation,
including soma sphere joined in series to several dendritic cylindrical segments and current injection into sowa. Ea&! compartment is isopotential.
One of the outputs of the simulation is the time course of each compartment
voltage.

2.3

Geometry Of Model

HIPPO simulates hippocampal pyramidal neurons with a compartmental
model that incorporates several isopotential compartments connected together with resistors. The simplest morphology is a single compartmental,
isopotential spherical model of the entire cell, i.e. no dendritic structure or
axonal process. This structure can be extended with the addition of as many
as five processes, which can be configured as four dendrites and one single
compartment axon. Four of the processes are represented by an arbitrary
number of lumped cylindrical segments, with each segment having its own
set of linear and non-linear electrical parameters. The fifth process, when
included, is represented by a single isopotential cylindrical compartment.
Most simulations were run with a single dendrite and no axon, as illustrated
in Figure 2.1.
The physical and electrical parameters for each of the compartments 22

soma sphere and process cylinders - can be set uniquely for each compartment. For example, the soma can be set up with at most eleven non-linear
currents, a particular membrane resistivity and capacitance, and a particular radius. A single dendrite might be added with ten segments, with eight
configured as linear cables using the same linear parameters but distinct
dimensions. The remaining two segments could have two non-linear conductances in addition to their linear properties, and one of the all-linear
segments could have a synapse. In the present report only the linear dendrite case will be examined. In Chapter 3 a detailed analysis and subsequent
method for approximating the hippocampa pyramidal cell geometry will be
presented.

2.4

HIPPO Solves A Non-Linear, Time-Varying
Electrical Network

In this modelling study the HPC is analyzed as an electrical circuit. Inputs to this circuit include stimuli provided by intracellular electrodes or
by synaptic-like conductance changes, and circuit outputs include voltages
at various parts of the cell, specific membrane currents, the concentration
of Ca2 + in different compartments related to the circuit, and various state
variables associated with the non-linear conductances. In a general sense,
HIPPO is a program for simulating a particular class of electrical networks.
HIPPO is configured to handle a limited set of topologies with a specific
class of network elements, as well as linear resistors and capacitors, voltage sources, and current sources. The special class of elements are nonlinear voltage-dependent and time-dependent conductances that represent
the behavior of ion-specific channels in the cell membrane. The electrotonic
structure of neurons (as determined by the morphometrics and linear components of the cell) is extraordinarily important to their function, and much
of the effort in the development of HIPPO was in the characterization of
this structure as well as that of the non-linear elements.
Figure 2.2 illustrates a typical network configuration for simulation. In
this particular topology the network is stimulated by a current source that
injects a curient pulse into the soma. This source is the system input in
this particular simulation. The outputs include the voltages of each of the
compartments, the currents through each of the branches of the network, and
the state variables that describe the behavior of the non-linear conductances.
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of this research.
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2.5

Elements of the Model

The basic task of HIPPO is the determination of the circuit elements. Characterization of some of these components is straightforward, e.g. the membrane capacitance, while most of the others are subject to considerable speculation. Because of a lack of data, some elements cannot be determined with
a high degree of certainty. For these parameters, if the behavior of the cell
is strongly effected, sets of simulations were conducted over the presumed
range of the parameter, resulting in a range of cell responses peculiar to
changes in that parameter.
HIPPO incorporates 11 non-linear, time-varying conductances in the
soma, including those that underly three putative sodium currents, (IN.-tr,,
INa-tail, and INa-rep), a delayed-rectifier potassium current (IDR), a calcium current (lCa), a slow calcium current (Icas), a calcium-mediated potassium current (Ic), an after-hyperpolarization potassium current (IAHP), a
muscarine-inhibited potassium current (IM), a transient potassium current
(IA), and an anomalous rectifier potassium current (IQ).
All the compartments include the leakage current (IL) and the capacitance current (ICap) as explicit components of the network model. In addition, the soma compartment includes a non-specific shunt conductance as
may be introduced by the microelectrode.
All the parameters for the model, including the kinetics of the non-linear
conductances and the linear characteristics of hippocampal pyramidal cells,
were derived either from the literature or from consultation with Prof. Paul
Adams 2, Dr. Johan Storm 3 and Prof. Christof Koch 4.

2.6

Reversal Potentials and Ionic Current Through
Membrane Conductances

The origin of the membrane potentials will now be reviewed, as these elements are fundamental to the interpretation of the model. The reversal
potentials for each conductance derive from two salient features, (1) a concentration gradient across a membrane for ionic species X and, (2) selective
permeabilityin that conductance for X relative to any other ionic species in
'Department of Neurobiology and Behavior, State University of New York at Stony

Brook.

3lbid.
"Department of Biology, California Institute of Technology.
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the intra- and extra-cellular medium. The concentration gradient sets up a
thermodynamic potential that drives ions of X down the gradient, and across
the membrane, in order to balance the concentrations. If, however, the mobility across the membrane of any of the other species in the mediums is not
the same as X, movement of X will then set up a charge imbalance across
the membrane. This imbalance will create a potential difference across the
membrane that will oppose movement of X down the concentration gradient. At equilibrium, there will be no net flow of X across the membrane,
and the electrical potential will be equal and opposite to the thermodynamic
potential caused by the concentration gradient. The relationship between
concentration gradient and electrical potential is described by the Nernst
equation,

zxF
T

[X],,

where EX is the potential due to ionic species X (referenced to the inside of
the cell), R is the gas constant, T is the temperature in degrees Kelvin, zx
is the valence of X, [X],,t is the concentration of X outside the membrane,
and [X]i, is the concentration of X inside the membrane.
Note that if the membrane is permeable to other charge carriers in the
medium, then space-charge neutrality will be maintained as counterions are
dragged across the membrane with X. The concentration gradient of X will
then be eliminated with no concomitment establishment of an ionic potential
due to a charge imbalance from the movement of X.
The flow of ions through membrane channels has been the subject of
much theoretical work, and at present there is no consensus as to the mechanisms involved (Hille, 1985). However, measurements of the intrinsic conductance of ion channels over a narrow range of membrane potentials 5 show
that to a first approximation this intrinsic conductance is linear (independent of the voltage):
Ix = gx(Vm

e

- Ex)

where Ix is the ionic current, V,,,,b 76,. is the voltage applied across the
membrane, and gx is the conductance of X through the membrane channels.
6Typically in the physiological range of membrane potentials, and several millivolts
away from the reversal potential of a given channel, where non-linearity of the intrinsic
conductance is pronounced most.
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An important assumption in the HIPPO model is that the flow of one
ionic species across the membrane is independent of the flow of any other
species; the different currents are linearly independent. This allows the different current paths to be represented as distinct independent conductances
in parallel with each other, each driven by the appropriate ionic potential,
as was illustrated in Figure 2.
In fact, it has been demonstrated that so-called "selective" channels are
not absolutely selective for a given ion. Most channels are instead preferentially selective for one ion or another, and have a lower (perhaps much
lower but non-zero) permeability for other species. The result is a reversal
potential for a given channel that may be expressed by the Nernst-Goldman
equation, including the appropriate ions and their relative permeabilities.
For example, the reported reversal potentials for the (assumed) K+ channels typically vary between -90 and -70 millivolts, whereas EK, assuming
standard values for the concentration of K inside and outside the membrane, is about -98 millivolts. Likewise, data on Ic.s, which is advertised
as a Ca2+ current, indicates that its reversal potential is around 0 millivolts
(see Chapter 6). Finally, the resting potential in the model is assumed to
be set by a non-voltage-dependent channel with a reversal potential of -70
millivolts, which implies that either there is a mixture of perfectly selective
channels that contribute to give the observed "leak" channel, or there is a
single channel that is permeable, to varying degrees, to more than one ion.
2.6.1

Sodium Potential - EN

In the HIPPO simulations, the sodium potential was not found to be a very
critical parameter, probably since most of the activity of the cell occurs
around potentials that are very hyperpolarized to the sodium potential.
Changing this potential mainly affected the amplitude and rate of rise of
the action potential. [Na+]i, is assumed to be 12 mM, and (Na+].t is
assumed to be 145 mM. At physiological temperature this corresponds to a
potential of +63 mV.
2.6.2

Potassium Potential - EK

The potassium potential is the most sensitive ionic potential in the model.
Much of the reproduced activity takes place within 10 to 20 millivolts from
rest. In addition, there is evidence that the potassium concentration adjacent to the outside membrane is substantially different than the rest of
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the extracellular medium, which in turn will change EK transiently during electrical activity. Further, the intracellular potassium concentration is
not measured readily. In the model presented here, however, the concentration of K+ inside and outside the cell is assumed constant. [K+]i, is
set at 155mM, and [K+]ot is set at 4mM. At 37*C, this corresponds to a
potassium potential of -85 mV.
As shall be discussed in Chapter 7, raising the reversal potential of IDR
to -73 mV was necessary, in order to obtain certain features of the voltage
response as mediated by this current. Different so-called K+ conductances
may, in fact, have slightly different reversal potentials, reflecting, as mentioned above, a non-ideal selectivity of a given channel. For example, the
higher reversal potential of IDR implies that this channel allows the passage
of either a small proportion of Ca2+ or Na+ as well as K+.
2.6.3

Calcium Potential - Ec.

2
The calcium potential was calculated from the constant extracelular Ca +
concentration (4.0 mM) and the concentration of Ca2 + directly underneath
the membrane regions where the Ca2 + channels are assumed to be grouped,

[Ca 2+].heu1.1.

At rest, [Ca2 +hel,.1 was equal to 50 nM, resulting in a EIa of

128 mV. In Chapter 6, the dynamics of the Ca2 + system and the behavior
of Ec. are presented in detail.
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Chapter 3

HPC ELECTROTONIC
STRUCTURE AND
DETERMINATION OF
LINEAR PARAMETERS
3.1

Introduction

This chapter describes an estimation of the electrotonic structure of the
hippocampal pyramidal cell model. The parameters for this structure are
derived from the literature and from theoretical considerations that are developed herein. First, the basis for this development and the role it plays in
the modelling effort will be described. Next, the parameters for the electrotonic structure will be defined and described, including the membrane capacitance, the cytoplasmic resistivity, and the factors underlying the membrane
resistivity. The next section will begin by describing the problem of modelling the geometry of the cell. Two methods for estimating the dimensions
will be presented, the first by extrapolating data used in other modelling
studies, and the second based on a histological data-based technique that I
have develop?,d.
The electrical parameters of the cell will be estimated next based on
reported data. When combined with the results of the previous section,
some reports may be used to derive morphometric data, but not electrical
parameters, and other reports may be employed for only some electrical
measurements.
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In order to develop a model structure that is consistent with the available
(valid) data, the next section in this chapter derives the frequency response
for the general structure. Next, DTFT techniques are used with the derived
frequency response to examine various model structures so that the desired
linear temporal response may be obtained. Several suggestions on how some
parameters may be better estimated using the phase and magnitude of the
frequency response are discussed, and the accuracy of the compartmental
model used in the actual simulations is verified by comparison with the
previously derived response of the continuous structure. Finally, the parameters of the structure used in this study are presented, along with a
discussion of some of the possible functional implications of the values for
these parameters.

3.2

The Importance of the Electrotonic Structure

In order to develop descriptions of non-linear elements in the pyramidal cell
using the small amount of available data, building on an accurate characterization of the electrotonic structure of the cell is necessary. The term
"electrotonic" refers to the cable-like characteristics of the cell as defined
by the linear properties of the cell membrane , cytoplasm, and the intricate
geometry of the dendritic tree.
Starting with a valid electrotonic structure is important for a few reasons. First, in the absence of complete voltage clamp data, the estimates
for many of the non-linear parameters must be evaluated by current clamp
simulations. In this case, subtleties in the resulting voltage records are analyzed to determine the accuracy of a given estimation. If the linear response
of the model cell is different than that of the real cell, determining whether
differences between simulated and actual responses are due to errors in the
estimation of the non-linear parameters or to errors in the linear parameters
may be impossible.
For example, one method used to derive the Na+ currents in the hippocampal pyramidal cell involves running voltage clamp simulations on the
linear model -(no non-linear conductances) using an actual Na+-only spike
record as the clamp voltage. In this protocol, as will be reviewed in Chapter
5, the clamp supplies the current necessary to cancel the linear currents (leak
current, soma-dendrite current, and soma capacitance current) elicited by
the spike waveform. Presumably, then, the clamp current must reflect those
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currents that are mediated by Na+ channels during a Na+-only spike. The
time course of the clamp current therefore provides clues as to the non-linear
processes that may underly the Na+currents (ref. Figure 5.2). For example,
does the waveform indicate that more than one HH-like conductance is operating, and what are the magnitudes of the putative components? Models
with different linear response will give different clamp currents under these
conditions, so it is necessary that attention is focused on a model whose
linear response most closely follows a real cell.
Another motivation to carefully develop the linear structure of the model
came about when various references for this structure were consulted, including reports of measurements of cells and reports of other hippocampal
pyramidal simulations. As will be reviewed later, many aspects of these
reports were inconsistent, and required reviewing the assumptions inherent
in these analyses and integration of the valid aspects of the reported data
to obtain a more consistent description of the relevant parameters.

3.3

Building the Linear Description

Several papers on the measurement of the linear properties of hippocampal neurons were consulted to obtain the model parameters, including other
modelling studies ([48], [44]), measurements of the linear properties of hippocampal neurons ([7], [52]), and references for analytical approaches to approximations of the neuron geometry ([26]). Typically these papers derive
parameters via analysis of the assumed linear response to a hyperpolarizing current step. The analysis is based often on the calculated response of
the soma/short-cable structure. Several methods are available to estimate a
given parameter, and more than one is often used to estimate better a given
parameter (e.g. [7]) .
In examining the published data, however, some problems arose when
the derived parameters were checked either using the model or by running
simple calculations. These inconsistencies will be addressed in this chapter.

3.4

HPC Linear Parameters

The linear parameters of the model include:
" Steady state input resistance as seen from the soma - X-, (0?)
* Specific resistivity of the soma membrane (Kf) cm 2 )
" Specific resistivity of the dendrite membrane - Rm..-dend (KO cm2 )
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" Cytoplasmic resistivity - R, (K cm)
" Specific membrane capacitance (assumed homogeneous)- C,, (f/cm 2 )
" Radius of the soma - asoma (pm)
• Radius of the dendritic cable - a (pm)
" Length of the dendritic cable - I (pm)
" Length constant of the dendritic cable - A (pm)
" Electrotonic length of the dendritic cable - L (dimensionless)
" Dendrite/Soma conductance ratio - p (dimensionless)
" Terminating admittance of the dendritic cable, normalized to that of
a semi-infinite cable - B (dimensionless)
Some of these parameters are derived from the others, including A and
L:
A

/aRm-demd

A
Other parameters that are sometimes used for convenience include
* Cytoplasmic resistivity per unit length - r.(KQ cm - 1)
where
ra -

R
ra

2

• (Typically dendritic) membrane time constant - ro or r (milliseconds)
where
TO = Rm-dendCm

Many investigators refer to a homogeneous membrane resistivity, R,,
that is constant over both the soma and dendrites. This and each of the
other parameters will be discussed in this chapter. The specific membrane
capacitance, the cytoplasmic resistivity, the leak conductance, the electrode
shunt conductance, and the leak reversal potential will now be discussed.
3.4.1

Specific Membrane Capacitance

The generally accepted value for C. is I 4if/cm2 . This value is comparable
to the specific capacitance of .8 pf/cm 2 for a pure lipid bilayer ([19)). In
some cells, however, a different value for Cn has been reported. For example,
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the apparent membrane capacity for crustacean muscle fibers is 15 to 40
pif/cm2 ([19]). If the true capacity per unit area is 1 pf/cm2 , this indicates
that the membranes of these cells is quite contorted.
The capacitance of any given compartment was then calculated based on
this value multiplied by the total surface area of the compartment that faced
the extracellular medium. This calculation was based on several assumptions about the structure of the cell and the structure of the membrane. For
example, ideal geometries were assumed when calculating the absolute value
for the capacitance for any of the compartments in the HIPPO model - a
sphere for the soma compartment and right cylinders for the dendritic and
axonal compartments. In fact, the cell membrane is much more convoluted
than this description implies, and the net result would be an underestima2
tion of the cell capacitance. On the other hand, the value of 1 pf/cm
assumes a smooth membrane, without any small-scale variations. A more
realistic calculation of membrane capacitance would take into account the
inhomogeneity of the membrane and the variation of the membrane thickness. These factors would tend to reduce the capacitance per unit area.
In summary, the model cell incorporates a value of 1 pf1/cm2 for C,. In
addition, Cm is assumed to be constant over the entire cell (i.e. C.. is the
same for both the soma and the dendrites). Some investigators have pro2
posed larger values for Cm, for example ranging from about 2 to 4 pf/cm
([52]). These values were derived from estimating the membrane time constant under assumptions that are probably not valid (e.g. homogeneous time
constant over the entire cell, terminating impedance of dendrites = 0). The
errors incurred under the various assumptions that have been used in other
studies will be examined later, particularly when the estimation of R, is
discussed. These errors have likely contributed to an overestimation of C,
in some of these reports.

3.4.2

Cytoplasmic Resistance

The resistivity of the intracellular medium, the cytoplasm, is calculated
with the assumption that the interior of the cell is homogeneous. This is
clearly an assumption since the cell is packed with a myriad of cytostructural
elements, organelles and inclusions. To a first approximation, however, the
inhomogeneity of the cytoplasm is ignored.
Shelton [44] presents the following argument as to the size of Aj. He
proposes that the lower limit of R is set by the conductivity of pure physiological saline solution, corresponding to a value of 50 to 60 f cm. Measure33

ments of the resistivity of extracellular brain tissue are cited in the range
of 50 - 600 f? cm, and measurements of the resistivities of axoplasm and
somatic cytoplasm in other cells are quoted as being in the range of 20 160 fl cm and 70 - 390 fl cm, respectively. Shelton proposes that the resistivity of the medium in which a microelectrode is immersed contributes to
the effective electrode resistance due to the convergence resistance near the
electrode tip. Since the microelectrode bridge circuit must be compensated
to account for the electrode resistance, the compensation required as the
electrode tip moves from outside to inside the cell will give an indication
of the difference in the extra- and inter-cellular resistivities. Measurements
along these lines indicate that the difference between these resistivities for
the cerebellum and the Purkinje cell are less than 50 fl cm. Assuming that
the cerebellar extracellular resistivity is 200 f cm, Shelton then uses this
result to suggests that Ri is near 250 Q cm.
This value of R is significantly higher than what is used usually in the
reports analyzing the linear characteristics of the pyramidal cell. Typical
values in these reports are in the range of 50 - 75 SI cm. Most studies do
not indicate the rationale for these values, other than the supposed analogy
to the resistivity of a Ringer's-type solution. An investigation of the significance of Ri was therefore of interest, in particular to see if large differences
in this parameter could significantly affect the derivation of the other linear
parameters.
The most obvious parameter that is a strong function of R, is the dendritic length constant, A, and thus the electrotonic length of a dendritic
segment, L. A is determined by Ri, Rm.-dend, and a by the following relation:
ARm -deida

(Note that A expresses the length over which the voltage from a constant
point source attenuates by a factor of l/e down an infinite dendritic cable.)
For a fixed value of Rm-dend and a, a four-fold increase in R, (e.g. from
65 to 260 fl cm) will correspond to a halving of A. The manner in which RP
affects the input impedance of the cable is discussed later.
One of the assumptions of the compartmental model is that within each
compartment the intracellular resistance can be neglected, so that the compartment is isopotential. The cytoplasmic resistivity is only considered in
the electrical communication between dendritic compartments, where the
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connecting resistor is calculated from the dimensions of the compartments
and the cytoplasmic resistivity according to the formula Ieoupling -"

Ri X lcompartment
2
7ra

where [compartment is the length of the dendrite segment.
In summary, the model incorporates an Ri of either 200 or 250 fl cm
for most of the analyses. In some cases, Ri was set to 75 f? cm in order to
evaluate data from other reports of intracellular measurements or modelling
studies, but results presented in later chapters axe obtained using the higher
values of Ri.
3.4.3

Leak Conductance, Electrode Shunt Conductance, And
Leak Reversal Potential

Rm, the specific membrane resistivity, is defined as a linear, time-independent
conductance. The intrinsic leak conductance of the cell, Rea.k, and the electrode shunt conductance, Rhunt, combine to form B when the impedance
of the membrane is evaluated. RIak includes the conductance of the lipid
bilayer, and an ion-specific channel or channels whose conductance is or are
voltage and time independent. Rshunt is the non-specific leak arising from
the impalement of the cell with a microelectrode. Since Reak is a selective
conductance, it is modeled in series with a voltage source representing the
leak reversal potential, Eeak. Rahunt, however, is non-selective, and therefore is modeled without a series voltage source.
Accurate determination of Rm is difficult, particularly because of the
cable properties of the pyramidal cell and, as will be demonstrated, the nonhomogeneity of Rm. In this section some estimates of Rshut are presented as
well as a background for the measurement of the intrinsic RIeak and estimates
of Eleak. The estimates of Rm (actually of Rm.-,oma and Rm-dend) will be
presented later in this chapter.
The conductance of the lipid bilayer sets an upper bound for the RIe.k
of 10 - l0l fl cm 2 [19]. Since estimates of Rm typically are in the range of
500 to 104 f cm 2 , ion channels or the electrode leak appears to account for
the majority *ofthe total membrane leak.
Various estimates of the leak introduced by an electrode have been made,
ranging from 50 to 200 M11 [44]. We can roughly estimate the magnitude
of the leak introduced by the single electrode used in the single electrode
clamp (SEC) protocol from the amount of constant "repair" hyperpolarizing
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current that must be supplied to the soma in order to maintain a resting
potential of -60 to -70 my 1 . Typical values for this current range from 0.5
to 1.5 nA (Storm, personal communication). If the normal resting potential
is assumed to be -70 my, and sufficient repair current is supplied to restore
this membrane voltage, then the previous range of repair current magnitudes
implies electrode leaks in the range of 140 to 47 MfD, respectively.
Estimates of pyramidal cell input impedance vary over an order of magnitude. This range is more than can be explained simply by the difference
in the surface area and electrotonic structure of the measured cells. The
integrity of the electrode seal is variable, and could conceivably account for
a large part of the input conductance.
For many cells Rm is estimated by measuring the time constant of the
cell in response to small steps of injected current with the cell at resting
potential. In this case, either the cell membrane is assumed to be equipotential (in which case the response should consist of a single exponential and
the single time constant is measured), or an infinite cable structure is assumed with a homogeneous membrane, and the largest time constant of the
response is interpreted as the true membrane time constant. This formula
shall be referred to later when some of the published estimates of Rm are
examined.
Typical values for the time constants measured under these conditions
for various cells (including non-neuronal cells) range from 10 s to 1 second.
This range corresponds to R,'s of 0.30 to 106 1 cm 2 , assuming that Cm can
range from 1 - 30 pf/cm 2 . Thus the number of channels that are open and
contribute to the maintenance of the resting potential varys considerably
between different cell types.
The stability of the resting potential may be investigated by perturbing
the membrane voltage in the presence of active conductances. These simulations can test the validity of any calculated Eet, since it is likely that the
membrane voltage would be stable in the neighborhood of the actual Ere,t,
and that the spike threshold would be distinct (e.g. greater than lOmv depolarized from rest). This stability of E .. is observed for non-spontaneously
firing cells, and is advantageous since this behavior is directly related to the
ability of the cell to reject noise (at a low level of perturbation) and the
integrative ability of the cell. In the latter case, a firing threshold near E,.,t
1

This repair current is often only transiently required, however, as if over time
the leak introduced by the micro-electrode is sealed automatically (Storm, personal
communication)
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Figure 3.1: Typical hippocampal pyramidal cell. The main regions include
the soma, the basal dendrites, the apical dendrites, the axonal hillock, and
the axon.
would cause the cell to fire for a larger set of inputs than if the threshold
was more depolarized. Modulation of the firing threshold is a possible physiological mechanism for changing the computational function of a single cell.
On the other hand, threshold modulation may be a factor is some pathological states, such as epilepsy where the threshold is abnormally low leading
to hyperexcitability (e.g. seizures), or in states where the threshold is too
high, causing hypoexcitability (e.g. paralysis at the extreme).
In most reports, E,,t is assumed to be about -70 my. Since the evidence
for hippocampal pyramidal cells indicate that there is little current due to
non-linear channels at rest (the exception being a small In., discussed in
Chapter 6), I have assumed that the reversal potential for the leak conductance, ELea, is equal to -70 mV.

3.5

Modelling the Cell Geometry

The shape of the hippocampal pyramidal neuron is quite complex, as Figure
3.1 illustrates.
The basic regions of the pyramidal neuron are the cell body, or soma,
the basal dendrites, the apical dendrites, the axonal hillock, and the axon.
Synaptic input to the cell is received at all its regions, but is primarily
received on the dendritic trees. In the standard view of the HPC, the dendritic membrane is primarily linear while the somatic, axon hillock and axon
membranes are active, that is contains non-linear voltage and time dependent conductances. Although recent studies show that there are non-linear
conductances located on the dendrites, in the present model purely linear
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dendrites are assumed.
3.5.1

Assumption of Linear Dendrites

Defining the dendrites to be linear is an important assumption for the model.
There is extensive evidence of various Na+, Ca2+, and Cl- channels ip the
dendrites ([53], [34], [31], [50], [5]), but the exclusion of dendritic non-hnear
conductances was considered reasonable as a first approximation since the
present work is focused on the action of somatic currents. I assume that the
behavior of the somatic non-linear conductances are relatively insensitive
to regions of non-linear dendritic membrane, at least when considering cell
response to somatic input. In Chapter 9, simulations of somatic response to
dendritic input will be presented, in which the assumption of linear dendrites
is a more restrictive one in terms of interpreting the model results.
The primary function of the dendrites is to collect and integrate synaptic
input from other neurons. That input is conducted to the soma where an
action potential is initiated if the soma membrane is excited above the local
threshold. As far as the model is concerned, though, the contribution of the
dendrites is simply that of a linear load on the soma.
3.5.2

Approaches to the Representation of HPC Structure

The possible options for representing the structure of the pyramidal cell in
simulations are worthy of review. At one extreme, the entire geometry of
the cell and its dendritic tree may be modeled in detail, with the dendritic
tree reduced to a set of branching cylinders, perhaps including the tapering
of each cylinder and the dendritic spines. The appropriate linear cable equations may then be employed to examine the steady-state input conductance
of the entire tree ([52]), assuming linear dendrites. If the transient response
is of interest, or if non-linear dendritic conductances are to be included,
representing the cable segments with compartmental approximations and
solving the network numerically is necessary ([44]).
Histological technique can supply the data necessary for this sort of representation, but the attempts to model dendritic trees at least approximate
the tapering segments as right cylinders. The hippocampal pyramidal cell
has been modeled in this fashion ([52]). In this study, the dendritic tree was
dissected into a branching structure of right cylinders, without spines. Several cells were analyzed, with the dendritic trees modeled with 300 - 1,000
cylinders per cell. Using the equation for the input conductance of a short
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cable and moving proximally from each distal termination, the steady-state
input conductance of the entire tree was derived as a function of membrane
resistivity and cytoplasmic resistivity. A study of a Purkinje neuron ([44])
represented the cell with 1089 coupled compartments. In this case the dynamic behavior of the linear cell was derived numerically in order to estimate
its linear properties.
The next level of approximation in reducing the dendritic tree consists
of collapsing branched structures into equivalent cylinders, according to the
technique developed by Ral [26] (described shortly). The complexity of the
resulting representation (i.e. how much will the tree be collapsed into larger
cables), depends on the morphological characteristics of the dendrites and
the accuracy desired by the modeller. In this model, several versions of
such a geometry were used, as illustrated in Figure 3.2. For investigating
somatic properties the dendritic tree was sufficiently represented as a single
short cable, as shown in Figure 3.2. On the other hand, as was mentioned
at the beginning of the chapter, the parameters of this approximation, the
dimensions of the soma and the cable and their linear electrical properties,
were critical to the response of the model, and their careful estimation is
important.
At the other end of the spectrum, in representing pyramidal cell geometry, is an isopotential sphere representing the entire cell. For most modelling
studi"'- of cells with a significant dendrite tree this approach is too simplified
for two reasons. First, the linear response of the sphere will consist of a simple exponential, precluding the role of the dendrites as relatively isolated
stores of charge that contribute to restoring the soma voltage after short
perturbations. Second, the majority of voltage-dependent ion channels are
believed to be localized at the soma, and that the dendrites are either linear,
or incorporate localized, lower density, non-linear conductances. Modelling
the cell as an isopotential sphere prevents considering such a distribution of
non-linear and linear membrane.
In summary, modelling with a detailed description of the dendritic tree is
necessary if one is interested in evaluated the complex information processing
that apparently occurs at the level of distinct regions of the tree. If, however,
one is interested only in somatic properties, as a first approximation the
tree may be collapsed so that its approximate load as that of a single short
cable may be evaluated. A next step in the analysis of somatic properties
may use a slightly more complicated approximation to the tree structure,
as shown in Figure 3.2, and has been used by Traub and Llinas([48])(see
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100 micons

Figure 3.2: Different model geometries used to approximate hippocampal
pyramidal cell in present study, drawn approximately to scale. The simple
soma/short-cable structure on the right was used for the majority of the
analyses.
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also Figure 3.2). In these versions, the contribution of non-linear dendritic
membrane may be considered, where the non-linear membrane is localized
in some isolated section of a dendritic branch. The simulations of Traub and
Linas have provided some interesting results in this area, but their model
parameters may not have been derived carefully enough to warrant any more
than qualitative interpretations of the behavior of their model.
After the Rail method of reducing dendritic trees has been introduced,
several methods for estimating the model geometry will be presented.

3.6

The Rail Reduction Of The Dendritic Tree
To Equivalent Cylinders

Rail has shown that under certain conditions a set of dendritic branches
emerging from the distal end of a dendritic segment may be collapsed into
a single cable whose input impedance (as seen from the parent segment)
is identical to that of the original set. The conditions for the reduction
of each set of branches into a single cable are twofold: 1) the terminating
impedance of each branch must be the same, and 2) the electrotonic length
of each branch must be equal. The electrotonic length of the new equivalent
branch is the same as the original branches, and its diameter, raised to the
3/2 power, is equal to the sum of the original diameters, each as well raised
to the 3/2 power. The terminating impedance of the equivalent branch is
equal to the terminating impedance of each of the original branches.
If the diameter of the equivalent branch or segment is equal to that
of the more proximal parent segment, then the two cables connected in
series are equivalent to a single longer cable. As long as the appropriate
conditions hold, the entire dendritic tree can be represented by a single cable
by applying the reduction algorithm repeatedly, starting from the distal
branches and continuing proximally to the soma.
The constraints for the Rail reduction are rather severe, and several types
of neurons have been analyzed to see if the above conditions are applicable.
Remarkably enough, some neurons seem to follow the so-called "3/2 rule"
(e.g. in lateral geniculate nucleus [44]), and the suggestion has been made
that the Rail reduction is quantitatively valid for them (although it is not
always clear if the authors of these studies of fully aware of the complete set
of constraints in the reduction algorithm [Rail, personal communication]).
For hippocampal pyramidal cells, the reviews have been mixed, with
quantitative studies based on detailed histological data suggesting that the
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Rail constraints are not met at all well ([52]). Despite this, the reduction
as described is still considered a good first approximation to the pyramidal
trees, and some studies have suggested that in terms of the dendritic input
impedance the Rall approximation is in good qualitative agreement with
the actual tree structure (Brown et al). Later in this chapter the responses
of a soma/single-dendritic-cable and a soma/double-dendritic-cable will be
compared to show qualitatively that the Rall reduction is a useful one even
when the electrotonic lengths of the daughter branches are not identical.

3.7

Approximation Of The Soma As An Isopotential Sphere

The so-called "soma" of the hippocampal pyramidal cell is not a sphere;
it is more of tapered cylinder with rounded ends. Further, the transition
between soma and dendrite is not well-defined, especially for the apical processes. The soma region is assumed to be well-defined, however, in the
model approximation. This region is also assumed to be isopotential. This
assumption allows the use of a sphere instead of a cylinder to represent the
soma, as long as the surface area of the soma is conserved. The isopotential approximation assumes that voltage gradients are minimal, despite the
finite cytoplasmic resistivity. It can be shown ((26], Ch. 3) that the spread
of current from a single intra-somatic point source introduces a very small
voltage gradient in the soma.
The dimensions of the soma were evaluated from the model soma used
in Traub and Llinas's model, and from estimating the dimensions from micrographs. The soma used in the Traub and Llinas model was a cylinder,
so the surface area of this soma was used to set the radius of the spherical
soma in the present model at 17.5 pm. This value is consistent with the size
of the soma region seen in micrographs.

3.8

Estimating the Dimensions of the Model Dendrites

Traub and Llinas' paper provided the default dimensions of the dendritic
cable of the model as well. In their model the dendritic tree was represented
by a two short cable basal dendrites and a short cable apical dendrite that
terminated into two short cable apical branches (Figure 3.2). The HIPPO
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model topology was initially configured the same way, using Traub and
Llinas' dimensions. In their paper, however, the effect of dendritic input
and localized regions of non-linear membrane in the dendritic tree were
investigated, necessitating the described geometry. Since at the present time
the description of soma currents is being investigated, this tree structure was
collapsed into a single cable using a variant on the Rail method.
Traub and Linas used a homogeneous R, = 3.0 Kf? cm 2 , and set R, =
75fl cm.
3.8.1

Deriving the Dimensions of a Single Cable That is the
Approximate Equivalent of Two Cables

The first step in this approximation was collapsing the basal branches and
apical branches into a single basal and apical cable. This step was straightforward since both the basal branches and the apical branches were the same
electrotonic length as their partners, and further in that the diameter of the
apical shaft satisfied the 3/2 rule with its daughter branches.
The second step was to combine the equivalent apical cable (ac) with
the equivalent basal cable (bc). This was not straightforward since the
equivalent apical and basal cables were not the same electrotonic length
(Lc = 0.8,Lbc = 0.6). The approach used was to calculate a according to
the 3/2 rule, and then calculate I so that that the single cable would have
the same steady-state input impedance as the original two cables in parallel.
First, the diameter of the single "equivalent" cable (sc) was derived from
the 3/2 rule:
= (a2 + a3 2 )2/3
(3.1)
a,,,
= a

c

be

where a. is the radius of the appropriate cable, yielding a (= a.,) =
4.3Asm. The next step was to derive the length of the single cable, starting
with the formula for the parallel input impedance of the original cables:
= )=Z~.=
0) . Z(a = 0)
z,.(4 = 0) =
= 0) + Zk(= 0)
(3.2)
From the equation for the input impedance of a short cable (Equation
3.20, derived later, with a = 0 since we are interested in the steady state
impedance, and G..,,. = 0 and C = 0, since we are interested in the
impedance of the isolated cable), Equation 3.2 becomes
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1

tanh Lac =
r , ,Scx a

tanh L. +

-+

tanh Lb

(3.3)

ra,bc x bc

r , 'c A&C

Now since

R,
Taac

=

wa2
Wa

Ri
tAbc =

am

Aac-

=
Lac

I

and if a is derived from Equation 3.1, then from Equation 3.3 we obtain
!/22
a3/
+ ab 2 tanh(Lb)
tanh(-) = aC tanh(L,
0 ) +3/2(34
3F
0/2

(3.4)

where

By expanding the tanh term on the left side of Equation 3.4, and by
making the substitution (from Equation 3.1) of

(a/ +3/13
%a=
the length, 1, of the single cable is found to be
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-ac 2

+ a '/3

2K1

In 1 + a, tanh(L.,) +
a, tanh(L.c) -

02
a2

tanh(Lbc)

tanh(Lb,)

where
1
=

1+ (g)3/2

1
02 =

1 +-(ak)-~
abc

This procedure gave 1 = 850pm, and from this L was calculated as
L = 0.69. To check this reduction, the transient response to a current step
of this configuration was then compared with the response of the original
geometry of Traub and Llinas (Figure 3.4). The responses were nearly identical, validating the approximation between these two geometries.
Important inconsistencies arise, however, when the linear response of
the Traub and Llinas model is compared with that of actual cells. These
will be examined once the data derived from intracellular measurements has
been presented. At this point, this model will be used only to establish a
reasonable set of dimensions for the HIPPO model.
3.8.2

A New Method of Estimating 1 and a For the Equivalent Cylinder Approximation From Histological Data

In order to check the validity of the dimensions used in Traub and Llinas'
model, a method was derived for estimating I and a from purely histological
data, that is, without relying on estimates of electrical properties. The
parameters used for this estimation include:
" Average length of the dendritic tree - I.. (pm)
" Average radius of the dendrite branches - a.,, (pm)
" Radii of the i proximal dendrites where they attach to the soma - ai
The radius of the equivalent short cable of the entire tree, a, is then set
by the ai's under the assumption that the radius of each proximal segment
is the same as the radius of the equivalent cylinder approximation for the
portion of the tree distal to that segment. Thus 45
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Figure 3.3: Comparison of cell geometry approximation used by Traub and
Liinas and single cable approximation used in the model. Structures are not
drawn to scale.

46

AIWD & LLNAS A4VOEL
.. SINLE CAB"E AMOEL

PIvPANE VMJTAE UILLIVOLTS]

.0

.10.0

j20.0

,3).0

Pa.

40.0

_P0.0

_70.0

Figure 3.4: Comparison of response to current step of geometry used by
Traub and Llinas and single cable approximatin used in the model.

12 2/3
aI)

a

The length of the equivalent cable for the entire tree, 1, is a function
of the average length of the dendritic tree, I.,, the average diameter of the
dendrite branches at about the midpoint of the tree, a.., and the estimated
a. Here an assumption is made that the tree can be represented by a number
of identical cables with radius a., and length I.,. As previously mentioned,
the Ral method requires that electrotonic length be conserved in the equivalent cylinder. The L for the cable representing the entire tree is therefore
estimated as

L(35)
Note that the numerator of the right hand side of Equation 3.5 is the
space constant for the "average" cable.
Since I is equal to

(3.6)

=
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Equations 3.5 and 3.6 can be combined to get
=a

This estimate for I is function only of the dimensions of the tree. The
significance of this estimate this is that I may be derived purely from histological measurements and does not depend on an assumed value for R.-den
or R,. The estimate of L, on the other hand, does depend on the estimated
values of R,-dend and Ri. Further, a, is not the same thing as the average
diameter of the proximal branches. a, must be used as defined since the
main part of the electrotonic length of the dendritic tree is determined by
the finer and more numerous distal processes. Thus the diameter of these
branches must be considered in estimating L (or I).
Typical values for a.,, for the hippocampal pyramidal cell are in neighborhood of 0.5 - 1.0 pm. At the soma there is typically either one or two
apical branches, with a diameter ranging from 3 - 10 pm (e.g. Johnston and
Brown, 1983). There are usually several proximal basal branches, with a
typical diameter of about 1 pm. A reasonable value for l., could range from
300 - 500 pm. For example, if there are two apical dendrites originating
at the soma with diameters of 3.0/pm and 4.0 pm, and there are six basal
branches at the soma, each with a diameter of 1.0 pm, with the above ranges
for a,, and l,, the estimated value for a is 3.6 pm and the estimated range
for I is 570 - 1300 pm.
As a second example, let us assume that there are two apical dendrites
have diameters of 3.0 pm and 10.0,pm, and the six basal branches stay the
same as before with diameters of 1.0 pm. Using the same ranges for a.. and
I,, the estimated value for a now is 6.8 pm, and the estimated range for I
is 780 - 1800 pm.
These values can be compared with the dimensions of the equivalent
cylinder derived from the Traub and Llinas model. The value for a in this
report was 4.3 pm, the length of the equivalent cylinders for the basal branch
and the apical branch were 555 pm and 820 pm, respectively, and the length
of the single equivalent cable that was derived in this paper was 850 pm.
These numbers compare well with the figures above. In fact the authors
comment that their estimate for I of their model's apical cylinder was "possibly somewhat small". How the dimensions of this model were derived is
not known, but presumably an analysis similar to the one just presented
was employed.
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To summarize, the dimensions of the Traub and Llinas model are in good
agreement with the previous estimate. These results will be used both in
the next section to test the validity of another report which ;mples a set of
dimensions, and later in this chapter when the final dimensions of the model
will be determined. Another estimation of the model cell dimensions, this
time based on reported parameters of CAl cells derived from intracellular
electrical measurements, will now be presented.

3.9

Evaluating Reported Linear Parameters Derived from Intracellular Measurements

The report used as a basis for this analysis is that by Brown et. al. ([7]).
In this paper essentially three parameters were derived from the linear responses of hippocampal pyramidal cells. These parameters included Rm,
which was assumed to be homogeneous over the entire cell, L and p. C,
was taken to be 1.0pf/cm 2 , and Ri was assumed to be 7511 cm. Analysis of
the response of the cell to a current step applied to the soma was based on
the assumption that the cell could be approximated by the soma/short-cable
model with a homogeneous membrane time constant. According to Rail (),
this step response can be represented by a linear combination of exponential
terms:
Vf - V =_

Ci exp(-t/ri)

i=0,oo

where V is the response at the soma relative to rest, V is the steadystate soma voltage, ro is the membrane time constant (ro = R.mCm), and
the remaining ri's are shorter time constants due to charge redistribution
down the dendrite cable. Standard exponential peeling techniques were used
to evaluate the longer ro, whose coefficient, Co was assumed to be much
larger than the remaining Ce's. Rm was then derived from the measured r 0 .
Three methods were used to derive L and p, all of which were dependent
on the soma/short-cable approximation and, as before, the assumption of
homogeneous R,,. This study estimated Rm as 19Kfl cm 2 , p as 1.2, and L
as 0.95. R, averaged about 39MfQ 2.
To evaluate these results, I constructed a model geometry that was consistent with the above values for RAn, p, rO, Rm, Cm, &j, and L. The
2

Me&ans of measurements from CAI cells.
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parameters that we need to derive for the geometry are the radius of the
soma, a,,,., the radius of the dendrite, a, and the length of the dendrite, 1.
The conductance of the soma is calcuThe first step is to derive a,o.
lated from p and R,,. Since
C dendrite

and
Gdendrite + Gaoma =

then

thenG

ioma= 11.
(-- 1 )

This gives G, m= 11.8nS. The radius of the soma is then calculated
from G.om. and Rm:
ilsma=

This results in a.,om
I and a, given by:

V

3RnTG.omah
4r

= 73 pm. Now the formula for Rin is a function of

1'-1
tanh(L) + Gsoa)

Rn -

(3.7)

where

(3.8)

L = Ix
A

Rde

=

xra

.2

a

(3.9)

(3.10)

Equation 3.7 is derived later (Equation 3.20, with s = 0). Estimates for
i and a were obtained by calculating RXn, L, and p, using initial estimates
for I and a with Equations 3.7- 3.10, and then adjusting I and a until the
desired values for Ri,, L, and p were obtained. This procedure resulted in
estimates for I = 1800pm and a = 3/m.
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Figure 3.5: Typical response to current step ([7]) (top) and response to
current step of model based on Brown et. al. parameters (bottom), where
p = 1.2, L = 0.95, Ri, = 39Mfl, a,,m, = 73pm, a = 3.0pm, and I =
1800pm.
The step response of the geometry just derived and a typical step response from the Brown et. al. paper is seen in Figure 3.5. These responses
are in good agreement. On the other hand, note Figure 3.6, where the resulting geometry and the geometry derived in the previous section are compared.
The most striking feature of the geometry derived from the Brown et. al.
data is the estimated soma radius of 73 pm. This result is inconsistent with
the dimensions derived earlier, where the ao,,. was estimated to be on the
order of 10 to 20pm. The dendrite radius of 3.0 pm and a dendrite length
of 1800 pm of the Brown et. al. geometry is consistent with the previously
derived dimensions, but these values are in the extreme of the previously
proposed ranges for a and I.
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HIPPOCAMPAL PYRAMIDAL CELL

BROWN ETAL GEOMETRY

HIPPO GEOMETRY

1W mkrons

Figure 3.6: Companison of soma/short-cable geometries derived from data
of Brown et. &I. and that estimated in this chapter with camera lucida
reconstruction of guinea pig hippocampal pyramidal cell ([52]).
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Figure 3.7: Normalized response to current step of Brown et. al. geometry
and Traub and Llinas model.

3.10

Comparison of Linear Response of Traub
and Llinas-Derived Model and Brown et.
al.-Derived Model

While the geometry implied by the Brown et. al. report is incorrect based
on my earlier analysis, the step response is assumed to be valid since this
was measured directly from cells. On the other hand, while the geometry
of the Traub and Llinas-derived model is a good approximation, as I have
shown with my estimate based on purely histological data, the step response
of this structure does not match that reported by Brown et. al. , as shown in
Figure 3.7. All these reports refer to pyramidal cells, though not necessarily
to the same subfield (i.e. CA1, CA3).
The first difference is the ro for the two models; ro for the Traub and
Llinas model is about 5 milliseconds (consistent with their value of AM,
5 Kfl cm2 ), and ro reported by Brown et. al. is about 19 milliseconds.
The second difference is between the value of p for the Traub and Llinas
model ( approximately 20) compared to values of p that have been reported
from intracellular measurements by Brown et. al. and others (p = .5 to
2). Comparing the directly measured value of p from the Traub and Llinas
model with the estimated p of Brown et. al. is valid since in the latter
case p was estimated assuming models a soma/short-cable structures with
homogeneous Am.
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As has been mentioned earlier, these disparities were reconciled by intro-

ducing a distinct Pm-.oa

and RB,.d,,d. Investigating the effect of varying

Ri was also useful. Before deriving a structure which was consistent with
the reported data, though, deriving the analytical response of the general
soma/short-cable structure (with non-homogeneous A,,) is necessary so that
the full implications of varying each free parameter may be analyzed.

3.11

Derivation of the Frequency Response of Soma/ShortCable Structure with Non-homogeneous Membrane Resistivity

So far I have presented evidence that supports using a spherical isopotential
soma attached to a short dendritic cable, with each section having a distinct
membrane resistivity, in order to represent the hippocampal pyramidal cell.
This representation, as diagrammed in Figure 3.8, is completely specified by
Rm-dd, Rs, Cm, asoma, a, B, and 1.
,the parameters
Different investigators have considered the effect of the extreme values
of B: B = 1 (infinite cable termination) and B = 0 (open circuit/sealed
end termination). Assuming that the distal dendrite processes end rather
abruptly is common, though, and therefore the sealed end assumption is
used, as is done in the present analysis.
To investigate the effect of these parameters on the linear transient and
steady-state response of the cell, as measured from the soma, I derived the
frequency response of this circuit as follows.
We start with the equation for the linear RC cable.
02 V

eV

O+T-

oqx2 -

where V = the membrane voltage at some point, X; X = the distance along
the cable from the soma, z, normalized by A; T = the normalized time, t/r;

and

T = Rm-dmd C.

The Laplace transform of the second-order partial differential equation
is taken then-to yield the second-order ordinary differential equation

d2 V
where V = the Laplace transform of V.
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Figure 3.8: Circuit topology of a soma/short-cable structure. The structure
is not drawn to scale.
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The solution to this equation is

V"= Aev"X,
Ix + be - V'T+

x

(3.11)

where A and A are constants that depend on the boundary conditions.
Now the Laplace transform of the axial current, 4a, is equal to the change
in fl with X times r., where

ra
Ia2

Thus
1zA
dX

(3.12)

r'X dX
Note the inclusion of A since X is the normalized distance. Solving for
a, in Equation 3.12 (using Equation 3.11), we obtain
I

-(Ae
r6 AX

i. =-

X

*eX)

-

The boundary conditions are set at X = 0 (at the soma), and X = L
(at the end of the cable). At the soma, the axial current I. is equal to the
sum of the soma currents ij(X = 0)

=

i,.u.

_

-r(A-

- lp.o..Gso.a -,9f'.o..C'

A )

where C' is the capacitance of the soma normalized by the dendrite time
constant -

C1

o

(3.13)

trp.dgrte fra~oma

At the end of the cable since the terminating admittance = 0 then I = 0,
thus

Ja(x = L) = 0
-

'T (Ae f
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L

-

be-%r/ L)

so

e

'

L

-

"

=

B

=

Ae2v'IL

(3.14)
(3.15)

Now since

V'(x =

=

VomG

0)

=A+h
then
toma=

A(1 + e2

''

L)

(3.16)

Solving for 'atimuju -

/..

=

A(1

+ sC') +

+ e2V*L)(G.o.

A

(e2l/-fL

-1)

(3.17)

Now we can find A and B from Equations 3.15 and 3.17 -

A= -r,+' (e2V,/rIL

-

=
)rI (e2V*-IL

istimu,

1) + (1 + e2V ',+CL)(G..+
I' 'n''

-

2 "v'D

1) + (1 + e2VTL)(G..,,

(3.18)

(C.)

(3.19)
+ SC')

And finally from Equations 3.16, 3.18, and 3.19 we obtain
I,tim= (1 + e2V lL)M4

(e2v' +IL -

1) + (1 + e2VT+IL)(G,M, + SC')

which gives the expression for the input impedance as seen from the soma,
Z.m'(8) -
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i.mulu

Z.O71 (s
I

(e2V;

n--

(1+ e2v -LL)
1) + (1 + e2 .V'L)(Goom.

+ sC')

In more compact form this is

Z, om (=

tanh(V7WTL) + (G,.,, + C'))

(3.20)

This expression for Zeom,(s) was not amenable to attempts to perform
an inverse transformation. However, when
Rm-°onM

= R.-_de

that is for the case of a homogeneous membrane time constant, the expression for Z 0,,,(s) simplifies somewhat and the inverse transform for this case
has been derived. This is a rather complicated expression involving an infinite series, each term of which involves a product of exponential terms and
a finite summation of the product of other exponential terms with parabolic
cylinder functions ([27]).
Since an analytical expression for the inverse transform of the soma
response could not be obtained, the response was analyzed in two ways
- examining the frequency response directly and using DTFT techniques
to estimate the temporal response (impulse response and step response).
In order to evaluate the frequency response, the magnitude and phase of
Z.,,,(s = jrw) were derived (note that the factor of r is required because
the Laplace transform was taken with respect to normalized time). So, from
Equation 3.20 -

C ev j " L))+(Gm.
'- rI
A.,~(w(1
[+~F

+ jwC)]

(3.21)

The first step in this derivation was expressing the square root of (jrW +
1) in rectangular form -
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1+

=

++
2

/-1 + Vi(
2

+j

Letting
1 + /I + (T"W) 2
=2

/-1+N/1- ( ' )
the exponential terms may then be expanded )

'L
e-2 1-'r"

= e-2L(q+j&,

=

e-2 1 1(cos(2Lv)

-

j sin(2Lv))

Equation 3.21 can be rearranged to give the real and imaginary parts
of the frequency response -

a+j#
Z(jw)

=

.(-a-y +,86)

a6 + 6- +72

62+y2

+

and thus
2 +:2

IZiW)I=

62+y2

+
PhaeCZ(jw))= tan\,-&+-

a6 + /3Y)

a~e~~3w,,
where
c = raX[1

+ e2"2L cos(2Li,)]

59

- -raAe

-2

Ln

sin(2Lv)

6 = -+r
1 a cos(2Lv)+raArwC sin(2Lv)I
8 AG.oma-+e-2La[-1 cos(2Lv)-v sin(2Lv)+r.AG.O,
-y = v+r,,ArwC+e-2 La [q sin(2Lv)-Pcos(2Lv)+r.ArwCcos(2Lv)-r.AG.oa sin(2Lv)]

These formulas were used to see how varying some specific parameters
while keeping the remainder constant changed the frequency response. In
particular, these results were used in investigating how parameters that are
derived from the transient response are affected when the directly measured
parameters are kept fixed and some other derived parameter is varied.
To summarize the results so far, I have proposed that the following
parameters are either known with a fair degree of assurance, or may be
estimated: Cm, R, a.,, R,,,, T"o, B, and a limited range for a and I of
the equivalent dendritic cable. On the other hand, I have shown that the
reported values for Rm are inconsistent with the other data available for
these cells, and in fact the soma and the dendrites may be approximated as
having distinct membrane resistivities.
The problem of estimating the geometry of the model is therefore determined by the following constraints - estimate for the soma radius, estimate
for the range of cable diameters, estimate for the cable length, input resistance, observed time constant, estimate of membrane capacitance, and
the estimate of cytoplasmic resistivity. The free parameters then include
-oma,
-ddand a. The results of this estimation will be presented
in the next section.

3.12

Simulating the Step Response of the Brown
et. al. Geometry with Alternative Models

Once the frequency response of the general soma/short-cable model was
derived, I attempted to find different values for the membrane resistivities
and the cytoplasmic resistivity that would yield step responses similar to
that of the model derived from the Brown et. al. parameters.
The constraints included a.,, = 17pm, Ri, which was set at 200 fl cm,
r0 = 19ms. Rj, = 39MI1, and C. = 1.0pf/cm 2 . Rm-dm was then set at
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either 30, 40, or 50 kQ cm, and a, was set at either 5, 6, or 7 pm. For a given
combination of R,-dend and a both Rm,.-.omo and I were then varied until
all the above constraints were met. For this analysis the electrode shunt
resistance was not specified, thus Reoa reflected both the leak conductance
of the soma and the electrode shunt resistance.
The step response and the frequency response of the resulting structure were then compared with that derived from the Brown and Perkel
model. The parameters were adjusted under these constraints to derive several structures whose time response was consistent with the data. The complete parameters for these structure are listed in Table 3.1. The responses of
these structures were clustered into three groups, each group characterized
by a common value for a. The responses for structures B, C, and D were
almost identical to each other, as were the responses of structures E and
F. Therefore, the analysis suggests that the diameter of the dendrite cable
was the most sensitive parameter in determining the linear response of the
soma-cable structure.
For the majority of the simulations, including all those presented in this
thesis, version "C" of the model structures was chosen as representative of
the family of model structures. In this case the value for Rm..-ded of 40
Kf1 cm 2 is a similar to the value for Rm.-dend (approximately 40 K1 cm 2 )
estimated by Shelton for Purkinje cells, and is much higher than the values
of Rm that are quoted consistently in reports on hippocampal pyramidal
cells. Also, this model has an Ri of 200 fl cm, which is also in line with
the value of Ri estimated by Shelton, as described earlier. The value of a
(6.Opm) and 1 (1200pm) is consistent with the values estimated earlier in
the chapter (Section 3.8.2).
The step responses for structures A, C, and F and that derived from the
Brown et. al. data are shown in Figure 3.9. An expanded view of these
response is shown in Figure 3.10. In this figure the effect of the smaller
soma time constant in the model structures is seen as the response of these
structures initially decay much faster than the reference structure. However,
as shown in Figure 3.11, all four responses eventually settle into a single
exponential decay with the same time constant of 19 ms. The magnitude of
the frequency, responses for the same structures are shown in Figure 3.13,
and the phase of the frequency responses for these structures are shown in
Figure 3.12.
There are several interesting features of these simulations. The first is
that the values of p and L vary greatly for the different structures - between
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Model 1 a(pm)J R,,,_.e,,d (KfM cm 2 )

Ro,..(f? cm 2 )

l(mm)

A

5.0

50

720

1350

2500

L I p
0.54 0.43

B
C
D
E
F

6.0
6.0
6.0
7.0
7.0

30
40
50
40
50

1100
850
750
870
760

1200
1200
1200
1050
1050

2121
2450
2738
2646
2958

0.57
0.49
0.44
0.40
0.35

A(ym)[

1.2
0.69
0.50
0.74
0.53

Table 3.1: Parameters of model structures derived to match the ro (19ms)
and Ri, (39 Mfl) of the Brown et. al. data, with Ri = 200 0 cm , a,a =
17pm, and C,,, = 1.0jf /cm 2 . The values listed for structure "C" were
chosen for the model.
Voltage@ (Nor-Wzvd)

#ol'e

C

.5

""..: , ._

rTen'
tSecotds)

Figure 3.9: Normalized response to injection of somatic current step for
Brown et. al. structure , and representative alternative structures (A, C,
and F, ref. Table 3.1) consistent with histological measurements.
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Figure 3.10: Expanded view of Figure 3.9, showing difference in the initial
part of the somatic current step responses.
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Figure 3.11: Semi-log plot of Figure 3.9, showing the rapid approach to a
single exponential decay (TO = 19 mns) for all the structures.
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Figure 3.12: Phase of frequency response for Brown et. al. structure , and
representative alternative structures (A, C, and F, ref. Table 3.1) consistent
with histological measurements.
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Figure 3.13: Normalized magnitude of frequency response for for Brown et.
al. structure , and representative alternative structures (A, C, and F, ref.
Table 3.1) consistent with histological measurements.
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1.2 and .43 for p and between .35 and .57 for L. This shows that the methods
typically used for estimating p and L are not reliable unless the cell has a
homogeneous membrane time constant.
The most distinctive difference in the characteristics of the structures
with a non-homogeneous membrane time constant and the structure based
on the Brown et. al. data is in the phase of the frequency response. For all
the structures with non-homogeneous Rm the phase deviates from that of
the structure with homogeneous Rn at a frequency of about 100Hz. This
difference does not manifest itself strongly on the temporal responses, however, because of the attenuated response above 100Hz.
The characteristics of the phase response for the simulated cell structures
suggest that evaluation of the linear parameters discussed in this chapter
may be better served by analyzing the frequency response of the cells under protocols that ensure a linear response. Since the interesting part of
the phase response occurs at frequencies where the cell impedance is relatively small, spectral estimation using averaging techniques or white-noise
approaches may be applicable.
The values for R,.a and Rdendrite differ by about two orders of magnitude in all the derived structures. If the contribution of an electrode shunt
is considered, this difference is reduced, but by only a factor of about two
since the typical soma resistance (including the electrode shunt resistance)
is around 70 MQ and the electrode shunt resistance is about 100 MfO as
estimated earlier.
In summary, there are many versions of the soma/short-cable model
that can give the same r 0 and Rin with differences in the distribution of Rm
between soma and dendrite, and realistic variations in a. Examination of
the frequency response indicates that this measurement may provide a way
to better estimate the electrotonic parameters of these cells, particularly
under the assumption of non-homogeneous membrane resistivity. While the
magnitude of the frequency responses for the various structures are rather
similar, the phase of the frequency responses differ markedly, and this metric
may be usefully exploited in order to better estimate the linear parameters
of the soma/short-cable model.
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Figure 3.14: Step response of Soma-Cable Structure a) Inverse FFT of Analytic Solution b) Model with 1 segment c) Model with 2 segments d) Model
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3.13

Discrete (Lumped) Approximation To Dendritic Cables and Comparison Of HIPPO
Results To Analytical Solution Of Linear
Cable - Dependence Of Segment Dimensions

Once the response to a current step of the soma/short-cable structure was
derived from the inverse DFT of the analytical frequency response, the compartmental approximation of the cable was evaluated by comparing the
model's response in current clamp simulations to the estimated response
of the continuous cable. In Figure 3.14 the response of the model with different numbers of compartments is compared to the estimated response. As
can be seen in the figure, the response of the model with 5 segments is in
very good agreement with the estimated response.
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1.

3.14

Summary of Results from the Determination of Electronic Structure

To recapitulate, the HIPPO model electrotonic parameters are as follows:
" a.... = 17prm
" a = 6.0m
" 1 = 1200am
" R,*unt = 100 Mf?
"

2
Rm-,oma = 850 Q cm

2
* R,-dend = 40 K1 cm
Ri = 200 1cm
2
* Cm = 1.0pf/cm

.B=0
A
\ = 2450 ,m
• L = .49
* p = .69
ro = 19 milliseconds
R, = 39 MQ
*Ejk

3.15

=

-70 millivolts

Is It Important to Capture Dendritic Morphometric Characteristics?

The results described here tend to confirm that the actual geometry of the
dendritic tree may not in itself be critical to somatic response. For example,
the Rall reduction is reasonably accurate even if the constraints specified
in this algorithm are not met exactly. What is very important, however,
is the various parameters that characterize the tree (or its equivalent single
cable) as a whole, that is as a lumped element (cable). This result has been
reported elsewhere ([51]). Specifically, the equivalent cylinder approximation works well even when the constraints on subsequent cable diameters
and conservation of electrotonic length are not met exactly. The parameters
characterizing that cylinder are important to the electrical load as seen by
the soma, however, and can have a large effect on the processing of information that occurs there.
As shown, the assumption of a homogeneous membrane time constant
allows the construction of a soma/short-cable approximation of the pyramidal cell whose linear response closely matches that of the real cell. On the
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other hand, this construction is inconsistent with histological measurements,
and a structure with a non-homogeneous membrane time constant can be
proposed which successfully addresses these problems.
Although the two constructions yield models with distinct frequency responses, the significant differences occur at frequencies that are substantially
attenuated in both structures, so that the step responses are rather similar.
Why, then, is it important to revise the earlier model with the homogeneous
membrane time constant? As shown, although the somatic responses of
the two models are similar, the values of p and L are very different. This
is important when considering the role of the dendritic tree in integrating
synaptic input. In particular, the smaller L that has been suggested in the
present study indicates that the dendritic tree is more electrically compact
that previously thought. In functional terms, this means that there is less
distinction, from t'e point of view of the soma, between distal and proximal dendritic input. This could enhance the computational flexibility of the
dendritic tree since a fundamental limit such as linear attenuation of EPSPs
and (possibly) IPSPs will be reduced by the smaller L, and selective enabling/disabling of various sections of the tree could be accomplished more
effectively by non-linear mechanisms (e.g. other synapses).
The effect of the lower p that is indicated in the present study is to
reduce the burden on the somatic conductances imposed by the dendritic
load, for example during the spike depolarization and repolarization.
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Chapter 4

APPLYING THE
HODGKIN-HUXLEY (HH)
MODEL OF IONIC
CHANNELS TO
PUTATIVE
HIPPOCAMPAL
CURRENTS
4.1

Introduction

n extension of the Hodgkin-Huxiey (HHi model of ionic channels in the
squid axon ([21].[20].[22].[23]) is the foundation for the description of the
hippocampal pyramidal cell ion channels that are used in the model. This
c mes ibout in two ways. First. many of the currents that have been des(-ibed in the literature have been fitted to HH-like models to start with.
Second. when this model has been used either to augment sparse voltage
clamp data on a particular current or to propose currents whose existence
is defended purely on phenomenological grounds. these currents have been
constructed using HH-like mechanisms. Examining the HH model in detail
is therefore important in order to establish some of the key assumptions in
.-
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the HIPPO model.

4.2

Background of the HH Model

In the early 1950's Hodgkin and Huxley postulated that the electrical activity of the squid axon was due to two time-dependent non-linear conductances. one of which was specific to 'a+ ions and another which was specific
to K+ ions. This result was based of data obtained with the newly-developed
voltage clamp met hod for measuring electrical properties of non-linear membranes. Using the voltage clamp protocol and various manipulations. including replacement of the NaCi in the external medium with choline chloride
to eliminate the Na + current. Hodgkin and Huxley measured the timeconstants and the steady state values for the two conductances as a function
of the membrane voltage.
Noting the sigmoidal characteristic of the activation of the Na+ channel
as the membrane was depolarized, and the fact that the channel inactivated
a short lime after ii was activated, a model for the Na + channel was derived
that included four '*gating- particles (three so-called m activation particles
and one h inactivation particle). These particles can be thought of as distinct
regions of the channel protein, each of which can be in one of two stable
conformations or states. conducting (open) or non-conducting (closed). For
a given channel to conduct. all of its gating particles must be in the open
state. The macroscopic conductance of the Na + channel. gx,. was expressed
as

gxv = rn3 h§.,v,
where 0 < m. b < I and §.v, is the maximum conductance for the ensemble
of Na + channels in the membrane. Hodgkin and Huxiev determined that
the transition between states is governed by first order kinetics, and the rate
constants for this transition are functions of voltage, as will be described
later. The likelihood of whether a given particle will be open or closed is
therefore also a function of voltage.
The sigmoidal activation characteristic under voltage clamp arises from
the third powft of the m gating particle. This number was determined
by Hodgkin and Huxley by fitting powers of exponential relaxations to the
observed kinetics. In a similar manner. the macroscopic conductance of the
K+ channel in the squid axon was described as being determined by four
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gating particles. n. The macroscopic conductance of the K+ channel was
expressed as gK

=

n 4 9JK

where gK is the absolute conductance for the ensemble of K* channels in
the membrane.
The transient behavior of the Na+ channel during excitation of the neuron. through its activation and subsequent inactivation, was explained by
the voltage dependencies of m and h. and the different voltage-dependent
functions for the time constants of rn and h. The steady state value of rn
is a monotonically increasing function of the membrane voltage, while the
steady state value of h is a monotonically decreasing function of the membrane voltage. In addition. the time constant for n is smaller than the time
constant for h at a given voltage. The result is that on depolarization ni
will adapt to its (more open) steady state value quickly while h will lag behind in its (more open) hyperpolarized steady state. The channel will begin
to conduct with the increase of m. In a short time. however. h will relax
to its (more closed) steady-state value at the new (depolarized) membrane
voltage. Even though the three m "particles" are in the open state. the
subsequent closing of the single h "particle- will shut the channel down and
turn off the Na+ current .
Once Hodgkin and Huxley had a description of these two non-linear
conductances and the linear parameters of the cell. they" were able to numerically reconstruct the action potential in the squid axon. In the model
of the hippocampal pyramidal neuron, several distin:1 currents. mediated
by different ions. are described using variants on the HH model theme.

4.3

Extension of the HH Description to Pyramidal Hippocampal Cells

The Hodgkin and Huxley model approach can be extended' to describe
some of the currents found in other electrically non-linear cells. Analysis
of other currents is undertaken here under the assumption that they are
based on mechanisms which undergo first-order kinetic transformations between cpnducting states and non-conducting states. By both qualitative and
quantitative analysis. plausible mechanisms underlying non-linear currents
'The notion that this report -extends" on the HH model is discussed in Section 4.8.
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may be deduced. These descriptions are typically based initially on voltage
clamp data. As will be explained shortly, this protocol can measure the
time constants and steady state values for the kinetic events controlling the
conductances behind these currents. assuming that. indeed, such a kinetic
description is valid.
4.3.1

The Voltage-Dependent First-Order Kinetics of HHlike Conductances

To recapitulate. in the HH model each current in the electrically-active cell
is assumed to correspond to a specific type of ionic channel. which in turm
is comprised of a protein conglomeration that traverses the membrane. In
each channel ions travel through a luminal trans-membrane aqueous phase.
driven by the driving potential for the channel. As reviewed in ('hapler
2. this driving potential is a function of the membrane voltage and the
trans-membrane concentration gradient of the carrier for that conductance.
according to the Nernst equation or the Nernst-Goldman equation.
The transitions of the particles between states are governed by firstorder kinetics. Each slate or conformation corresponds to a free-energy
well. with a single high-einergy rate-determining barrier between the two
states. Movement of the gating particles between states is assumed to be
accompanied by a movement of charge. causing the slate-transilion kinetic,
to be dependent on the membrane voltage. These gating particle, are region,
of the protein that (a) can reversibly mediate the conductivily oflip channel.
possibly via sleric factors. and (b) have a sufficient dipole moment and
freedom of movemeit so that they may act as voltage-sensor. changing the
conformation of the protein or protein group as a function of the electric field
across the channel. The magnitude of the voltage dependence is derived from
the Boltzmann equation which specifies the probabilities of state occupancies
according to the free energies of the states.
In practice, voltage clamp protocols. in which the membrane relaxation
currents are measured as the cell membrane is -clamped- at different potentials with a microelectrode. are used to measure the kinetics of the various
currents. This technique assumes that the kinetics of different currents can
be measured independently, either because different currents are activated
over non-overlapping membrane voltages, because the time courses are distinct. dr because the currents have distinct pharmnocological sensitivities.
Implicit in this approach is the assumption that different currents interact
only through the membrane voltage. In fact. in the case of currents which
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are dependent on the movement of Ca++ into the cell simple voltage-clamp
measurements may give misleading results. Whatever independence exists
between the different currents is exploited by the electrophysiologist as he
devises protocols for intracellular measurements.
The macroscopic conductance of given type of channel is determined by
the proportion of channels in the open state. the conductance of a single
channel. and the total number of channels of that type in the membrane.
For example. if the conductance of some channel Y is controlled by a single
gating particle, and the proportion of open gating particles is x.then the
macroscopic conductance of that channel type is expressed by
g) = . . #y

where gy is the actual conductance for the channel current Jy. and gy is
the maximum conductance for that current. The factor .r is equivalent to
the probability that the gating particle for a single channel will be in the
open state. As will be shown. .2 is both a function of the membrane voltage
and of time.
The macroscopic voltage- and lime-dependence of the channel conductance arises from the first-order kinetics that the gating particles obey in
their 1ransition between tleir open and closed states.
closed ( I - x)

- open (.7)

Here j- represenis the fraction of channels in the open state. and 1 - x
represents the fraction of channelk in the closed state. na and I are the
forward and backward rate constants for the reaction. respectively. This
relationship yields the simple differential equation relating the derivative of
.(f). .i'().with the steady state value of .r. .r. and the time constant for
the reaction. ',i

at'=z,
- x(I)

where x. and rv.
can be expressed in terms of the rate constants a and 3 ='---

a -1-.

+1
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Figure 4.1: Energy diagran for gating particle states with no applied menibrane voltage. The stable open and closed states correspond to the lowenergy wells. The high-energy transition state is the rate-limiting step.
which is the relative position of the transition state within the membrane.
can be between 0 and 1.
As will be discussed later in the sections on the various non-linear currents in the model. in the literature current kinetics are occasionally determined empirically in terms of an -o - .3-type formulation. For most
currents. however, the voltage dependence of z, and rT.
is the figure that is
reported.
The energy profile for a gating particle in the single barrier model is
shown in Figure 4.1.
As mentioned earlier, the rate constants for the transitions from one side
of the reaction coordinate to the other is given by the Boltzmann equation.
which is a function of the difference between the energy of the rate-limiting
step and the initial state. The expression for the forward rate constant in
the absence of anapplied voltage. oo. is no = e*V

(4.1)

where .I; is the free-energy difference between the closed state and the
7.5
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across the membrane.
Figure 4.2: Energy diagram with applied voltage -1"'
transition state. R is the gas constant. T is the absolute temperature. and
C is a constant.
The voltage-dependence of the kinetics arises from the distortion of the

above energy diagram when a voltage is applied across the membrane. as
shown in Figure 4.2. The applied voltage changes the difference in free
energy between the stable states and the transition state. The effect of the
voltage is reflected in the expression for the rate constants as follows a = aofz- A!

(4.2)

3 = Joe - 20 - OA(

(4.3)

where

-%

=

(4.4)

z is the effective valence of the gating particle, and -; is the position of the
transitidn state within the membrane. normalized to the membrane thickness. .i" is equal to V - V". where V is the membiidne voltage and 1 is
2
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Figure 4.3: The steady-state (.2) curve for the hypothetical gating particle
x. z= . Vi = -20m '.
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the membrane voltage at which n equals no and .3 equal 1o ([26]). F is
Faraday's constant. Normally. (0 and 3o are taken as equal. This can be
reconciled wiih the different energies of the stable states as shown in Figure
4.2 by adjusting "1 .
Since the backward and forward rate constants are functionb of the menibrane voltage, the values for the time constant and the mean steady-state
(from now on referred to as the steady-state curve) are also functions of voltage. The resulting expression for steady-state curve is a sigmoidal function
1
X

(4.5)

-1

This type of characteristic is shown in Figure 4.3.
The expression for the time constant is a skewed bell-shaped function of
the voltage =

+o0 + o
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(4.6)
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Figure 4.4: The tinie constant (7,.) curve for the gating particle x. with
.= 0.3.
-=
1. = -20a1
r0 = 0 and 0.3milbseconds.

An example of quch a function for the time constant is shown in Figure
4.4. As referred to earlier, including an additional assumption of a linear
rate-limiting niechanism on the gating particle transition was useful. For
example. drag on the gating portion of the protein as it changes conformation
will place an upper limit on the rate constant, of the gating transitions. As
equation increase exponentially
the rate constants defined by the Boltzmann
0
with voltage, an assumption was maG, that at some point other intrinsic
aspects of the channel protein woul pievent an arbitrarily fast transition.
For the simulations this factor was. as a first approximation. taken as a
specific constant mininiurn value for the time constant, 7o. for each of the
current*s gating particles. This is illustrated in Figure 4.4.

4.3.2

Activation and Inactivation Gating Particles

There are two types of gating particles: activation gating particles (activation var'able) and inactiration gating particles (inactivation variable). The

steady' state curve for an activation particle increases with depolarization:
the steady state curve for ani inactivation particle decreases with depolar-

ization. This characteristic is determined by the sign of z an activation particle and negative for an inactivation particle.
tion and inactivation particles therefore have opposite effects on
conductance with depolarization - the activation particle opens
ization and the inactivation particlp closes on depolarization.

4.3.3

positive for
The activathe channel
on depolar-

Transient and Persistent Channels

The type of gating particles in a channel determine whether it is a transifni
channel or a pXrsistent channel. A persistent channel has only activation
particles: this type of channel will stay open upon prolonged depolarization.
A transient channel. on the other hand. is only open for a limited time upon
depolarization: a typical scenario is that upon depolarization the (typically
faster) activation particles relax to their open state and thus. along with the
already open (because of the lowE. Iolding potential) inactivation particles.
the channel conducts. After some delay the slower inactivation particles
relax to their closed position at the depolarized level, and thus close the
channel.

4.3.4

Activation/De-inactivation and Inactivation/Deactivation

Recall that for a given channel to coniduct. all of its gating particles must be
in the open position. regardless of whether they are classified as activation
or inactivation particles. Wlhein describing the change of the conductance
stale of a channel. then, soine clarificationi of n,omenclature i useful. \\Wheni
a channel goes into the conducting state because of the movement of an
activation particle into its open position (state). then the process is called
actiration. When a channel goes into the conducting state because of the
movement of an inactivation particle into its open position. then the process
is called d-inacti,ation. When a channel goes into the non-conducting state
because of he movement of an inactivation particle into its closed position.
then the procs is called inactiration. And finally, when a channel goes into
the noii-condu "ting state because of the movement of an activation particle
into its closed poSition. then the process is called dtactiv'ation.
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Fitting the HH Parameters to Putative Current Kinetics

4.4

Fitting the HH model to the behavior of a giveti current began under the
assumption Ihat the channel responsible for the current had only one or two
types ofgating particles - either there was a single activation particle or there
was an activation particle with an inactivation particle. The number of any
given particle in, a single channel was constrained to be at the most four.
but in practice the inclusion of more than four duplicate gating particles
had little effect on the overall kinetics of a channel.
The first step in formulating the expression for a given current was
to determine its activation/deactivation and/or inactivation/de-inactivation
properties. By examining voltage clamp and/or current clamp records. the
relevant questions were as follows:
1. Does thp conductance in question increase on depolarization. independet of factors such as ('a 2 + entry? If so. then the conductance is
likely controlled by at least one activation particle.
2. I,the conduclanco lraiisiew. i.e. is Ilse conductance removed after
activation without repolarizalion! If so. then the conductance is likely
mediated by at least one inactivation particle.
3. Is there any relalionship between the activation of (a2+ and the presencp of the current in question? If so. the possibility that such a
relatioisliip may mimic or mask vollage-dependent activation or inactivation must be considered.
Once the basic type of particles that govern the channel were determined.
it remained to estimate the parameters for each particle. For each gating
particle (for each current ) the free parameters included:
* U
12 - the voltage at which a and 3 are equal
* -- a measure of the symmetry of the systemi (0 <

<

I)

SO - the effective valence of the gating particle (iypically z ranged from
3-to 30)
•

00 -

the forward rale CODS1 alt Whell
SOg

"=

IV

*
*

30 - the backward rate constant when V = V,i
"o - the minimum time constant of the gating particle (typically ro

ranged from 0.5 milliseconds to 4.0 milliseconds)
The first step in fitting the parameters was to adjust the steady-state
activation and inactivation curves according to the available data. For some
currents there was more or less complete voltage clamp measurements of
these curves, while for others only the steady-state conductance as a function
of voltage was available (ref. Na+ currents. Chapter x). Note that in
the latter case. if the current in question is transient then the steady-state
conductance will be a measure of the product of the some power of an
activation variable and some power of an inactivation variable (the window
current ). As referred to earlier. ao was taken as equal to Jo in the estimations
of current kinetics, with no loss of generality.
Adjusting the steady-state curve for a gating particle is straightforward.
1"_ is simply the voltage where the steady-state curve is equal to 0.5. as
implied in Equation 4.5 and shown in Figure 4.3. Once Vi is estimated. z
is then adjusted to set the steepness of the steady-state curve as required.
Unless good measurements on the time constant for a current were available. manipulating the remaining parameters to yield different functions of
the time constant was ofteni a tricky procedure. The data for each currell
gave different clues as to the forin of this function. and for some currents
it was not possible to derive a unique funclio, until the current was reevaluated in light of modified description of another current. In a few cases.
however, a particular function for a particular variable turned out to be not
critical (e.g. the y gating particle for IDR. whose lime constant only had to
be greater than some value. irregarless of voltage).
4.4.1

Effect of Gating Particle Valence

Observing how the variation in the free parameters affects the steady-state
and time constant curves is instructive since this process was integral to the
development of the conductance mechanisms. Figures 4.5 and 4.6 illustrate
how the differeat values of : change the steepness of tle steady-state curve
and the sharpness of the time constant curve.

6(A

--

Z

a

aC.

TT A4

PGM0PArCf

~A

a'I

Fig~urp 4.5: Effect Of the Valence.
of lte gatinig particle. .r. on the .rx
curve. Note that this is an activation galing particle. UV. -20,nU.

1;

Z.JALAO

a
--

AAiLa
00

%I

Fizurp 4I.6: Efrect of t Iv.. dleflCe :oft hI
wg~diIg particle. xc. orn t he - curve.
ii=-2Oml'. The timp cale i, arbitrary ~ic it is liniearly scaled by OC.
,0 s set to 0. and - is set to 0.5.

I'l
I
'

I
/

I
I

I !~
I

,

I

!"

.
I

j

I

I

i

',.
/.AM 4IML
AWA 0.2

44 o

~

Figure~~~
4.7:
Efcofterltiv

Ga

J

E," g

P

a......

posiion

Figure 4.7: Effecsof le howtie smtiony

of

th

of the

rniin

tt

i

temasto secifed byhi

affects the curve for the time constant for -- = 16. Extreme values of -1 (i.e.
close to I or 0) cause the time constant to change abruptly*at some voltage
so. to a first approximation. as a function of voltage the time constant
is either large or relatively small. This sort of characteristic was used to
advantage in constructing sontc of the current kinetics. For example. as will
+
the inactivation timne constant for one of the .\a
he outlined in Chapter .5.
currents. I\-e.needed such a precipitous characteristic in order that it
-onl.y spikes.
reproduce repetitive .\'

4.4.3

Effect-,of the Number of Gating Particles in a Given
Channel

.More than one gating particle in a single channel causes a delay in the net
eff'et of that Particle type when the membrane voltage changes. This delay

)4

increases with the number of particles in the channel. Increasing the order
(the number per channel) of the particle also makes the (effective) steadystate curve steeper and more depolarized (hyperpolarized) for activation
(inactivation) particles.
Another importan effect of the number of gating particles is how the
resulting steady-state characteristic changes. Specifically. the activation or
inactivation curves measured with the voltage-clamp protocol do not indicale
the voltage-dependent steady-state characteristics of each particle. Rather.
the resulting curves reflect the behavior of the ensemble of particles, a point
that is not often made clear in the literature. If a channel is assumed to
be governed by N activation particles. for example. then the steady-state
curve for a single activation particle is found by taking the Nth root of the
(overall) steady-state activation characteristic.
In the following chapters the voltage-dependent steady-state curves for
both the individual gating particles for each current will be illustrated. In
addition. the apparent steady-state curve of the appropriate ensemble of galing particles will be illustrated (depending on the number of gating particles
assigned to a given conductance). as might be measured by the voltageclamp protocols.

4.5

Procedure for Fitting HH Parameters

The parameters governing the kinetics of each current in the model were
determined according to the data for a given current. At one extreme.
nom-ambiguou voltage clamp data that was almost complete specified most
the relevant parameters - for example the steady-state activation curves
+
for IQ and 1.1. At the other extreme. for example for the putative .a
currents. only meager voltage clamp data was available, augmented by extensive. though much more ambiguous. current clamp data. In these cases
the steady-state activation curve or activation and inactivation curves as
appropriate, had to be estimated and then checked with steady-state voltage clamp simulations. The functions for the time constants would then be
estimated. consistent with the z and V, parameters that had been set b%
the stead. -stat4 characteristics. Simulations would then be used to check
the resulting kinetics and. if necessary. the functions would be modified (e.g.
changing - or o0) to yield better behavior. For all the currents specific time
constant data was either incomplete or non-existent. These functions were
iteratively derived by running current clamp simulations of certain proto$5

IIU

I

I

cols for which I had data to compare the model behavior with. Note that
these parameters amount to verifiable predictions of the model, assuming
that experimental protocols may be devised that record the time and voltage
dependence of different currents in isolation.
In Chapters 5. 6 and 7 the parameters for the model currents will be
presented. along with the resulting curves for the steady-state and time
constant functions.

4.6

Temperature Dependence of the Gating Kinetics

Temperature dependence of the kinetics described here has several elements.
all of which ultimately derive from the temperature term in the Boltzmann
distribution (eqns. 4.1 and 4.4). However. some of these relationships are
handled explicitly while others are estimated.
Consider the expression for the forward and backward rate constants. o
and .1 (ref. eqns. 4.2 and 4.3). Each expression evaluates to the maximum of
two expressions. a product of two terms and (in the current approximation)
a voltage-independent rale-limiting term. The product is formed by a base
reaction rate term that ultinatelv derives front a Boltzmann distribution.
although the factors in this expression are not specified. The second. voltagedependent term in the product is also a Boltzmann distribution, however.
as has beeii shown. each term in this distribution is specified. Therefore.
the temperature dependence of the base rate is undefined while this dependence for the voltage-dependent term is explicit. Likewise. the temperature
dependence (if an.) of the rate-limiting term is undefined.
The base rate term and the rate-limiting term the temperature dependence was therefore assumed to be similar to that generally observed for
biologic reactiois. where a Qio of 3 is typical 2. This factor is used to derive
a coefficient for the rate constants as follows:

Q1o-faior,

Q103

where T is th, temperature and To is the temperature at which 0 0.6,,
is determined. Q1o-facor is then multiplied with the both the base rate
2

This factor is dependent on different currents. as appropriate. The Q10 for ],% is set
to 5. based on Halliwell and Adams. 1982 [16]. and the Qio for the \*a+ currents was also
set to 5 in order to improve the performance of the model.
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term and the rate-limiting term as a first approximation to the effect of
temperature of these terms.
Note that the temperature dependence that derives from the voltagedependent term is (by definition) voltage-dependent. The effect of the temperature on this term disappears when the membrane voltage is equal to
lV2 for a given gating particle, and the effect on the voltage-dependent term
increases as the membrane voltage moves away from Vi . However for most
gating particles of the model this effect is smaller thait the Q10-a1 cto,. due
to the small value of z.
Another temperature dependence arises from the coefficient of the exponential term of the Boltzmann expression. To a first approximation this is
typically taken to be a constant (as is done in this model). However. reviewing the significance of this term is instructive. This term is the -pacemakerfor the reaction. as it denotes the effective state transition frequency. whereas
the exponential term (as explained before) relates the probability of reaching a given state after a transition. According to Eyring Rate Theory ([19])
this pacemaker term is proportional to the temperature (derived from the
frequency of molecular vibrations = kT/h. where k and h are Boltzmajin s
constant and Plank's constant. respectively).
This term contributes a linear temperature dependence of the rate constants. whereas the previous temperature-related terms were exponential
functions of temperature. C(onsidering that temperature is in degrees Kelvin.
the linear contribution will be negligible on the rate constants when temperature range.s over ten degree., e.g. betweeii 29 ° K (250 (') and 30k: 1h
(350 C). The present assumption of a constant coefficient for the exponential
terms in eq. 4.5 and eq. 4.6 is therefore justified.

4.7

Adequacy of the HH Model for Describing
the Kinetics of Putative Hippocampal Channels?

The HH model of ion channels is clearly a simple one. First. assuming that
channels can b&described in terms of having discrete regions that can modulate channel conductance through the steric interactiou of discrete, voltagedependent conformational states. there are likely to be more than two stable
states for any such -particle- (as opposed to just the open and closed HH
states). Such multi-state models and other imierpretations of gating have
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been considered by other investigators ([9],[4j[3], [8]). For each additional
stable stale there will also be an additional transition state. A different
transition state could become the rate-determining step over some range of
membrane voltage, resulting in a non-sigmoidal voltage dependence of the
rate constants over the entire voltage range. In addition. a gating particle
could possibly influence channel conductance in a more graded fashion. In
this case. different conformational slates would not necessarily act as binary
enabling/disabling mechanisms.
In fact. experimental data for many currents indicate that the simple thermodynamic description of the HH model is not sufficient for the
gating mechanisms that govern those currents. For example. some currents have shown minimal or no voltage-dependence for either their activation/inactivation time constants nor their steady state values. In many
of these cases whether this reflects the true kinetic nature of the currents.
whether this is artifactual from the iinherent limitations of the equipment.
or whether there is contamination from other currents that has not been
accounted for is not clear. In some cases. different measurement protocols
can shed light oni these questions. In other cases. simulations can help test
speculations as to the true nature of the currents. Another explanation is
that there is a distinct linear rate-limiting mechanism that alters the function for the time constant as would be expected from the HH model. Such
a mechanism is considered in the present simulatiojs. as will be described
later.
Another complicating factor is one thal reflects actual physiological mechanisms. yet is not explicitly described ini the HH model. This factor is the
effect of the concentration of various ions in the vicinity of the membrane.
There will be an observable effect of different concentrations of the predominant ions (.Na + . K+. Ca 2 + . and CI-) on the revcrsal potential for these
species. as expressed in the Nernst equation. given that a given ion undergoes
large changes in its local concentration because of sequestering, saturation
of buffering mechanisms. or active transport. The model described here assumes only passive transport of the charge carriers across the membrane: for
example. maintenance of the Na + and K + concentration gradients in light
of the flux of these ions during electrical activity is assumed to occur over a
long time scale. In addition, there are many cases where the local concentration of some ion is a regulator of some active process - e.g. Ca2+ in the
activation of the actin-myosin system and as a mediator in the conductance
of cprtain channels. As will be described later, such coupling is indicated
in some of the hippocampal pyramidal cell non-linear currents. the notable

example being the Ca 2 + -activated KA current. Ic. In this case there is
evidence that the conductance underlying this current is dependent on the
concentration of Ca 2+ underneath the membrane. as may be supplied by
the C'a 2+ currents (e.g. 1C., and Ica s).
On the other hand. in support of the HH approach. there is evidence that
the HH description is valid for at least some ion channels. For example. the
movement of charge that occurs when the postulated gating particles change
state (the so-called "gat:ag current") has been detected for some channels
([19]). The primary structure of certain channels. e.g. some Na+ channels
and acetylcholine receptors, have been sequenced. and speculations on the
tertiary structure have been made on the basis of this data. There are
indications in these sequences of segments with polar residues that traverse
the membrane in such a way so that they maybe able to sense the membrane
voltage. i.e. properties expected of putative -gating particles*.
On a more empirical level, simulations of non-linear membrane using HIHlike descriptions for the ion channels have been successful in reproducing the
electrical activity of several electrically-active cells. In the present work. it
was remarkable how well HH models were able to reproduce the behavior of
several channels.

4.8

The Concept of an "Extension" of the HH
Model

The descriptions for the HIPPO non-linear conductajes are based on fyff n,ions of the HH model. This is because the HIPPO descriptions explicitly
consider the implications of the single-barrier gating model proposed by
Hodgkin and Huxley. especially with regard to the relationship between the
parameters that define this model and the resulting voltage-dependent time
constants for the gating particles. In other studies that draw on the HA
model the relation between the steady-state characteristics of the gating
particles and their temporal characteristics is purely empirical, and is not
derived from the single-barrier model.
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Chapter 5

ESTIMATING Na +
CURRENTS
5.1

Introduction

This chapter describes the derivation of the kinetics for three proposed N(14
currents in the hippocampal pyramidal cell. I shall begin with the background for this problem. and then I shall preset the data that was used
+
to derive the model parameters. After the motivation for using three No
currents is discussed. the strategy I used to estimate the relevant parameter"
will be presented.
The parameters for the Na + currents will then be presented. Some of
these parameters will be compared with the analogous parameters of the
squid axon No+ channel and the IA-,Nof the rabbit node of Ranvier. since
these latter two currents are among the few .No + channels for which the
kinetics have been measured under voltage clamp.

5.2

Background for Evaluating 'v

One of the first applicationsof the model has been the estimation of the Na+
currents in hippocampal pyramidal cells. including those which underlie the
depolarizing phase of the action potential. The fast .Na + conductance necessary for the spike corresponds to the classical Na + current described by
Hodgkib and Huxley. To initiate the action potential. this current rapidly
turns on when the membrane voltage passes the firing threshold for the
cell. Almost as rapidly. the fast Na + turns itself off as the cell depolarizes.
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contributing substantially to the repolarization of the action potential.
A quantitative description of the Na+ currents is vital because these currents are the progenitors of the action potential and therefore are some of the
basic delerminants of neuronal function. Also the activation/inactivation
properties of the XN+ currents set the stage for the entrance of ilhe numerous outward currents.
There is little voltago clamp data for Na + currents since these currents
are typically large and fast. exceeding the current sourcing ability and the
temporal response of the single-electrode clamp circuit used to make the
measurements. Since the data is not complete. it was necessary to look
to sources of data other than that from hippocampal preparations. These
included estimations of the kinetics of a fast Na+ current in rabbit node of
Ranvier ([10]) and in the bullfrog (Koch and Adams. bullfrog sympathetic
ganglion simulations. personal communication. In addition parameters used
in other neuron simulations were consulted ([4k]. hippocanipal simulations).
In the HIPPO model, this prol)lem has been approached several ways. including using the descriptions just mentioned. I al~o tried using h- kinet :s
based on measurements from rabbit node of Nanvier. withIi some modifications. In particular, tho time constants for the in and the h variables were
scaled by two. in addition to the appropriate lemperature compensation
(q0 = :3. Adams. personal communication )I.
Attempts to derive the original source for the kinetic, used by Traub.
et al. were unsuccessful. My impression is that the kintics u,,d in this
model are simply the ones derived by Hodgkin anid Huxley for squid axon,.
modified slightly to yield acceptable empirical results for tli simnulalion of
some protocols. Initially I tried such an approach.
Specifically. I have attempted to derive channel kinetic, that are consistent with current clamp records of Na+-only spikes (Storm. personal communication). the steady-state No+ dependent current-voltage characteristic
([121. Storm ibid). and current clamp records of normal action potentials
obtained under various conditions. under the assumption that any channls
that comlduct Na+ may be described by the HH-like kinetics described earlier. and further that each channel may have one or two types of gating
particles. The task was therefore to try to fit the behavior of this class of
voltage-dependlMit chamels to the data. I began by considering the NA + only spike.
'From scaling of lime conotanis for Jvx in bullfrog myelinated ncrve and bullfrog

s~mpathetic ganglion soma.

!P1

In particular. it was desired to describe the fast A a-" so that the cell had
the capacity for a stable resting potential that in turn could be perturbed
enough to result in an action potential. This implied that at the resting
potential the inactivation variable (h) was turned on and that the activation
variable (m) was well turned off. In addition. the time constant for the in
variable had to be substantially less than the time constant for the h variable
throughout most of the depolarized range of the membrane potential above
rest. This insured that once threshold was reached. the m variable would
have a chance to fully activate and allow Na to enter the cell before the
h variable caught up with the depolarization and subsequently go into the
closed state, thus shutting off the conductance.
Although a useful description was found empirically, it will be important
to compare this description to actual mcasurements of the fast Na current
kinetics whenever they become available.

5.3

Deriving Na + Conductance Kinetics

5.3.1

Implications of .a+-only

Spike

Current clamp records taken using hippocampa] slices which had been treated
with agents that blocked all potassium and calcium currents enables one to
look at the behavior of the Na+ currents and. presumably. the leak conductance in isolation. Such protocols assume that 1) all non-linear currents
other than Na + currents are blocked. and 2) such treatme! leaves the leak
conductance unchanged. Figure 5.1 shows a record of a XNa-oniy spike
under such conditions.
This spike gives several clues about the Na + currents in this cell. First.
the spike threshold is quite sharp. Also the subthreshold response shows
very little activation of inward current. This behavior of the spike threshold implies that the activation curve for the Na+ current underlying the
initiation is steep. with the curve centered around -5.5 millivots.
Thesecond feature is the biphasic repolarization of the spike. The trajectory of the spike repolarization under the specified conditions is due to
two factors - the inactivation of the No+ current(s) and the linear leak of
the membrane Initially, the spike repolarizes rapidly. Assuming that the
major portion of the spike is due to a Na+ current similar to the classical
fast Na "+ current described in squid axon. this initial repolarization is consistent with the rapid inactivation of the channel with depolarization. At
depolarized membrane potentials. the time constant for inactivation is on
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Figure .5.1: Na+-only Spike and Subthreshold Response - Current clamp
protocol with cesium chloride electrode. TEA. 4AP. and Mn+ + added to
block the calcium and potassium currents. Resting potential ;s -65 my.
Stimulus current is top trace. From Storm (unpublished data).
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the order of a few milliseconds. However. approximately 7 milliseconds after
the spike peak the repolarization slows drastically. This slow phase of the
repolarization. which commences when the menibraiie voltage is about -20
millivohs, last s approximalely 60 millisecoiids. Since this decay is too slow
to be accounted for by the time constant of the cell. we propose that the
long tail is due to an noii-linear (.Na+) inward current.
\Ve call delermine whether a Na+ tail current is likely to be present
during a spike that is repolarized by outward currents. The action potential is repolarized by K+ currents. in addition to the leak conductance and
the inactivation of the Na+ currents. If any .Va+ tail current has been
activated during the fast spike. then it must be canceled by a slow residual
component of the outward currents. since no long lasting depolarized tail is
observed. During a normal action potential there is therefore either a conipletely activated slow component of the fast N& + current that is canceled
by a slow K+ current(s). or there is a separate slow Na+ current that has
not had a chaice to be activated during the short spike. or there is some
middle ground where a incompletely-activated inward current is canceled by
a residual outward current.
The time course of the actual spike was used as the clamp voltage in a
voltage clamp simulation using the linear cell in order to estimate the current
during a Na+-only spike. As was described in Chapter 3. the resulting
simulatd clamp current revealed the total current that must be supplied
by non-linear conductances during the spike. Incidentally. this protocol was
an example of the power of tle siniulation technique. since controlling an
actual microelectrode voltage clami with such a fast tine-varying signal is
not always possible.
The result of the voltage clamp simulation i- shown in Figure .5.2 The
time course of the clamp current implied that the ion-linear mechanisms
underlying the spike had at least two distinct components. an early. large
component which quickly deactivated/inactivated, and a later small component which deactivated/inactivated slowly, remaining for approximately 100
milliseconds.
+
The fast component was assumed analogous to the classical fast No
current of the squid axon as described by Hodgkin and Huxley.
For t he repolarizing tail I considered two possiblP mechanisms: an abrupt
slowing.of inactivation of the fast Na+ current underlying the spike. or the
action of another kind of Na+ channel. For the present this first possibility
has been discounted for two reasons. First. I have not been able to derive a
function for the voltage-dependent time constant for inactivation for the fast
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Figure 5.2: (lamp current during voltage clamp simulation using time course
of .Na+-onlv spike (Figure 5.1) as command voltage
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Na4 that was consistent with the single-barrier gating assumptions and that
had the necessary sharp increase at the appropriate voltage. Second. in light
of the present assumptions regarding tle behavior of the K' currents. it was
determined that tie mechanisn for the slow tail would oldy be significantly
activated during a long (e.g. non-repolarized) spike. thereby removing the
requirement of an outward current that would cancel out the slow tail current

after the normal spike.
In considering the possibility of a distinct tail current. the important
characteristics of this current was that it had to have a high threshold and a
slow onset. consistent with the lack of a long after-depolarization in normal
spikes. For example. if this current had a threshold of approximately -10
millivolts with a slow activation time constant. i.e. 4 milliseconds. then
during a normal spike this current will not have time to activate fully. On
the other hand. during the slower repolarization that occurs without nonlinear outward currents. this tail current will have time during the peak of
the spike to activate more. and thereby contribute to a long repolarization.
I called this current 1.x,2i. ] attempted to adapt the activation data for
J.\,Vp (discu,.-ed next) to account for the action of the so-called 'NatQU*
but thi- has been unsuccessful to date. This is primarily because the low
threshold of the activation curve for IV-p has thwarted altempts at deriving
a function for the time constan of activation that is consistent with the

turn reproduces the Na+-onlv spike.
si ngl-barrier model and which iii
5.3.2

Implications of .V&-only Repetitive Firing

Repetitive firing elicited in cells in which all currents except NO + have been
blocked offer additional clues as to the nature of the NW"- currents in hippocampal pyramidal cells. Figure 5.3 illustrates such a record. The key
features of these voltage traces are I) higher threshold of spikes following
initial spike (i.e. higher threshold of the secondar.q spikes). 2) reduced plitude of repetitive spikes. 3) reduction of spike amplitude with increasing
stimulus. 4) repetitive firing elicited only in a narrow range of membrane
voltages.
5.3.3

Implh'cations of Tetrodotoxin Sensitive Steady State
. Current-Voltage Characteristic

Figure .5.4 shows a steady-state current-voltage characteristic from hippocampal pyramidal cells that demonstrates a tetrodotoxin (TTX) sensitive
96
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Figure 5.3: .Na+-onilv Repetitive Spiking - Current clamp protocol under
same conditions a-, Figure 5A. Current stimuli is bottom trace. From Storm
(unpublished data).
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Figure .5.4: Inward Rectification by Na+. Curve derived from steady-state
activation of a persistent Na+ current. v.,p ([12]).
inward-rectification (12]). Assuming that a sensitivity to TTX means that
No+ currents underlie this rectification, the characteristic can be accounted
for by either the -window current" of a transient .Na+ current. b% a persistent (non-inactivating) Na+ current (I\'ap). or by some combination of
these types of chanuels.
5.3.4

The Role of Window Currents

Window current is due to any overlap in the voltage-dependent steady state
curves of the activation and inactivation variables, thereby making a normallv transient current contribute a persistent component over some range
of membrane voltage. Since any overlap in the activation and inactivation
curves will be limited, rectification due to a window current alone would disappear at depolarized membrane voltages. The steady-state current-voltage
characteristic would then continue the linear characteristic establishpd prior
to the onset ofzectification. The data for this cell. however, would ziot necessarily demonstrate a depolarized removal of rectification since the steadystate current-voltage curve was only measured to -35 millivolts.
Important aspects of this characteristic include the lack of inward rectification around.the .\a+-only spike threshold. which implies that the m and
99

h curves for the current activated at the threshold do not overlap at that
threshold.
5.3.5

Adding Together All of the Evidence

Taked all together. the data presented so far implies severa] characteristics
of any TTX-sensitive (presuniablv Na-carried) current,. These may be
summarized as follows:
1. Ao + mediated repetitive firing in cells depolarized from the resting
potential implies that the inactivation curve for the current underlying
the higher threshold spikes is non-zero at the depolarized level.
2. The lack of inward-rectification at the lower spike threshold contradicts
the earlier conclusion that the activation curve for the fast N,+ current
is steep at the lower threshold.
3. A sleep activation) curve at the lower threshold taken with the nonzero inaclivation at depolarized membrane potentials would result in
an appreciable window curren. This window current in turn would
contribute to inward rectification starting at the lower spike threshold
of -55 millivolts. This is inconsistent with the data.
To explain these phenomena. I suggest that there is an additional fast
Na channel whose threshold for firing i, depolarized from that of the original fast Na+ channel. and whose activation and inactivation kinetics are
such that it might mediate N+-only repetilive firing. In the absence of
repolarization from any non-linear outward currents. simulations indicated
that there must be a finite overlap of the activation and inactivation curves
of any HH-like Na + channel that can mediate repetitive firing. This overlap will result in a finite window current. and thus a steady state inward
rectification. I was able to adjust this rectification to qualitatively reproduce the onset of the observed rectification discussed earlier. Because it
mediates repetitive No+-only spikes. I named the high threshold current
.- ,ep. Since I deduced that the original fast Va+ current had a sensitive. low threshold for initiating the action potential. I called this current
+

I.\a-tr

^.

The steady-state Na+ mediated rectification also constrains the behavior
of the J. ta. In particular. if this current contributed any window current
then such a window current could only activate above -30 millivolts. in order
to be consistent with the steady-state IV characteristic.
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The implications of a sharp threshold for the Na + -only spike. and a
small subthreshold response implies steep and/or activation characteristics
for the current underlying the initiation of the spike. On the other hand,
presumed modulation of the spike threshold by outward (K + ) currents (see
Chapter 7) which in turn do not greatly effect the slope or amplitude of
the action potential implies that around threshold Na + activation is not
instantaneous, in other words a small outward conductanc, would be able
to counter the sub-threshold inward rectification of the No + current sufficiently to raise the firing threshold. Note that the faster the Na + current
activated around threshold, the larger the outward current would have to be
to suppress the initiation of the spike. Since threshold is only about 30 millivolts above fK. the small driving force for an outward K + current means
that a large conductance is required. However. a large K + conductance that
is enabled immediately prior to the spike would allow a large outward current on the upstroke of the spike. due to the increasing driving force that the
A'+ ions see. An alternative explanation is that the threshold-modulating
K + current shuts off prior to or during the upstroke of the spike. and thus
a K + conductance of ,ufficient size to transiently counteract a quickly activating .a + current would not then serve to attenuate the spike itself. A
fiiial alternative is that the size of the spike current is large enough that a
sub-threshold activated outward conductance would not attenuale the spike
n1oticeably.

5.4

Strategy for Determining ANa
netics

Current Ki-

Once it was determined that three Na + currents might model the observed
behavior, the following strategy used to derive their kinetics:
1. Estimate the absolute Na + conductance for the fast Na + currents
(lI.a-trig

and

ha-_rep)

by running voltage clamp simulations using

the Na+-only spike as the command voltage.
2. A reasonble set of equations governing the kinetics (backward and
forward rate constants for the activation gating particle m and inactivation gating particle h) for the three putative Na + currents was
determined. The free parameters for each function include the free
energy changes between the stable states and the transition state. the
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location of the transition state within the membrane. and the effective valence of the gating particle. Voltage-dependent functions of the
time-constants and steady-state values of the gating particles are then
derived from the appropriate rate function-,.
3. Run (current clamp) simulations of the Na+-only single and repetitive
spike protocols.
4. Compare the simulations with the data.
5. Adjust the appropriate rate-constant functions and repeat the simulations.
6. Once a good match between the current clamp simulations and the
data was reached, the steady state current-voltage characteristic of
the cell with all three No+ currents Petivated was derived to measure
the inward-rectification generated by the estimated currents.
7. This characteristic was compared with that of one from the model
with the derived Ya currents replaced by the reported persistent
Na current.
8. If needed. return to step 5. in order to obtaii a good fit to all the
available data.
This process evenlually converged to yield a model description that was
in good qualitative agreement with the data pertaining to Xa+-only behavior. The derived Na' currents were then tested by running simulations in
which various K+ currents were added. once they were derived. This led to
a modification of some of the parameters of the .\o+ currents. while preserving the Na+-olily behavior, which provided a rigorous set of constraints on
the parameter adjustment. The entire process was and is one of adding one
p;ece of information at a time to the model, and then running simulations
to find out how the new data affects the model's behavior.

5.5
5.5.1

Results
Simulation of .No+-Mediated Inward-Rectification and

- Spikes
Figure 5.5 compares the steady-state current-voltage characteristic of the
model with 1) the reported I.xvp. and 2) the lAo-tr,- A a-tail. ]No-rep cur101
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Figure 5.5: Current-voltage characteristics of model showing inward-,il and 1.\-. ,,. currectification mediated by 1.NaP and by .\-r.
rents.
rents. The model currents cause an onset of inward rectificatiol that is in
qualitative agreement with the published data. However. since this steadystate inward current is mainly due to the transient .\ -e window current.
the rectification only occurs over a limited range of membrane vol ages. This
is not nPcessarily inconsistent with the characteristic of ].\, p because of the
limited range over which this current was measured. as explained earlier.
Possibly the so-called persistent No+ current is actually a transient current
which would demonstrate removal of inward-rectification at more depolarized membrane potentials. Given more data. the derived characteristics of
might be adjusted to better match the steady-state
the so-called l.\r-,
current-voltage relationship of the model.
Figure 5.6 illustrates a simulation of the Na+.only single spike. The
model's behavior is in good agreement with the data. in particular in regards
to the sharp threshold of the spik,. the time course of the di-polarizing phase.
the initial fast repolarization. and the slower late repolarization. Also in the
figure are the three model .a + currents that underlie the Nn+-only spike.
In this figure the initial activation of !\.i _,,-. the subsequent recruitment
and the slow time course of ..- fagI after
of the higher threshold
the first two currents have inactivated can be seen.
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Figure .5.7 illustrates a simulation of Na+-only repetitive firing under
different constant current inputs. At the bottom of the figure are the No+
currents underlying the marked spike train. After the first spike, the initiation of later spikes is mediated completely by IAa-rep.

5.6

Parameters of the Three Putative Na+ Conductances

The parameters for the three proposed hippocampal Na+ currents will now
be presented in detail. Some of these parameters will then be compared
with the analogous parameters of the squid axon Na+ channel and the INo
of the rabbit node of Ranvier.
All parameters were set assuming a temperature of 24 0 C. It was necessary to use a high value for the q10 (= 5) for these currents since simulations
of action potential repolarization at the higher temperature used for interpreting most of the K+ current data (32"C) indicated that significantly
faster activation/inactivation was required. Figure 5.8 shows the resulting
effect of different temperatures on the Na+-onl. spike. The striking effect of
temperature in these simulations suggest that measuring the temperature
dependence of Na+-only spikes in HPC may provide a good test for the
model description of the Na+ currents.

5.7

Parameters of

'Na-trig

I,. of the squid axon. Important differences were required, however. so that hX..-tri would have a sharp threshold
with very little subthreshold activation. Also. it was necessary to adjust
some parameters to obtain the desired characteristics during normal repetitive firing.
I.\a-rig is based on the classical

5.7.1

Results

First. the valence of both the m and h particles is large (z,, = 20. Zm = 30).
which makes tlem steep functions of voltage. Likewise. the m, and h,
curves for
do not overlap as they do in the squid axon IN. (ref.
Figure 5.15).
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The position on the voltage axis, as determined by

and
equal to about -55 milli2,AN.-trig .were set to make the firing threshold
volts. This threshold was made slightly higher than indicated by the data
in order to allow subthreshold activation of 14 (ref. Chapter 7).
Setting the order of the inactivation particle h and the the rh,.-tri9
magnitudes involved compromising between formulations that met a) the
observed width (about 1.7 milliseconds at 0 millivolts) and b) the observed
height (about 15 millivolts) of Na+-only spike. The formula I have used
includes two h particles and setting r°
= 2.0milliseconds so that the
current would not inactivate too quickly at the top of the spike. When a single h particle was used it was necessary to adjust rI,N-tri9 = 1.5 milliseconds
to maintain the width of the spike: however, this formula made the peak amplitude too high.
The curve for rmA..o-rIig was symmetrical (mrn.Na-trqa = 0.5). but when
normal repetitive firing was simulated using the K + currents. it was necessary to make the curve for rh,Na- rig skewed to the right (depolarized)
hh...'a-rig = 0.2) so that removal of inactivation was fast enough near rest
to allow for rapid firing.
The value for gdrs..No-frig (= 4OmS/cm 2 ) was set in order to obtain an
initial slope of the action potential of approximately 130 volts per second
(measured from threshold to 0 millivolts). This value was dependent on
9dens.Na-rep as well . since I.'-rtp is activated within a few tenths of a
millisecond after the beginning of the spike and therefore 'a-rep contributes
substantially to the upstroke of the action potential (see Figure 5.6).
The equation for 'Na-trig VI,m,Natrig

2aE
.Io-fTig =

Y.\a-trig

.INa-rig
hN - trig (" - EN-+)

where
g.a-trig =

gdean.Na-trig

0.53pS

= 40.0 mS/cm

2

Table 5.1 lMts the parameters for the lNa.Iig gating variables. These
are the rate functions for the activation variable, rn. of INa-tri ol.Na-,rig = 0.3exp ((V + 47)0.5 " 20 .F)
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Gating Variable
n (activation)

Z:
1 0o
20 0.5 1 0.3

h (inactivation)

-30

0.2

0.003

70 (ms)
l(mV*)
'
0.5
-47.0
2.0

-54.0

Table 5.1: Parameters of lNa-try Gating Variables
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Figure 5.9: Steady-state curves (m,, and h,) for m.x-_frt
experiments.
voltage-clamp
by
and effective curves as would be measured

Ii.,a-,riy= 0.3ex (( -47 - V)0.5 •20 -)r

RT

.

These are the rate fuiclions for the iiactivation variable. h.of l.-trig

A.,-r.t=

0.01 exp((V + 61 0.7.T -30- F)

3h..N-trig = 0.01 exp(-6

1 -

RT

Figures 5.9 and 5.10 show the voltage dependence on the steady-state
values and the time constants for the n,.'a-irp and h..-frig variables.

5.8

Parameters of l~a_,.p

The kinetics of I\-,ep,,like IS-i-fris, is similar to the squid axon Ix. kinetics. In order that J.'N-rep be able to generate repetitive Na - only spikes,
10's
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Figure 5.10: Time constant curves (,, and rh) for MN,-trig and

hNa-t.iq.

however, it was necessary to adjust the parameters for this conductance very
carefully. Experimentation revealed that a key requirement for getting high
threshold Na - only repetitive spikes was that the m, and h, curves for
I.Xa-rep overlap. In addition. the curve for h,, had to be very steep and the
curve for Th had to be sharp on the hyperpolarized side. These characteristics were needed so that during the repolarization after a spike. removal of
inactivation would occur while mNa-re, was large enough to allow enough
current for another spike. On the other hand. h could not be so fast that
there was Na - only repetitive firing without tonic stimulation.
5.8.1

Results

Experimentation with the order of m and h resulted in the assignment of
two m and three h particles to the /.-rp conductance. The high order of h
accentuated the steepness of the h, curve so that when the cell repolarized
slowly (with a tonic current stimulus) the removal of inactivation would
occur abruptly enough to allow repetitive firing. A single m particle did
not provide enough positive feedback on the initiation of secondary spikes
to get the observed magnitudes (e.g. between -20 and 5 millivolts). Three
m particles did not allow the channel to retain sufficient activation after the
initial spike to initiate subsequent spikes.
The Value frl 9dens..N-rep had various effects. In particular. the value
during the initial slope of the
action potential. As introduced previously, both the value of 1C,,..Ne-,tp
for gden,.. a-rep modulated the role of

and

den..Na-trig

determined this slope.
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A second consequence of gdsN.-rp was that it had to be large enough
to support regenerative firing when 'u-trig was inactivated because of the
depolarized membrane. On the other hand. Tdens.Na-rep could not be too
large since this would give a significant depolarizing hump after the initial
spike when the tonic stimulus is too small for repetitive firing - such a hump
is not observed experimentally (Figure 5.3).
On a more subtle level, the relationship between stimulus magnitude and
the second spike during Na+-only repetitive firing is such that initially (from
below threshold to just above threshold for the tonic stimulus) the greater
the stimulus the sooner the second spike. However, past a certain point the
greater the stimulus the later the second spike occurs. until the stimulus is
too large to promote Na+-only repetitive firing. During my simulations I
found that this behavior was dependent on gden.No-rep - if§dens..Va-rep was
too large. then there was no range of stimulus strengths in which a larger
stimulus caused the second spike to occur earlier.
In practice the most critical test of dtens.'o-rep was the latter relation
between dn,..Xo-Tp and the timing of the second spike during No+-only
repetitive firinig. Once the desired relationship was achieved the other characteristics were matched primarily by the adjustment of other relevant parameters.
The overlap for the m, and h, curves resulted in the steady state Na+
mediated inward rectification discussed earlier.
In summary. the parameters for ].\i-re. were among the most sensitive
of the model, and a substantial amount of effort was needed to derive them.
The equation for Vo-rep is]'Na-rep - g.Na-rea-reph'a-rtp(l

-

Ea+)

where
"gao-rp=

0.50S

gde,.Na-,, =35.O mS/cm

2

Table .2 ifts the paramelers for the .Na-rp gating variables. These
are the rate functions for the activation variable. 11. of ]No-,ep Gm.a-ep=

.67exp (V +34)0.5.6-F)
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-Gating

Variable

m (activation)
h (inactivation)

Uz
6
-30

I 0o

VI (mV)

0.5 1 0.67:1 -34.0
-42.5
0.17 0.0023

to (iM)
5.01
3.0

Table .5.2: Parameters of/.vao-rep Gating Variables

.

".

Figure .5.11: Steady-state curves (m, and h,) for rnao-rp,and h.v,-,,p
and effective curves as would be measured by voltage-clamp experiments.

nI.,

F)
_r,= 0.67 exp (-34 - V)0.5 .6

These are the rate functionq for the inactivation variable. h. of
oh..,_=.p O023exp (V + 42.50.83. -30. F)

h.Na-rp =

0.0023exp( ( -42.

5

-

'N -ep

.30 .F)
T)0.17

Figures 5.11 and 5.12 show the voltage dependence on the steady-state
values and the time constants for the mx.',r. and hNe.-ep variables.

5.9

Pararneters of /Vo-tail

The ke" features that I defined for the proposed IJN.-fii include significant activation only when there are prolonged spikes, e.g. when there is no
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V.9.1
Results40
repolarization due to non-linear outward currents. Also. this current was derived to be a transient current. with no contribution to steady state inward
rectification.
5.9.1

Results

The steady state curve for m was adjusted so that activation commenced
only for very depolarized levels (Figure 5.13.). On the other hand. the time
constant for in was derived so that once ut was open it was slow to relax to
the closed state as the membrane repolarized (Figure 5.14.)
Determining the parameters for r,..\.-tad and gons..N'a-vjiI was done together. since both of these factors determined the slow repolarization inward
current.
The curves for h were not so critical - the main requirement was that
at rest h was fully open so that X.taiI could be turned on with the spike.
However. hx had to be 0 at levels depolarized from rest so that there would
be no window current component from 'o-t, (. The curve for rT&.a-..tai was
set so that on one hand h did not change much during spiking. leaving the
ni variable in control of this current, and. on the other hand. fast enough so
would not have an apparent persistent characteristic because
that .
of a sluggish inactivation.
There was no~need for the delayed state transition characteristics of more
than one ni or h particle for i...,-t,,: therefore the order of each was set to
one.
Given that in general the requirements for lX'.-ti were not as rigid
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IV.(mV)

Gating Variable

z

-

no

m (activation)
h (inactivation)

8
-6

0.95
0.2

0.025
0.0017

Table 5.3: Parameters of

To (ms)

5.0
3.0

-5.0
-47.0

,'N-tilGating Variables

as other currents, i.e. INa-rep, the derived parameters were not the only
set that would demonstrate the desired behavior. For example. h could
be faster, as long as either r.. was likewise decreased and/or 3FN,-itj was
increased to compensate for the resulting increase in inactivation of 'No-tail
during the spike.
The equation for 'Na-toil isNa-fail = "Na-taitmNo-taithN,_tait(V ' - EN.4)

where
9Na-foil =
gdens,No-fait=

0.0131iS
1.0 mS/cm

2

Table 5.3 lists the parameters for the lNv -fajj gating variables. These
are the rate functions for the activation variable, r7. of I'N0 -tai"
Om',N'-ail =

3

m".Na-fil =

0.025exp(
O.025exp

(V

(- 5

+ 5)0.95. 8 F)
-

05

8

F)

These are the rate functions for the inactivation variable, h. of 'No-toil

F)

47)0.8 -6
h.No-tail = 0.0017exp((V +
0h.,v._toil
• " = 0.0017exp (-4

).2
RT
RT

6 F)

Figures 5.13 and 5.14 show the voltage dependence on the steady-state
values and the lime constants for the mNa-tail and hNl.wai variables.
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5.10

and h..) for squid axon I.,' and the

Comparison of l.-lig
and 'N-rep Kinetics
With Those of Squid Axon I.
and Rabbit

Node of Ranvier INa
Comparing the characteristics of the squid axon Ix,, kinetics with that of
'-rg
and .\'-,p is interesting. Figures .5.1.5 and .5.16 illustrate the m
and h steady-state and time constant curves for these three currents. The
salient differences include the substantial overlap (giving a large window
current) in the squid in, and h, curves and the much lower valence of the
respective squid I.\- gating particles implied by these curves. as compared
to the HIPPO curves.

5.11

..... ,,

Discussion of Functional Roles of the Proposed Nai+ Currents

Once we have constructed the three model currents that successfully reproduce the data. it is important to ask what roles these currents might play
in the pyramidal cell. Consider l._O-t,jI. The characteristics of this current
allow for'a sharp firing threshold from resting potential. The advantage of
this is that the neuron is more tuned to a specific input firing level: there
is a higher noisejuargin in regards to the firing efficacy of a given pattern
of synaptic input. In addition. the lack of a window current for 'o-,,ig
means that at rest or at subthreshold membrane potentials there will be
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J,\.

and the

little -wasted" Na + current. This is metabolically favorable as the cell does
not have to remove the buildup of Na + resulting from such a background
current. Likewise. any constant inward current at rest would have to be
balanced by an outward (presumably K + )current in order to maintain the
resting potential. Again. this loss adds to the energy requirements of the
cell at -rest.
Given these characteristics of ]Na-trig. a regenerative, higher threshold
+
No current is necessary in order to mediate the higher threshold spikes
1hat are observed under various conditions. including bursting on top of a
(presumably) Ca2+ depolarizing hump. and repetitive N,+-only firing.
What could be the advantage of this second Na + current? Such a higher
threshold Na + current on top of a sharp. lower threshold Na + current
could relax the requirements of the repolarization mechanism during a train
of spikes in response to some tonic depolarization. An Ixo_, r-type current could mediate later action potentials without the requirement that the
cell repolarize to below the threshold of an J.afiy-tYlpe current - all that
is needed'is that the cell repolarize to somewhere below the threshold of
].'X-ep. Simulation of repetitive firing (Figure .5.17) shows how Ih.v.,,p
could furnish the major portion of depolarizing current for spikes after the
first spike of a train.
Allowing the cell to fire again from a higher threshold reduces the amount
of outward current needed to sustain multiple spikes. which in turn impose
less of burden on the cell's machinery for maintaining the K + concentration
gradient . In addition. the overlap oft he activation and inactivation curves of
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]\a-rep results in an ill-defined threshold for repetitive firing, allowing for a

greater flexibility in modulating the frequency of firing by other mechanisms,
e.g. distinct actions of the various K+ currents.
On the other liand. when this current is blocked, there is a degenerate
response to large tonic stimuli, as will be demonstrated in Chapter 9 (ref.
Figure 9.9). As will be discussed later. whether this dependence of repetitive
firing on I.N,-Tp is physiological or pathological is not obvious.

What about the proposed IN.-taui? As constructed, this current contributes to a small after-depolarization during a normal spike that must be
countered by an outward current. In our simulations. this is accomplished by
IDR. For now the function this slowly-inactivating X'a+ current might have
is not clear. Perhaps this current may be inhibited in certain circumstances.
allowing it to play a role in mediating repetitive firing. Such speculation
awaits further evidence of such a I'Na-tfat in actual cells. An important
related question is whether or not the J.a-ttil (if it exists) is either physiologically modulated by factors that do not affect the other currents. or is
its role in shaping the response of the cell a constant one?
In Chapter 9 the effect of ]..-ail on repetitive firing will be compared
with that of other currents.

4W4

Chapter 6

ESTIMATING Ca+ +
CURRENTS AND
ACCUMULATION OF Ca 2 +
IN THE CELL
6.1

Introduction

This chapter describes the two calcium (Ca2+) currents that have been described for the HPC. 1cO and h',. and possible mechanisms that establish
the concentration of free Ca2+ in various regions underneath the cell membrane.
For the current version of the model the goals set for the characterization of the Ca2+ phenomena were quantitatively relatively modest and
based partly on heuristics. In summary, the desired behavior of the system
included :
* Generation of Ca 2 +-only spikes that were qualitatively similar to actual Ca2+-only spikes.
* Voltage and time-dependent changes in [Ca2 +] underneath the membrane -[Ca+]o.Ae.1 and [Ca2 +.he1.2 so as to mediate two K+ currents

(1c and

JAHP).

* Response to voltage clamp protocols in qualitative agreement with the
available data.
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The effect of the change in [Ca 2+1,heU.1 on Ec

was also considered,

assuming that Ec. is determined by the concentration gradient across the
membrane in the vicinity of the Ica channels.

6.2

Calcium Current - Ca

Many workers have reported Ca 2+ currents in HPC ([6], [13], [15]. [18], [28],
[33], [38], [40]. [41]. [53], [55]). The fast Ca2 + current in the model, Ica,
which underlies Ca 2+-only spikes has kinetics similar to that of IN,-trg,
except that the curves for the gating variables are less steep and the "ie
constants are about one order of magnitude slower. These kinetics wc
originally based on those used by Traub and Llinas [49], [48] in their hippocampal and motorneuron models.
In deriving the kinetics of 1c0 I attempted to reproduce current clamp
records from cells in which both Na+ currents and IDR were blocked with
TTX and TEA, respectively ([41]). In these cells slow Cal+-mediated
"spikes" were elicited by long depolarizing current steps. Spike threshold
was dependent on the holding potential prior to the current stimulus. Paradoxically. the higher the holding potential the lower the threshold. At the
extreme , a holding potential of -70 millivolts resulted in elimination of a
regenerative response after the stimulus (though some inward current was
activated during the stimulus). On the other hand. a holding potential of
-40 millivolts resulted in a firing threshold for the Ca 2 spike of about -30
millivolts. This behavior is contrary to what might be expected from a current with activation/inactivation properties similar to a fast Na + current. in
which case a lower holding potential would cause the inactivation to be more
completely removed, thereby lowering the firing threshold. Segal and Barker
proposed that the observed behavior of the Ca 2+ spike was due to the action
of the transient K+ current IA (Chapter 7.); when the cell was held at the
lower potential, the inactivation of ]A was removed so that the subsequent
depolarization allowed the activation 1A to counter the activation of Ico.
Holding the cell at the higher potential inactivated 1A, thereby allowing the
later depolarizing current pulse to elicit the Ca 2 + spike. The formulation
for the kineticof Ica was therefore tied somewhat to the description of IA
in the model.
Another action of Ica that I attempted to reproduce was its apparent
role in the slow depolarizing hump that is observed in some cells which
exhibit burst firing ([48]), as I mentioned in the previous chapter in the dis120

cussion of I'Na-rep function during repetitive and burst firing. At this point
the model does not exhibit such behavior. In fact. such a hump between -60
and -40 millivolts is inconsistent with the apparent 'ca (slow) activation at
approximately -40 millivolts. The supposed Ca 2+-mediated hump is possibly due to 1C. channels in the dendrites, rather than somatic

'e.

In the

dendrite current input local or distal to the site of the 'Ca channels could
activate the channels without raising the soma voltage beyond 10 millivolts
or so above rest. Once activated, the dendritic Ca 2+ conductances could
supply enough long-lasting inward current to cause the somatic hump in
question. In future studies with HIPPO, such conductances will be placed
on the dendrites to test this hypothesis (ref. Chapter 11).
Another requirement for the kinetics of lCa was that this current not be
significantly activated during the normal action potential. This is based on
the assumption that the effect of Ca 2+ blockers on the shape of the action
potential is due mainly to the subsequent inhibition of I(, and IAiP. This
was accomplished by including two activation particles. s. in order to force
a delay in activation with depolarization, and likewise adjusting the curves
for , and r, so that during the regular spike s would change little, while
during the sustained depolarization required to elicit the ('ea 2 + spike s would
have enough time to move to the opeii position.
In addition. it was necessary to set the order of -sto three so that subthreshold activation of s during regular spikes did not allow significant (in
terms of membrane depolarization) 1(a.
An important characteristic of Ca2 + spikes is the abruptly-biphasic repolarization (see [41]). The initial decay after the peak of the spike is relatively
slow. presumably due to residual Ica. until the membrane potential reaches
about -10 millivolts. The membrane then rapidly repolarizes to the resting
(or holding) potential. as if Ic'o was suddenly turned off.
Since this knee occurs well depolarized from the spike threshold (between
-40 and -30 millivolts), it cannot be due to complete de-activation of the
activation gating particle (s) that underlies the threshold.
Als6. I was not able to adjust either the number of nor the kinetics of
the inactivation particle (w) so that a delayed yet abrupt inactivation could
account for the4nee. However. by adjusting the steepness of the s'. curve so
that the effective steady state activation (in the hyperpolarizing direction)
began to drop off around -5 millivolts. the start of de-activation as the
Ca 2 +-only spike repolarized to this level contributed a moderate knee in the
simulated spike. With the present version of 1c.., simulated Ca2 + spikes
(Figure 6.1 have an analogous repolarizalion knee, but this is not as steep
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Gating Variable

z

s (activation)
u, (inactivation)

4
-12

o I0I7 (mV)
0.5
0.2

0.10
0.001

-24.0
-35.0

To(ms)
2.0
5.0

Table 6.1: Parameters of Ic Gating Variables
and does not occur quite as depolarized from the spike threshold as some of
the reported Ca 2 +-only spikes.
In these simulations inactivation of the w variables contribute to the
repolarization knee. Future versions of the Ic. description may include
either more than one inactivation or activation gating variables, or may use
a gating variable with a more complicated state domain (e.g. more than two
stable states). Also to be considered is the possibility that in these reports
un-blocked outward currents also are involved, particularly because different
data suggest that the repolarizing phase of Ca 2 +-only spikes is quite long
and without the described knee (Storm, personal communication).
With present description of Jcalc and Ca 2+ accumulation underneath
the membrane the amount of Ca2 + that flows across the membrane during
regular action potentials changes ELc by at most 20 millivolts (see Figure 6.8. The Ca 2+ influx during the pure Cc 2+ spike. however, is enough
to change Eca so that at the peak of the spike Er.. drops to about 10 millivolts (ref. Figure 6.8). The reduction of Eca during Ca2+-only spikes is
a contributor to the reduction of Ic. . and in fact is the limiting factor as
to the magnitude of the Ca2 +-only spike. These results suggest that measurement of Eca I during C 2+-only spikes can help validate the description
of Ca 2 + -accumulation underneath the membrane described here or suggest
alternative descriptions.
The equation for 'co is -

2

4

/

Ica = 9cScowCa(V -

Eca)

where.
§ca

= .64/S

'For example by using hybrid clamp protocol in which the reversal potential for the
spike cufrent is measured at different points of a Ca2 +-only spike by switching from current
clamp to voltage clamp.
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Table 6.1 lists the parameters for the Ic', gating variables. These are
the rate functions for the activation variable. s. of C'.. 0 + 21)0.5.4 F)
n os =. 0.1 1exp
e (2xp
RT
.4F'
,c0. 1exp e~Pk
(-24 - RT
VR)0.5 4"F)
These are the rate functions for the inactivation variable. w. of
0 001

(("

= 0.00epk
. C .= 0.001 exp

+ 33)0.2. -12.

JCQ -

F\

RT

" 'X'-R-12.F)
(- 3 "1 I)O

Figure 6.2 and Figure 6.3 show the voltage depejidence on the steadystate values and the time constants for the X.C.4 and YCA variables.

6.3

Slow Calcium Current - Icas

1(.s is a slow. no'-inactivating current (e.g. [28]). While it has been reported that this current is a true Ca2+ current. careful examination of the
data for (.,,s suggests that the reversal potential for this current is around
0 millivolts. implying that '..s is a mixed carrier current.
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Z I -, I oo 11 (mV)
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(a.)

-30.0

and u'c.
ro(ms)]
0.17

Table 6.2: Parameters of Ic's Gating Variables
The small conduct ance of t his current (0.0X 1 S). combined wit h t he slow
onset of its activation variable z (rr is reported to range from 50 to 100 mil- has only a small functional role during repetitive
liseconds) suggest that
firing. At this stage of the model. such a role has not been demonst rated.
The equation for I('as is lc'JS = 9CsX,.( " - E(..s)
where
Ec'os = Omillivots
"',s= 0.0A pS
Tablie 6.2 lists the parameter-; for the c..s gating variables.
These are the rate functions for the activation variable. .r of
,

.Cas

=

4.exp (V + 30)0.5 .25. F)
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Figure 6.4: Steady-state curve (z., for zc.s.
Figure 6.4 show the voltage dependence on the steady-state value for
the xc'as variable.

6.4

Mechanisms Regulating [Ca2 +]shell.1 and

[Ca2 +]sht.2

To recapitulate. there were three reasons to consider the accumulation of
Ca 2+ underneath the membrane as a result of the influx of Ca 2 + currents:
1. Activation of IAHP is presumed to be dependent on the influx of Ic.".
2. Activation of Ic is presumed to be dependent on the influx of Ic.
3. The very low resting value of [Ca 2 +];, (typically assumed to be about
50nM) and the low resting value of [Ca 2 +]ot (on the order of a few
mM) implies that the influx of Ca2+ from IC-. can significantly change
the ratio of the extra-cellular and intra-cellular [Ca2 +]. changing Ec¢.
resulting in negative feedback via reduction of the driving force for the
Ca 2 + currents.
For'the activation of IAHP and Ic , the observed Ca2 + dependence is
assumed to involve some mechanism between free intracellular Ca 2+ and
the individualqhannels 2 The simple relationship that is used in the present
model assumes that activation of both IAMP and Ic is (partially) dependent o1i C02+ -binding gating particles in these two types of channels. The
2

Many versions of this mechanism have been proposed ([19]).
simple mechanism if employed.
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In this study a fairly

binding of Ca2+ to the gating particles is reversible and the behavior of the
particles obey first order kinetics (Chapter 7).
The time course of Ic and I'AP set some constraints on the kinetics of

Ca2 + accumulation underneath the soma membrane. As shall be discussed
in detail in Chapter 7. Ca 2 +-mediated activation and inactivation of Ic must
be sudden and complete. in accordance with the sudden onset of ]c" and the

apparent removal of I¢ prior to subsequent spikes in a spike train. Given
the sigmoidal relationship between the Ca2 + -dependent gating particles
and the log of the concentration of Ca2+ (ref. Chapter 7, Figure X). this
means that the [Ca2 + ] that mediates Ic must rise and then fall quickly
with every spike. On the other hand, Ca2 +-mediated activation of IAHP
is gradual, getting stronger with each spike in a train, and then gradually
decaying over one second or longer.
In order to accommodate these two patterns of Ca 2 +-mediated behavior.

a two-region shell, single core model was developed. In this model both /c
and Ic.channels communicate with a distinct part of a shell underneath
the soma surface. shell.1. IAMp channels, on the other hand. communicate
directly with the remainder of the soma shell. shell.2. Ca + flows between
the two shell regions and between each shell region and the soma core by
simple diffusion.
The physical relationship between the different soma shell regions. the
relevant channels, and the soma core is illustrated in Figure 6.5. Figure 6.6
shows a view of the soma membrane surface illustrating the proposed segregation of Ca2 + channels and Ic and IAHP channels. Figure 6.7 shows the
compartmental model based on this arrangement which is used to determine
the concentration of Ca2 + in the shell regions.
The model therefore includes a shell of thickness d,hel on the intracellular
face of the membrane. A portion of this shell is assigned to shell.1 and the
remainder is assigned to shell.2. The concentration of free Ca 2 + in shell.l,
[Ca2+].hei., is a function of the two Ca2+ currents. Ie. and Ic.s and
movement of Ca2+ between shell.1 and sheli.2 and between shell.1 and the
core. Likewise, the concentration of free Ca2+ in ahell.2 is determined by
the flow of Ca2+ between shelU.1 and shell.2 and between shell.2 and the
core. The concentration of Ca2+ in the core is assumed to be a constant
since the volume of the core is much larger than the volume of the two shells.
The movement of Ca2+ between the three compartments can be described as follows. Let Xi. X 2 . and A3 equal the amount of Ca 2+ (nanomoles)
in shell.1 (compartment 1), 8hfli.2 (compartment 2), and the core (compart-
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Figure 6.5: Diagram of localization of 1(-g.
' Ir. and 'AHP channels in
distinct regions of the soma membrane, as postulated by the model. This

scheme assumes that the 1c., . Ic'g.s. and I-.
channels are all in close proximity (i.e. .sht/.1). such that the immediate change in [('02] in the vicinity
of the (a 2+ current channels when these channels conduct is sensed by the
I(.
channels. Likewise. the 'I.4P channels are assumed to reside in a relatively distant area of the soma membrane, such that the rise in local [Ca 2+]
around these channels is delayed from the o.et of the Ca 2+ currents.
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seen looking onto the surface of the soma. The effective area for diffusion
between the two shell regions. A12. is determined by the total length of the
dotted line in the figure as well as the depth, d,hu, of the shell. In the
model A12 was Jumped with D12 to yield an effective diffusion constant for
the entire flow between the regions {spe text ). The empirical adjustment of
tis metric to give the desired kinetics is then equivalent to adjusting this
length, (i.e. the amount of communicating surface area). Also. the dotted
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Figure 6.7: 3-compartinent maodel of Ca 2+ influx aiid accumulation, based
on structlure suggested in Figures 6.5 and 6.6. Parameters of this model are
given in the text.
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ment 3). respectively. In the same manner let 1I.
V2 , and 1*3 be the volumes
(ml) and C 1 , C2 . and C3 be the concentrations of Ca' + (mM) in the three
compartments. Let J 1 2 , J 13 and J 23 be the flux of Ca2+ (nanomoles per

second per square cm) between shtc/.] and sIuI.2. shell.1 and the core,
and shell.2 and the core. respectively, and let Dij be the diffusion constant
(cm per second ) for the flux Jj. The area for Ca2 + diffusion between any
two compartments i and j is given by Aij (square cm).
The change in the amount of Ca2+ in each of the compartments is as
follows:
-X1=

-J 2 A 1 2

2=

J 12 A 2 - J 23 A2 3
J1 3 A 13 + J 23 A 23

3

-

-

J1 aA 13a

3
2 +1 ICeS
6Co
2 x 103F

where F is Faraday's constant and the currents are in nano-amps.

The

two Ca 2 + currents contribute only to the change in the amount of Ca 2 + in

she 11.1. There is a factor of 2 in the (a 2 + current term since each Ca2 + ion
carries two charges. and there is a minuq sign preceding this term, since the
inward currents are defined as negative.
The flux of Ca2 + from compartment i to compartment j is given by
Fick's law. as follows:
J=j = Dj(C - C3 )
Since the concenlration in compartment i, C', is given by Xi/li., then.
incorporating Fick's law. the time derivative of the concentration of each
compartment is as follows:

(-A

.

--

2

2 D1 2 (c 1

(A 2 2 D]2 (C

- C 2 ) - A 13 D. 3 (C. -

- C2) - A 23 D 2 3 (C 2

03
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-

C3 )

C 3 ))

-C+

IC-)

=

-

(A3D

- C3 ) + A 23 D 23 (C 2

3 (C

-

C3 ))

The volume of the shell is determined by d,h,, and the surface area of
the soma. shell.1 is set to cover 0.1% of the soma surface, with shell.2
comprising the remainder of the surface. If A equals the surface area of the
soma (square cm). the areas for Ca2+ flow between each shell region and
the core are given by:

0.001A
0.999A

A1 3

A2 3

The volume of each shell region is given by:

V1 = A13dh,1
= A23d~h,11

V2

The volume of the core is set equal to the soma volume, since d, hd, is
much smaller 1han the soma radius.
D 1 3 and D 23 are equal. since each shell region is assumed has the same
proximity to the core. Let
D13 = D 2 3 = Dsf-cr
D 12 can be considered as equal to the previou, two diffusion constants
without an. loss of generality since the value for .4 12 may be adjusted to
allow the shells to equilibrate much faster with each other than with the
(low concentration) of the core. This area is the effective diffusion area for
Ca2 + between the (intertwined) regions of the shell. For convenience, let us
define
D'ih-, = 1A2D12
The previous expressions can now be used to give the following equations
for C1 , ('2, and e3:
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Now we assume that

V3
V3

A D h-cr

>> I second

so

C3

o

and C 3 is set to a constant 50 nM. At each time step [Ca 2 +].heu.1 and
[Ca2 +].hdu.2 are calculated by integrating the above differential equations.
The relevant parameters were adjusted so that, given the previously
estimated kinetics for ICa, during single and repetitive firing the ccncentrations of Ca2 + in the two sub-membrane compartments had the time cc "rses
and relative magnitudes discussed earlier in this section. An additional constraint was that [Ca 2 +].hl.] could not change so much during either normal
action potentials or, especially, Ca2 + -only spikes so that Eca would be reduced too quickly, wiping out the Ca2+ driving force before the spike was
complete.
The following parameters satisfied the reported constraints:
dahel =

D,hh -=2.0 x 10Dh-

0.25pm
1

(cm 3 /millisecond)

= 4.0 x 10-'(cm/millisecond)

The remaining parameters needed to calculate the concentration of intracellular Ca 2 + derive directly from the previously presented soma dimensions
and the Ca2 + current kinetics.
This description is somewhat similar to that used in other modelling
2+
studies ([48]. [2]). in particular the idea that local accumulation of C'a
in a limited space underneath the membrane can mediate other processes.
and that the kinetics of the Ca2 + in this region is governed by first-order
mechanisms.
Figures 6.8 shows how the concentration of Ca 2 + changes in the two
shell regions during a single action potential. Figures 9.19, 9.23, and 9.24
show how the concentration of Ca 2+ changes in the two shell regions during
a train of action potentials. Again in Chapter 7 the relationship between
these concentralions and the activation of Ic and IAHP will be defined in
more detail.
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Figure 6.8: Top - Simulation of normal action potential. Top Middle - I(-.
during spike. Bottom Middle - [C'a 2 +],h,,u.i during spike. Bottom - Ec,
during spike.

6.5

Calculation of Ec.

As mentioned earlier EC, was calculated at each time step from the Nernst
equation. using the current [Ca2+.heII., and the fixed [Ca2 +]out, as the relevant concentrations for the Ec-. equation. The change in [COa2 jIahal., and
2
E(.,, during atingle action potential is illustrated in Figure 6.8. (CaQ
+]ahUIJ
2
and EC.a during a Ca +-only spike is shown in Figure 6.9. During the Cao2*only spike the subsequent fall of Ec contributes to the reduction of It'.,
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6.6

Discussion

The Ca 2+ system parameters described here are highly speculative but are
based on valid physical mechanisms. The net result is that the model successfully reproduces a wide variety of Ca 2+-related behavior. Many of the
parameters were developed in parallel with the development other parameters (e.g. K + current parameters, in particular those defining IC and IAHp).
and this interdependence constrains the overall problem.
For example, including the two shell regions may appear somewhat artificial: yet given the nature of Ic. 3 (as determined by Ca 2+-only spikes and
other relatively independent evidence) the characteristics of these compartments are constrained by (a) the dimensions of the soma; (b) the amount
of 1C'. entering the cell during CaO+-only spikes. which in turn effects Ec'.
providing negative feedback: (c) the amount of ICa entering the cell during
regular action potentials: and (d) the a priorCa 2+-mediated characteristics
of Ic and 'AHP.
In sum. modification of any one parameter typically resulted in a widespread
effect due to the numerous feedback loops in the system. and these loops
helped to constrain the overall modelling problem. Clearly alternative mechanisms may be suggested for the model features described here (e.g. more
complicated kinetics for the COa+-mediated gating particles of IC or /AHP).
but at the very least such alternatives would have to be as physically plausible as those suggested here and would also be subject to the same colnstraints. since these constraints are inherent in the system being modelled.

4'l

'Inthe resulits

presented here the contribution of Ica. to model behavior is minimal.

136

Chapter 7

ESTIMATING K +
CURRENTS
7.1

Introduction

This chapter presents the six K+ currents in the model - IDR, IA. 1C.
IAiP. IMj. and IQ. We begin by reviewing the strategy for evaluating the
K + currents data. and the guidelines that constrain the development of
the mode] descriptions. Next. the classical -Delayed Rectifier" K+ current.
IDR. and the so-called -A- K+ current. IA. are described. Following this. a
brief description of the C'a2+-mediated w gating particles incorporated in the
model description of I( and I.4AHP is presented. followed by the discussion of
these two Ca2 +-mediated K+ currents. The chapter closes with descriptions
of two more K+ currents. I'Aand IQ. In this chapter the action of each of the
K+ currents on specific features ofthe single spike and/or repetitive spikes
will be demonstrated, primarily with comparisons between simulations and
data.

7.2

Review of Strategy for Evaluating K + Currents

As described in Chapter 2. forming a plan for building the model was not
trivial, given that the quality of data for the currents varied greatly and that
the action of some currents was mainly seen in concert with other currents,
thereby complicating the parameter estimation for a (presumably) unique
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conductance.
The data for A'+ currents ranges from complete to marginal, in terms of
the voltage-dependence of each current's kinetics, the absolute magnitude
of each conductance, and the relationship of a given current with other
factors (in particular intracellular (,0 2+). In addition, for some currents
(e.g. IA and Ic ). although a plethora of data may be available much of it
is inconsistent with each other. It was very difficult to sort through this
body of information and decide what data could be applied, which should
be discounted, and what assumptions should be used to fill in the gaps.
Often consultation with Drs. Adams and Storm provided some insight for
this problem.
In order to make progress a set of references had to be chosen as a "gold
standard". particularly when data from different reports were incoasistent.
The primary standard that I used was the data from Storm. 1986. Using
this data as a first reference had the advantage that I could both examine
the original data of Dr. Storm's and. when necessary. obtain insights from
him as to the implications of the data. In this chapter and others many of
the comparisons between simulation and experimental data are done using
data from this report.
In summary. the data for IDR. IA. IV. and IQ is more complete than
that for IC and IAHP. For IDR and IA. estimations of steady state activation/inactivation parameters from voltage clamp are available, although
the associated time constant data is not as complete. Also. there is strong
evidence as to these currents* specific roles from various current clamp protocols. On the other hand. much of the data used to evaluate these currents
are taken under conditions in which several other currents are simultaneously active, making it difficult to separate each contribution. For IJ.l and
IQ the situation is similar in that there is good data on steady state activation (the evidence shows that these currents do not inactivate) from voltage
clamp studies. with sparse estimates on the time constant parameters. However, evaluating the behavior of IM and IQ is somewhat easier than doing so
for IDR and IA since these currents are activated in relative isolation with
respect to the other currents.
In the case of IC and IAHp, little voltage clamp data is available for
either their steady state or temporal properties of any presumed activation/inactivation parameters. In addition, describing these currents is complicated by the fact that they are presumably mediated by intracellular
C0 2+. Little quantitative data is available on this interaction for either current, and there is at present no consensus among workers in this field as to
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the mechanisms involved. As introduced in the previous chapter and which
shall be expanded upon later. ] have made the simple assumption (like that
used by other workers, e.g. [48]) that IC. and IAMP are dependent on a
power of the concentration of Ca2 + either directly beneath the membrane
or in a secondary -compartment-. This is a highly speculative model. as
discussed in the previous chapter. The parameters of this description are
based primarily on heuristics, specifically the simulation of the fAHP and
the AHP that is observed in HPC. Making the situation more difficult is the
fact that there are no protocols to date in which IC or 1AHp are activated
without the concomitment presence of other currents, thereby inextricably
tying the behavior of any set of estimated parameters for these currents to
those of other currents.
In light of the above situation. I developed the present description of the
K+ currents in the following way I:
1. Begin with the data on Ilty and IQ. with estimates on the time constants derived from the data and the HH single barrier model. For IQ
its parameters did not affect the later d'velopment since this current
is only activated at potentials lower than that generally considered in
the simulations.
2. Develop an estimation of lDR based on the available voltage clamp
data and the simulation of data on action potentials ini which IDR is
presumably the only repolarizing current.
3. Develop an estimation of 14 based on the available voltage clamp data
and simulation of action potentials in which presumably the only K+
currents are IDR and IA.
4. Re-evaluate the description of 1M with simulations that reflect the
contribution of I.%to the action of IDR and IJA
5. To a first approximation. the actions of Ic and IAH.p are independent
of one another. ic is transient over a time span of a few milliseconds
during the spike. and the evidence indicates that this a large current.
On the other hand. IAHp activates more slowly, is small, and may last
from 0.5 to several seconds. However. since both these currents are
'For each K + current, as with the No + and Ca" currents. building the description of
the current began with estimating the number and type of activation and/or inactivation
and/or Ca2 +mediated activation variables governing the conductance.
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dependent on Ca2+ entry, their estimation was tied to the description
of Ic. and the mechanisms regulating [Ca 2+Iahw.I and [Ca2 +].hen.2.
Therefore, while the behavior of the Ic or 1AHp descriptions could be
evaluated independently, whenever the Ca2+ mechanisms were modified to alter one of the current's action, the effect of the modification
on the other current had to be checked.
6. As the descriptions for Ic and IAHP evolved, the impact of a given
version on the behavior of the other currents had to be continually
re-evaluated. At times, this feedback resulted in modifications of one
of the other currents. In these cases modifications were made which
stayed within the envelope of parameters that had been already established. For example. modification of some aspect of Ic might indicale
that the parameters of INO-IT,9 had to be changed. However. this
change could not alter the aspects of J/Na..-tri9 that had been fixed by
earlier simulations (e.g. the threshold of I'N-trig).
As described in Chapter .5. the estimation of the K+ currents involved
many iterations. many of which caused re-evaluation of either the .Na+
currents' or Ca 2 + system parameters. The linear parameters of the model.
however, were kept constant. since these parameters were established based
on data from cells in which all non-linear currents had been inhibited.
As mentioned earlier, certain agents are assumed to mediate selective
blocking of specific currents. in accordance with the generally accepted coitclusions in the literature. These agents and their actions are summarized in
Table 7.1. Any blocking agent used experimentally probably does not act
with perfect selectivity, particularly given the wide variety of mechanisms
that have proposed for their action (e.g. receptors-site mediated. blockage
of the channel lumen, secondary block of Ca 2 +-dependent A'+ channels via
block of Ca2+ channels). However, as a first approximation. perfect selectivity is often assumed when evaluating the data (for example application
of 4-AP blocks only IA. leaving the remaining currents untouched).

7.3

Delayed Rectifier Potassium Current - IDR

The delayed-rectifier potassium current is similar to the classical delayed
rectifier for the squid axon as described by Hodgkin and Huxley. The parameters for this current were initially taken from [42]. who identified 'DR
in voltage clamp studies as a large. slowly-activating (,-100 milliseconds).
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Current

TEA

NA
1

+ (2)

Ic
IAHP

11

- (3)
++

++

1
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+?

++

IDR
IA

4-AP

(1)

I Ba
+?

1

Musc

Ca2+ _

1blk

(I)

++
(4)

++

- (4)

++ (4)

(2.4)
1 ___

IQ

(4)

++(1)

_____++(1)

++ (1)

-(1)

- (1)

Table 7.1: Typical chemical agents used to block specific currents. as reported by different investigators. (+) indicates reduction, (++) indicates
blocking, (-) indicates no effect. NA = Norepinephrine. TEA = Tetra-ethyl
ammonium. 4-AP = 4-Aminopyridine, Ach = Aceiylcholine, Ba = Barium,
Musc = Muscarine. Ca 2 +-blk = Ca 2 +-blockers (e.g. Cadmium. EGTA). (1)
-[16]. (2)- [39]. (4)- [30]. (3)- [43]
very-slowly inactivating (-,. 3 seconds), TEA-sensitive K+ current. However, the voltage clamp was only taken to -35 millivolts. so it is possible
that only the beginning of the ]DR characteristics were measured. In particular. I propose that the time constant for activation. r.. drops to about
1-2 milliseconds at membrane potentials greater than -20 millivolts.
My description of this current is based on the data of [42]. specifically
the reported steady-state activation/inactivation curves, hI the model IDR
is constructed so that it may function as a major repolarizing component
during the action potential. Such a role is indicated by current clamp experiments in which the spike is quickly repolarized by a TEA-sensitive component in the presence of Ca 2+ blockers. These blockers, which disable the
CO+ currents, presumably also disable any Ca+-mediated K + currents, in
particular Ic. In summary, the main actions that I determined IDR served
included:
* Repolarize the action potential fully when all other K+ currents have
been blocked
* Reduce in the presence of other repolarizing currents so that no extra
hyperpolarization is observed
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* Mediate the medium after-hyperpolarization (mAHP). independent of
any other K+ currents
* Repolarize the cell sufficiently during tonic stimulation so that repelitive firing at the threshold of IN,,-tr#i could occur
* Activate independently of the width of spike since the mAHP is unaffected by the slower repolarization with 4-AP or Ca 2 + blockers
As will be discussed shortly, there is evidence that 1C plays a major role
in spike repolarization under certain conditions, and in fact it has been suggested that this current is the major repolarizing current in bullfrog sympathetic neurons. Since action potentials are quickly repolarized in hippocampal pyramidal neurons under conditions that would eliminate I(. however.
it was thought that the characteristics of 'DR would allow it to reprise it
classical role when Ic has been disabled.
7.3.1

Results

This effort was successful in simulating the TEA-sensitive repolarization of
the action potential, as shown in Figure 7.1. In addition. this formulation
of 'DR kinetics was able to simulate the voltage clamp results as reported
by [42).
Three activation particles (x) were used in the formula for the iDR conductance so tOat activation of this current would be dela'ed after the initial
rise of the action potential. A single inactivation particle (y) was used since
it has been reported that this current does indeed inactivate ([42]). However,
the time constant for y is quite slow over most of the physiological range
of membrane voltages (ref. Figure 7.3. so that during the action potential
and afterwards. the demise of IDR is primarily due to removal of activation
rather than inactivation. Removal of IDR by inactivation after the spike is
consistent with the mechanism of IDR in the squid axon as described in [21],
[20]. [22]. [23].
The valences and the I2.,.DR and V'.1.DR for z and y was determined

by the r, and y, curves reported by [42]. In the case of the x particle the
third power of xi,,y was matched to the [42] data.
The curve for r.DR was skewed to the left (-JJ.DR = 0.9) so that IDR

would remain activated after the spike long enough to cause the mAHP, and
so that rz.DR was consistent with the reported values of approximately 180
milliseconds, V < -30 millivolts, approximately 6 milliseconds otherwise.
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Gating Variable

z I f1

z (activation)
y (inactivation)

12
-9

O

0.95
0.8

Vo(mV)

To(ms)

-28.0
-45.0

0.5
6.0

0.008
0.0004

Table 7.2: Parameters of IDR Gating Variables
The curve for ry.DR was skewed to the left (y.DR = 0.2) in order to approximate the reported approximate value of 4 seconds for y (between -50 and
-30 millivolts, [42]).
On the other hand, in order that activation be independent of the width
of the spike, as described above, it was necessary to set the base rate for
T
.DR to 0.5 milliseconds. Later in this chapter and Chapter 10 the role of
IDR in concert with IA and 1 c. will be demonstrated. including examination
of IDR's role in mediating the mAHP.
Another parameter that was important to set inregards to 'DR was its
reversal potential. The standard value of -85 mV for EK caused IDR to
be too strong near threshold, specifically, on repolarization of the spike the
/DR wiped out the ADP seen in the data. To reconcile this problem without
significantly altering the time course and strength of IDR during the initial
stage of the spike repolarization and the later mAHP, it was necessary to
set a reversal potential for this current distinct from the general Eh. EDR
was set to -73 millivolts. which proved successful in obtaining the desired
behavior. This was felt to be a reasonable adjustment. since (as mentioned
in Chapter 2) a given channel is not necessarily perfectly selective for one
species of ion - an EDR of-73 mV implies that ]DR is slightly contaminated
with an occasional No+ or ('a2+ ion hitching along with the predominantly

K+ flow.
All IDR parameters were determined at 30*C.
The equation for IDR is IDR =DR

R43

DR(

where
#DR = 0.7pS

EDR = -73mV
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curves as would be measured by voltage-clamp experiments.
Table 7.2 lists the parameters for the IDR gating variables. These are
the rate functions for the activation variable. x. of IDR Qr.DR

=- 0.00$

exp(0' + 28)0.9.5 -12. F)

-1,.q =O-O~eXP(-2
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These are the rate functions for the inactivation variable. y. of 'DR?
'
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-
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Figure 7.2 and Figure 7.3 show the voltage dependence on the steadystate values and the time constants for the XDR and YDR variables.

7.4

A-Current Potassium Current - 14

14 is a transient K+ current whose classical role. first defined for molluscan
neurons, is to modulate excitability. In particular. this current is selectively
blocked by 4-AP. and the convulsant act ion of tli, drug is attributed to its
inhibition of 14.
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Figure 7.3: Time constant curves (T, and T) for ZDR and YDR.
Several workers have reported an 4 in HPC. However. the data obtained
by voltage clamp differs somewhat in different reports. and the functional
effect of 14 (inferred from current clamp stimulation with and without 4-AP
or other IA-agonists) varies considerably. In general. 1A has been reported
to modulate the width of the action potential and influences the excitability
of the cell. References which report voltage-clamp measurements of this
current include Segal and Barker. 1984 [42]. Halliwell et al. 1986 [17]. Zbicx
and Weight. 1985 [54]. Gustafsson et al. 1982 [14]. and Segal et al. 19K4 [43].
In addition, the action of 1.4 on spike repolarization is reported in Storm.
1986b [47]. Some of these reports will now be summarized.
Segal et al measured IA in cultured rat hippocampal cells (subfield not
specified). Making their measurements at 21- 24*C, they report that ]A is
half-inactivated at rest (-70 mV). has a V1/2 for activation at about -20 to -30
mV. and (apparently) is described by ba kinetics, where b is inactivation
and a is activatioL,. The maximum conductance for 14 was estimated to
be greater than .5 pS. The time constant of decay at (24*C) is about 24
ms. independent of voltage. The time constant to peak was within 10 ms.
Application of 4-AP lowered spike threshold from -44 to -50 mV. but this
procedure did not broaden the spike. 2.
Interestingly. the current clamp record shown in this report demonstrated spikes with a) a high threshold (-50 to -44 millivolts. as compared
to typical thresholds of about -55 millivolts) and b) small amplitudes, peaking at about +5 millivolts. as compared to typical action potential peaks of
2This is contrary io the data of [47] although it is possible that in the [43] report they
did not look at the spike carefully enough.
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approximately +20 millivolts. There are several implications of this data.
First. the lowering in threshold with 4-AP implies that for a spike-producing
stimulus that is not too large, over a voltage range of about 5 millivolts and
for almost 10 ms there is little inactivationj of the threshold Na + current.
If this -'trigger- current is the spike initiation current here. then this means
that at either threshold the steady state inactivation is practically complete.
For no inactivationj to lake place during the approach to the higher threshold
spike. this means that the time constant for inactivation of the Na + current
in this range must be greater than 20 ms. Likewise. the fact that 4-AP does
not change the amplitude of the spike. but (probably) changes (slightly)
the width of the spike implies that either a) in the control IA transiently
activates and is gone during the upstroke of the spike. only to reactivate
during repolarization in order to contribute to the repolarization. or b) IA
is present during the entire spike, but the slower onset to the threshold as
mediated bv 1.4 allows stronger activation of the Na + current. which in turn
cancels out the effect of 1.4 during the upstroke and peak of the spike. The
first possibility is not likely because removal of inactivation for IA cannot
take place during repolarization since steady state inactivation is complete
at -501iv.
Halliwell et a]. investigated CA] cells in slices of rat and guinea pig
hippocampus. measuring, at 28'C. the effects of dendrodoloxin (DTX) and
4-AP. They report an 14 which is sensitive to both these agents, has a
very fast oiset and an activation curve thai slartls near -60niV. The DTXsensitive component was .5nA at a -40mV clamp voltage (v-holdilg = 76mV). Inactivation starts at about -60 mV. and was linear to -100 mV.
The time constant for decay of the DTX-sensitive component was 20 ms at
-40 mV. and seemed to slow at lower potentials: a faster decaying outward
component which was resistant to 4AP or DTX (perhaps IC.) decays within
about 10 ms.
Gustafsson et al measured guinea pig CA3 pyramidal cells from slice at
33*C or 260 C. This report shows activation and inactivation characteristics
similar to that reported for the cultured cells in Segal et al. 1984. with a
peak current at -30 mV of 5 nA. A faster decaying outward component of
similar size remained after application of 4AP. and this component may in
fact have two componenls: two time constants of the faster component were
measured - about 10ins and about Isec ( 26° C). This might partially reflect
contribution of IC .
Zbicx and Weight also measured guinea pig CA3 pyramidal cells from
slice, this time at either 32°C or 330 C. These workers report a decay time
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constant = 200 - 400 mS. The activation to peak was within 10 mS. independent of voltage. Peak current at -35 mV was 4 nA. Threshold for activation
of IA was -55 to -50 mV. It appeared that above about -40 mV inactivation
had two components. a fast one with a time constant of about 100 mS and
(after about 100 mS) a slow one of about 380 mS. Lack of 4-AP-sensitive
tail current below -54 mY suggests that this current deactivates very rapidly
upon hyperpolarization.
Finally. Storm reports that IA mediates a rapid onset, pre-spike transient
(several hundred milliseconds) outward rectification that delays onset of
repetitive firing for a narrow range of tonic stimulus strengths. This ]A does
not, however, alter the frequency of firing once the spike train starts. This
data implies that under the reported protocol IA inactivates during the IR
(initial ramp). These experiments were done with Min. which presumably
will block the Ca 2+ currents or the Ca 2+-mediated currents. Also. [47],
reports that 4-AP broadens the repolarization of single spikes. but does not
effect the fAHP or the mAHP. Under some protocols addition of 4-AP (or
Cd) caused a second (almost twice as broad) spike to be fired spontaneously
within 10 milliseconds of the first spike. The second spike was also about
5-10 millivolts smaller and lacked a fAHP under either 4-AP or Cd. Prehyperpolarizations (-80mV for 900ms) enhanced the effect of 4-AP on spike
repo]ariz: tion; pre-depolarizations (-58mV for 900 ms) reduced effect by
about half that of the hyperpolarizing protocol. implying that inactivation
is not complete at -58mv. In the current study the records from this report
[47]. are the primary ones used to compare the simulations with actual data.
A related report describes the putative role of 14 at the post-synaptic
terminal. Application of 4-AP has been described as enhancing synaptic
transmission [4-5]. Irregular firing subsequent to the IR reported by [46]
may therefore be partially due to enhancement of spontaneous EPSPs from
inhibition of synaptic 1.4.
To summarize, the so-called IA has been reported by different investigators to:
1. Delay onset of spike
2. Raise spike threshold
3. Mediate transient -initial ramp" (strong outward rectification) prior
to initial spike in response to tonic stimulus without strong role during
later spikes (particularly frequency of later spikes)
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4. Selectively modulate repolarization of single spike without effecting
mAHP or sAHP and have a minimal effect on spike amplitude
The data includes fairly complete measurement of the steady state activation and inactivation curves, but there is not complete data on the voltage
dependence of the appropriate time constants. Current clamp data showing
the previously mentioned effects of 14 are available. however. Therefore in
order to simulate this current I began with the reported steady-state curves
and then derived functions for the time constants that were consistent with
the voltage clamp data and that reproduced the current clamp results.
One of the key features of this current that had to be matched in the
simulations was the fact that during the spike the appearance of the IA was
exquisitely timed to influence just the main part of the repolarizing phase.
As previously mentioned. experiments in which spikes were elicited with
and without 4-AP showed that blockage of IA did not influence the ADP or
mAHP (Q47)). thus indicaling that the ]A was fully deactivated/inactivated
within a few milliseconds of its onsel.
7.4.1

Results

The results for the derived kinetics are shown in Figure 7.9. which includes
the reported steady state curves for the activation variable .r and the inactivation variable y.
The channel was configured with three activation gating particles (-) to
obtain a delay in activation with depolarization. The effect of 1.4 is seen
only I to 2 milliseconds aftcr the peak of the spike. Raising the power of x
was necessary to obtain the required delay consistent with the position of
x, curve on the voltage axis. as reported by [42].
On the other hand. given the y., curve in the same report. no delay was
necessary for the inactivation of 4. and only one y variable was used in the
channel formulation.
Figure 7.4 illustrates the contribution of IA on the repolarization of the
single action potential in the presence of Cal+ blockers (which wil inhibit
the contribution of Ic.on the repolarization) and without these blockers.
The experimental data was taken by measuring the response with and without 4-AP.
Figures 7.5, 7.6. and 7.7 illustrate the data from [46] and simulations
of this data which demonstrate the role of 14 in mediating the IR prior
to repetitive firing. In the simulations the IR is very sensitive to stimulus
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Gating Variable

Iz Do

z (activation)
y (inactivation)

3.5
-7

0.8
0.4

0.2
0.0015

Table 7.3: Parameters of

V', (mV)

TO(ms)

-52.0
-72.0

1.0
24.0

Gating Variables

IA

strength. and that beyond a narrow range this response is quite diminished.
This characteristic is consistent with data taken under similar conditions
(Storm, personal communication).
The reported action of ]A related to the increased excitability of the cell
with the addition of 4-AP is shown in Figure 7.8. In this figure recordings
from Segal et al are compared with simulations of similar protocols. The
delay in firing in the cell without 4-AP is similar to that demonstrated earlier
with the simulations of Storm's data.
Al IA parameters were determined at 30*C.
The equation for IA is IA = 0.5Z* YA(V - EK)
where
§A

=

0.5PS

Table 7.3 lists the parameters for the 1A gating variables. These are the
rate functions for the activation variable. x,of IA .A=

0.2exp 0(-+52)0.83.5F)

.= 2exp (( - 52

-

V)0.2. 3.5.F

u~exp~

RT

These are the rate functions for the inactivation variable. y. of
y.A

IA -

F)
= 0.0015exp((V + 72)0.6. -7-

O.A=

0.0015exp (-72 -

)0. -7. F)

Figure 7.9 and Figure 7.10 show the voltage dependence on the steadystate values and the time constants for the XA and YA variables.
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7.5

Ca 2+-Mediation of K + Currents by Ca 2 4 - binding Gating Particle w

In order to cause 1c. and .IHP to be mediated by intracellular Ca 2 . I
incorporated a Ca2 +-hinding gating particle in the expressions for both of
these currents. Several workers have postulated mechanisms for such an
inleraclion between intracellular Ca 2+ and different ion channels. ranging
from complex multi-state kinetic models based on experimental data to very
simple descriptions for modelling studies ([481).
In light of the paucity of quantitative data on such mechanisms in HP(.
my goal,, for the description of a putative, generic Cao2 -binding gating particle were as follows:
* Relationship between ('a 2 + concentration and particle activation allowing for non-degenerate kinetics considering the range of ('a 2 + coDcent rations during various cell responses.
a Binding kinetics based on a simple but reasonable model.
e Kinetic descriplion that could be easily modified to yield significantly
different behavior, that is a description that could be modified to suit
a wide range of desired behaviors.
To this end the following description for a (,a 2 + -bijiding gating particle.
w. was .,sed. Each w particle can be in one of two states. open or closed.
just as the case for the Hodgkin-Huxley-like voltage-dependent activation
1..

and inactivation gating particles. Each u- particle is assumed to have n
Ca2 + binding sites. all of which must be bound in order for the particle to
be in the open state. Binding is cooperative in a sense that reflects the two
states available to a given particle. i.e. either a particle has no Ca2+ ions
bound to it. and therefore it is in the closed state, or all n binding sites
are filled, and the particle is in the open state. The state diagram for this
reaction is as follows:
if'closed +" n COMn

'opf n

2+= Won

where the * notation means that the particle is bound to all n (intracellular) Ca 2+ ions. a and 3 are the forward and backward rate constants,
respectively.
This scheme results in the following differential equation for w. where
now u- is the fraction of particles in the open stale. assuming that the
concentration of Ca2+ is large enough that the reaction does not significantly
change the store of intracellular Ca 2 +:
-)[Ca 2+P - .3?,"
d = ((1
dt
The steady state value for u- ( the fraction of particles in the open state)
as a function of the intracellular Ca 2 + concentration is then:

.,[C,,2+3, .

,,= (i[(.,,I.]" +

The time constant for the differential equation is:
,=(o[C'2+n +

)-i1

The order of the binding reaction.n. that is the number of Ca2 + binding
sites per u' particle, determines the steepness of the previous two expressions,
as a function of [Ca2+]i,. Given the constraints on the range for [Ca 2+].1"11.1
and [Ca 2 +].heul.2 during single and repetitive firing. n was set to three for
both the I- w particle and the JAHP u- particle. On the other hand. as shall
be presented shortly. the range of Ca 2+ concentrations for which the IAHp
w particle is activated is set to about one order of magnitude lower than
that for the I(-. i particle, since Jr. was exposed to the larger [Ca 2 +],heu..

1 57'

7.6

C-Current Potassium Current - Ic

Ic is a Ca 2+-dependent K + current that plays a large role during an single.
isolated action potential. It has been proposed that this current. which
is apparently inhibited when Ca'+ blockers are added. is the underlying
current of the fast-afterhyperpolarization (fAHP) which is observed in single
spikes and (sometimes) to a lesser degree after spikes of repetitive trains.
Studies of bullfrog sympathetic ganglion neurons suggest that Ic is a major
repolarizing current during the spike in these cells (Adams et al).
Limited voltage clamp data was available for this current (Sega] and
Barker, Madison et al). and in many of the reports measurements of a reputed Ic was likely corrupted by ]AHP, since both are identified by. among
other methods, sensitivity to Ca2+ blockers.
On the other hand, [47] has demonstrated well the role of Ic during the
fast repolarization of the action potential, distinct from the much slower
role of IAHp as a hyperpolarizing current. In addition. Ic. is selectively
blocked with TEA at concentrations much lower than that required to block
IDR Storm has tentively isolated the role of I(. in current clamp protocols.
and this data was the primary standard I used in the estimation of the 1 c.
parameters.
In my simulations of the role of Ic the challenge can be summarized as
follows:
" Formulate the kinetics of Ic so that the fAHP is reproduced
" Devise a Ca2 + and voltage dependence for Ic. such that IC is activated
significantly only during spike repolarization.
" Adjust IDR parameters so that activation of I(. does not inhibit activation of IDR- otherwise the presumably fast inactivation of I(. would
allow the residual inward currents to immediately depolarize the cell
following the fAHP. Also the mAHP, which is mediated by IDR. is insensitive to Ca2 + -blockers. further indicating that activation of IDRq
is not affected by the faster spike repolarization mediated by Ic.
Although the estimation of evcry current necessitated the re-evaluation
of every other current to a greater or lesser degree, not only was the estimation of IC. dependent on the characteristics of IDR and vica versa, but
also the dependence of Ic on Ca + meant that estimation of the ICa and
[Ca2 +J.he.i-system parameters took into account the behavior of 1(-.
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The first step in analyzing Ic was estimating with simulations the current that is necessary to generate the observed fAHP. The results of these
simulations indicating that Ic had to have two salient characteristics - very
fast activation/inactivation and large maximum conductance (on par with
)DR). In fact. the time course of the fAHP-producing current was a sharp
and large spike reminiscent of the Na+ currents that initiated the action
potential.
The characteristics that I have derived for IC are different from those
proposed in the literature, in particular the kinetics described here are somewhat faster than those reported elsewhere. However, as mentioned earlier,
the interpretations of the voltage clamp data for Ic. is possibly complicated
by the activation of IAHp. which is also Ca 2 +-dependent. In fact, the simulations described here indicate that if Ic is the current responsible for
the fAHP. then IC must have the fast activation/inactivation/deactivation
kinetics proposed here.
7.6.1

Results

The Ca 2 +-dependence of Ic was constructed so that after only a small delay
the influx of (,'2+ into Shell.] would activate 1h'. The conductance of the
Ic channel was therefore mediated in part by a single w particle, implying
that each I(. channel has three independent Ca 2 +-binding sites on a single
gating particle, each of which. in turn. must be bound to (a2+ in order for
the channel to conduct.
The very fast turn off of I( necessary to obtain a significant ADP after
the fAHP was accomplished by incorporating four x particles, by making
the steady state curve for activation steep and centered only a few millivolts
above the resting potential. and by making the time constant for x very
fast. especially when the ", curve goes to zero. As the spike is repolarized
past about -60 millivolts the x particles quickly relax to their closed state.
shutting off Ic leaving a minimal tail that. if larger. could otherwise wipe
out the ADP.
A voltage-dependent inactivation particle, y. was included since the
available voltage clamp data indicate that Ic is a transient current at depolarized potentials. with a time constant on the order of greater than several
milliseconds. Simulations indicate. however, that during normal activity
removal of Ic' is accomplished by de-activation of either the xr or the w
particles.
In summary. the turning on of Ic. is mediated b\ 9ux of C'a2+: removal
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Figure 7.11: Top - Repolarization of the action potential with and without
2

Ca + blockers (Storm. 19, (ib). Note absence of fAHP when (C2 + blockers
are added. Bottom - Simulation of protocol.
of Ir- is mediated by the repolarization of the spike. During the spike. the x
particles turn on first with the depolarization of the beginning of the spike.
As the 1c., channels open (slower than the lN,-ti, and l.V.,._p channels).
the subsequent influx of Ca2 + into shtll.] raises [Ca +I,o1.1 to turn on the
w. turning on IC-. As the cell repolarizes. the four r particles close quickly.

shutting off I. abruptly enough to allow the observed ADP. Soon after the

spike (within 30 ms) [Ca2 +I.h, j1.drops as Ca2 + flows into Rhf 11.2 and the
core. thereby shutting off u"so that activation of .r on the upstroke of a

subsequent spike noes not turn on I(.too soon (see Figure 9.27).
Figure 7.11 iil-s-rates the contribution of the fully activated I(. to the
repolarization of the action potential and how the fAHP is eliminated when
I. is blocked. In the next section an expanded view of this simulation will
be presented.
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Gating Variable

oo

x (activation)
y (inactivation)
U,(Ca 2 +-activation)

25
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0.2
0.2

I
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I

r 0 (ms) 1 o-.

(m\)

I
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-

-

1000

-

Table 7.4: Parameters of I(' Gating Variables. * = (mSr-1m-

-

3

0.125

). ** =

-

(mS 1)
The equation for IC. is Ic =

c4.C.uc (V

-

)

where
= 0.4 pS

Table 7.4 lists the parameters for the Ic"gating variables. These are the
rate functions for the activation variable. xr. of I((I
"c = 0.007exp( 01

+ 6 10 2

2.5.F)

p (-653 - I'*)0.x. 25 •F)
eexp(
Ri
3..= 0.0070.0
-

These are the rate functiojis for tie activation variable. y. of Icny.c" = 0.003exp(

1

+60)0.2- 20. F)

60
3y.,= 0.003exp (-

-

)OR 20 F)

Figure 7.13 and Figure 7.14 show the voltage dependence on the steadystate values and the time constants for the zc. and y(" variables.
As mentioned above, each w particle was assumed to have three noncompetitive Ca 2 + binding sites. all of which were either empty (corresponding to the closed state) or filled (corresponding to the open state). Figure 7.15 shows the dependence of the steady-state value of the twc variable
Figure 7.16 shows the dependence of the time constant for
on [Ca 2+]J,,.
the u'c' variable on [C'a2 +]
8 h,1.
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7.7

AHP Potassium Current -

I4HP

IAHP is a slow. Ca 2+.mediated K+ current that underlies the long after-

hyperpolarization (AHP). Typically the AHP is about I to 2 millivolts and
lasts from 0.3 - 3 seconds after a single spike. Adding Ca 2+ blockers or
noradrenaline to the extracellular medium eliminates the AHP. and likewise
markedly reduces the cell's accommodation to tonic stimulus.
Since most of the data on the proposed 4.4Hp is derived from various
current clamp protocols, the model description of this current is based on
that used in other models (Koch and Adams. 19A6) and from heuristics
derived from the properties of other currents. in particular ]'. and IDR.
The important relationship between the 4AHP and I . parameters arose
when I attempted to simulate both the mAHP (mediated by IDR) and the

AHP according to data from Storm ().In addition. since 1.4Hp is dependent
on Ca 2+ entry. the derivation of this current and the dynamics of [('a],Adu.1
and [Ca],h1.2 was done simultaneously. In fact. it was determined that in
order for the activation of IAMP to be delayed from the onset of the spike,
it was necessary to introduce the second intracellular space (shell) that was

described in Chapter 6. Such a relationship between Ca 2+ influx and the
subsequent delayed activation of I.jjHP has been suggested in the literature

([30]).

7.7.1

Results

2
1
I propoie that the conductance underlying .u4p is dependent both on Ca +
and voltage. The Ca 2+ dependence of this current is clearly demonstrated
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since the AHP is removed when Ca 2+ blockers are added. and construction
of a reasonable model of Ca2 + dynamics such that IAHP may be dependent
on this is possible.
The mechanism that I use for Ca2 +-mediation of IAHP is similar to that
for Ic. that is the 'AHP channel includes a single Cal+-binding u"particle,
with the same binding reaction as shown in Equation x.
Voltage-clamp studies ([30]) indicate that there is no voltage-dependent
activation of IAHp, however. This puts a greater constraint on the Ca 2+ mediated mechanism for this current since the activation necessary to underly the long, small hyperpolarization after a single spike is significantly less
than that required to squelch rapid spikes after some delay in response to
tonic stimulus. In particular. these requirements provided rather restricted
constraints on the buildup of Ca2 + during each spike in region of the IAHP
channels, shell.2, and like,7ise the dependence of the IAHP w particle on
this localized concentration of Ca 2 +
On the other hand I have included two inactivation gating particles. y
and z. The rationale for the y particle is based on two pieces of evidence.
First. it has been reported that Ca2 + spikes are insensitive to noradrenaline
in protocols where ]DR and 'A have been blocked by TEA and 4-AP, respectively (Segal and Barker). The fact that these spikes are unchanged
with the addition of noradrenaline implies that under this protocol 'AHP is
inactivated by some other mechanism, since presumably A4HMP has not been
disabled. Since the protocol involves a long (approximately 30 milliseconds)
depolarization of the cell before the Cal+ spike. it was possible to include
an inactivation particle for 1.4HP that was (a) fast enough to disable .AHP
under these conditions, but (b) was slow enough so that normal spiking did
not cause the y particle to change states.
A second indication for the voltage-dependent inactivation particle Y is
consistent with the previous evidence, that is the amplitude and rate of rise
of action potentials singly or in trains appears independent of the presence
IAMqp. In particular, the size of the IAMP conductance necessary to repress
repetitive firing is large enough to significantly effect the spike once threshold
is achieved if this conductance remained during the spike. Such a role for
IAMP has not been demonstrated. y therefore causes 'AMP to shut off during
an action potential so that this current does not reduce the amplitude of
the spike.
The second inactivation particle. z, was included to account for the delayed peak seen in the large afterhyperpolarization that occurs after a long
(greater than 100 ms) stimulus (Madison and Nicoll, 1982 and others). At
165

rest. : is partially closed. With a large. lengthy hyperpolarization the z particle becomes more open. thereby slowly increasing I4Hp and the magnitude
of the sAHP. until the Ca 2+ in shell.2 eventually drains down to its resting
level and subsequently shutting off u-. The time constant for : was set very
slow above rest so that it did not change appreciably during firing. Below
about -75 mV. however, the time constant approaches 120 milliseconds so
that the desired role of : during the sAHP is obtained.
No voltage-dependence for IAHP has been noted in the literature. However, the dependence of IAMp on Ca 2+ influx may have precluded voltageclamp experiments which might verify the voltage-dependencies indicated
by the simulations.
With the present formulation for IAHP. this current plays an important
role during repetitive firing by shutting off the spike train after several hundred milliseconds. This occurs primarily through the dependence of 1AHp
on [Ca]sh,11.2. which slowly increases during repetitive firing. Eventually
the rise of [Ca].hI.2 causes IAHP to provide sufficient outward rectification
for counter-acting the stimulus current and thus stop the cell from firing
(Figure 7.19). The fact that IAHP is strongly activated by this protocol is
indicated by the long hyperpolarization at the end of the stimulus (Madison
and Nicoll. 1982. and see simulation of their results in Figure 7.19). Madison and Nicoll. 1982 [32] report that noradrenaline blocks accommodation
by selectively blocking JAHP.
The characteristics demonstrated by the model 14 HP are in qualitative agreement with many of the characteristics reported in the literature
(e.g. [30]. [41]).. including the increased activation of .4HP with increasing
numbers of spikes in a single train. delayed activation from onset of (a 2+
influx, the role of IAMP in modulating repetitive firing, time constant for
inactivation/deactivation of greater than one second. the apparent voltage
insensitivi %
" (the transition of y and : with sub-threshold depolarization is
slow. and once z is activated deactivation takes several seconds.
The action of ]AHP resulting in the sAHP is illustrated in Figure 7.17.
Expanded view of this figure (same simulation as Figure 7.11) is shown in
Figure 7.18.
The equation for ]AHP is 2
IAHP = L2AMP

AHP Whap

where
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spike tuntil NIsuseuen~t spike-, are blocked.
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7.5: Parameters of 1.4HP Gating Variables. * = (nIS-1mATable- 1)

(mS

9.4HP =

3

0.00.5

), ** -

0.35pS

Table 7.5 lists the parameters for the IAHp gating variables. These are
the rate functions for the activation variable. X. of 1AHP(1y.AHP

+ 50)

= 0.015exp ((1

"3y.mP= O'Ol.5exp(
3
.Olexp
j~AHP=

(-

8 .- 15. F)

50O - 1 '*)0.2

.

-1.5.

F
F

F

-RT

These are the rate functions for the activation variable. y. of I.n4P.. H

..4HP-"

= 0(3 = 0)

0.0002exp (

- 72

-

)

-12

F)

Figure 7.20 and Figure 7.21 show the voltage dependence on the steadystate values and the time constants for the X.41 1p and YAHP variables.
2
Again. each u" particle was assumed to have three non-competitive Ca +
binding sites, all of which were either empty (corresponding to the closed
state) or filled (corresponding to the open state). Figure 7.22 shows the
dependence of the steady-state value of the WAHP variable on [Ca 2 +],hal.2.

Figure 7.23 shows the dependence of the time constant for the WAHP variable
on [C0 2+].h ,,.2.

7.8

M-Current Potassium Current - I'A

41 is a small persistent A'+ current that is activated near rest and that is
selectively inhibited by muscarinic agonists ([16]). This current has been
170
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reported to contribute to cell excitability and to the mediation of repetitive
firing in different species []].
There is evidence for massive cholinergic projection from the medial
septum to the hippocampus ([16]. Kuhar. in [24]. [25]) so the mediation of
HPC behavior by cholinergic agonists via specific currents is potentially a
very important mechanism for modulation of either single HPCs or local
populations of HPCs.
7.8.1

Results

For the model the steady state parameters of the activation variable of %Jg.
z. were inferred front [16]. Data on the temporal properties of this current
is sparse. The time constant for activation for I.tl has been estimated at
being between 50 and 300 millisecond, within 20 millivolts of rest. The Q1o
for 1.1 has been estimated at 5 ([16]). This meaus that the Ijj is much
faster at physiological temperature than would be indicated by the reported
data. which was measured at 23T. Since the activation is slow and no clear
recordings of the time course of activation are available. I included a single
activation particle. x. in the formula for the .1 conductance.
As mentioned in Chapter 3. originally I assumed that at the resting
potential the only conduclances that were open were linear, and therefore
Ej,.a was set equal to Erf
8 t (= -70mV). However. the data suggests that
at rest a small amount of I*11 is activated. In the model. then. inclusion of
ht shifted E,,, slightly from -70.0 mV to -72.3 mV.
Current clamp simulations suggest that Iu has two roles: I ) changing
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Gating Variable

z

"

x (activation)

5

0.5

00
o

V (mV)

ro(ms)

0.0015

-45.0

10

Table 7.6: Parameters of IM Gating Variable
the current stimulus threshold for I.Va-riy mediated spikes, and 2) modulating repetitive firing in response to tonic stimulus. The first characteristic
comes about since IM is partially activated at the resting potential, and
therefore decreases the input impedance of the cell. Figure 7.24 illustrates
that blocking IM increases the firing frequency of the cell in response to tonic
stimulus. However. this increase is much less than that usually reported for
cholenergic modification of HPC firing. This result implies that the major effector of the cholinergic response is IAHP, as has been demonstrated
earlier.
The equation for I'A is I'A =A, xM (V - EK')

Table 7.6 lists the parameters for the IM gating variable.
These are the rale functions for I'A-

((V + 45)0.5- 5 •F

=
-

0

*.M

r.A
.exp~

RT

-

45
3xM=0O~~ep(-5-''"5FRT
17T.5
= 0.0015exp-

F

Figure 7.25 and Figure 7.26 show the voltage dependence on the steadyvstate values and the time constants for the x.M and y.1 variables.

7.9

Q-Current Potassium Current - IQ

IQ is a small current that is activated when the cell is hyperpolarized with
respect to resting potential. The reversal potential for the IQ has been
estimated at approximately -80 millivolts. Since EK is about -90 millivolts.
this current might be due to a mixed conductance.
At the present time the functional characteristics of IQ have ,nt been
investigated.
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Gating Variable
15
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Table 7.7: Parameters of IQ Gating Variable
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Figure 7.27: Steady-state curve (x,)for zQ.
7.9.1

Results

The current description for IQ isbased solely on the data from [16].
The equation for IQ is Ik = gQ .,Q(V

-

Ei,)

where

0 = 0 .0 0 2 pS
Table 7.7 lists the parameters for the IQ gating variable.
These are the rate functions for the activation variable. x. of IQ(Ij.Q

= 0.0003exp (V + 45)0 .9 8 " 15- F)

.),.Q = 0.0003exp((-

4

-

RT)0.02 15F)

Figure 7.27 and Figure 7.29 show the voltage dependence on the steadystate values and the time constants for the .rQ and yQ variables.

176

-Tauj-X

AMmconds

(0)

.0

..100.0

-S0.D

-60.0

-40.0

-20.0

.

Figure 7.2*: Time cojistaw
IcuTvp (r,) for XQ

177

20

Chapter 8

VOLTAGE CLAMP
SIMULATIONS
8.1

Introduction

Sinulating voltage clamp data was an important verification of the paramelers derived for both currents and the linear structure of the model. In
particular, these simulations estimated how much the current flow due to
the unclamped dendriles contributed to errors in parameters derived with
voltage clamp protocols.

8.2

Non-Ideal Space Clamp

The non-zero Ri means that a voltage clamp applied at the soma will not
clamp the dendrites ideally. This distortion of the clamp signal is shown
in Figure 8.1. where the soma has been clamped to -50 mV from a resting
potential of -70 mV for 50 milliseconds. The distortion of the clamp voltage
has two components. First. the rise time of the clamp signal gets progressively longer further down the dendrite. Second. the final voltage reached is
lower the further down the dendrite.
If we assume that the non-linear conductances are perfectly segregated
in the soma. with the dendrite being linear, then this situation is not intractable. In this case the protocol will perform the correct voltage clamp
on the non-linear conductances. and the current that passes through them
will be a function of only the time. the holding potential. and the clamp
potential. There will be a component of the clamp current due to the non174
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ideal clamping of the dendrite, but this current inay be compensated for by
estimaing the linear propertiesof the
dendrite.*
Oin the other hand. no clear cut distribution of non-linear conductances
is more likely: there may be significant nlon-linlear mem~brane inl dendriie
that is at a significan|t electroiontic distance from the soma. Referring to
Figure 8.1, if there is an 'non-linear conductance in the proximal dendrite
(in this simulation this refers to the proximal 240 .am, of dendrite). then
n mam
lm
a
f
the 4l8K.0II
steadyv
state1 voltage
caused byv the clamp is not very different than the
I

soma voltage (-50.5 mV and -50.0

V. respectively). However. during the

initial 10 milliseconds of the clamp the voltage in the proximal dendrite is
significantly different. and therefore any non-linear membrane in this region
will be poorly clamped. This will be a problem if the conductances are
fast in this region. e.g. activation or inactivation on the order of several
milliseconds. Although the result., of the analysis presented in Chapter
3 indicates that the dendrite are electrically compact. the high value for
Ri that has been proposed causes the dendrite voltage to lag significantly
behind the soma voltage.
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8.3

Contamination of Na + Parameters Derived
by Voltage Clamp

The problem of unclamped dendriles is most severe for the faster currents.
This can be demonstrated by examining the putative Na+ currents with
voltage clamp simulations.
The simulated voltage clamp protocol in which all currents except for
Na+ currents have been blocked is shown in Figure 8.2.
Ideally. the soma-dendrite current may be measured in isolation by running the voltage clamp on a cell where all the non-linear currents have been
blocked. This current may then be subtracted from the clamp current when
the all none-.Na + components are blocked or disabled in order to estimate
the Na+ currents.
Figure 8.3 illustrates the various components of the response of a -70 to
0 mV voltage clamp of just the Na+ currents. The soma-dendrite current
contributes substantiall% to the clamp current. If this current is not taken
into account theni the estimated Na+ component will be significantly smaller
and faster than the actual Na+ component.
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Figure 8.2: Voltage clamp simulatioits in which all currents have been
blocked except for the Na+ currents.
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Chapter 9

CURRENT CLAMP
SIMULATIONS
9.1

Introduction

This chapter presents some illustrative simulations of current clamp protocols that demonstrate the overall behavior of the model. The behavior of the
model under various protocols is examined, assuming that the current descriptions based on simulation of actual data. as demonstrated in Chapters
5. 6. and 7. sets a realistic stage for more speculative simulations.
Finally. a typical simulation will be presented along with the records of
the major currents and the time course of their gating variables iin order to
demonstrate the full output of HIPPO.

9.2

Regulation of Repetitive Firing - Effect of
Blockade of Specific Currents

Consider Figure 9.1. In this simulation the response to long tonic stimuli of
different strengths is demonstrate with all the HIPPO currents present. For
most of the stimuli the cell responds with an initial burst of action potentials
followed by a slow train of spikes.
As we have seen in the previous chapters the major mechanisms mediating theses responses is the buildup of intracellular Ca2 + . the subsequent activation of IAHP and the high, broad threshold of INo-rep. The
burst phase is mediated by
but once lAHp becomes large enough.
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another INa-trg-mediated spike is delayed by the outward rectification of
]AHP"

Investigating what happens under the same stimulus protocols when
specific currents are blocked illustrates some of the predictions of the model.
First, note Figures 9.2. 9.3, and 9.4, which show spike trains in which IA,
',kl and J\a-t~ have been blocked, respectively. The model results suggest
that although 'A can have a significant role in delaying the onset of firing
and in modulating the width of the spike (ref. Chapter 7), this current does
not alter repetitive firing once it has been initiated. IM and I -taij, on the
other hand. appear to have little functional role under any of the protocols
presented. If these currents (IM and INa-tuil) are assumed to be in the HPC

for a reason. then this result suggests that either the model description for
them is incomplete or that their site of action is primarily non-somatic (see
Section 10.2.4).
In Figures 9.5. 9.6. and 9.7. the response of the cell to tonic stimulus is
shown where the Ca 2+ currents, Ic.and IAHp have been blocked, respectively. Here some marked departures from the response of Figure 9.1 can be
2+ activity
seen, in particular the change in accommodation. When all ('0
is
blocked, as in Figure 9.5. the frequency of repetitive firing is constant. that
is the cell reaches a steady-state condition immediately with the first action
potential.
Figures 9.6 and 9.7 show how Ic and 1JAIp both contribute to the accommodation response. When Ic is blocked the initial accommodation is
quite similar to the normal response. However (especially for the stronger
stimuli), later in the spike train the frequency of firing begins to increase
slightly, as if JAHP was partially wearing out in its role as headmaster. When
1.4HP is selectively blocked. on the other hand. accommodation is immediately compromised and the burst phase lasts for many spikes. Eventually
a reduced accommodation starts, though, slowly putting on the brakes to
prevent excessive spiking.
This accommodation is due to Ic. as can be seen in Figure 9.8. Inthis
figure the response to a 2.2 nA tonic stimulus as was shown in the previous
figure is reproduced along with the time course of the intracellular Ca 2 +
concentrations and IC. Here it can be seen that at the beginning of the
train IC fulfills its normal role as a transient repolarizing agent, active only
during the spike. When the subsequent spikes come too fast. however, the
concentration of Ca2+ in ahell.2 has a chance to build up, thereby raising the
basal level of [Ca 2 +].heu.1 between spikes. This rise is enough to activate 1.
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interictally so that this current provides a suppressing influence to the latter
part of the train. The simulations suggest. among other things. that 1C may
have a dual role - under "normal" conditions 1C just modulates the width
of the individual spike . and under conditions when 1.4HP is blocked (which
easily could be physiological considering ].4HP is inhibited by cholenergic
agonists) Ic. steps in to provide a controlling influence suppressing strong
repetitive firing.
Finally. Figure 9.9 shows the response of the cell with just /Va-,ep
blocked. Here a fairly bizzare response is seen. since it seems that this
current would only contribute to the strength of individual spikes and the
extension of the effective range for firing threshold. However. in these simulations removal of IX_,,-p has an additional (possibly pathologic) effect.
At low stimuli, the standard burst/accommodation response is seen. but as
the stimulus intensity is increased the cell response degenerates into a series
of low amplitude C0 2+ spikes followed by a cessation of activity - the cell
effectively becomes mute.
In Figures 9.10 through 9.16. this response is examined more closely and
compared with the response of the normal cell to the same stimulus. In
Figure 9.10 the two responses and their current records are compared over
the entire 2 seconds. At this level the most striking differenice is the large
IDR and lco (also [('a 2+]
8 p,b*.I and [('(12+ ]sll.2) in the latter portion of the
/xV.\-r-blocked response. Examining the first part of the response in detail
(Figures 9.12 and 9.13). the differences are not as obvious. However. eveni
though 'N-.
is about the same for the two protocols, the blocking of
4Va-rep causes a significant reduction in the spike amplitude. The result .,
that 'DR is not activated as strongly as inthe normal case. thereby reducing
the interictal hyperpolarization and increasing the frequency of firing. This
is shown more clearly inFigures 9.14 and 9.1.5. where the initial spikes for
both responses are shown. Other than these changes. however, it appears
that nothing degenerate is occurring.
The situation changes, though, as accommodation (mediated by 1AHP)
sets in. as shown in Figure 9.16, where the activated ]Amp reduces the
amplitude of the later spikes even further. which in turn prevents the full
turning on of 1DR. The net result is that the cell becomes more depolarized
on the average. allowing Ic to fully activate. This inward current. while
now superseding
- as the -spike- current. cannot depolarize the cell
enough to activate IDR? fully. which could repolarize the cell back to E,,,f and
reset the firing cycle. Eventually, then. after a few oscillator" Ca 2 +-spikes.
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I-A nA. 2.0 nA. and 2.2 nA.
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the cell reaches a stable. depolarized level until the stimulus is removed.

9.3

Conduction of Dendritic Input to Soma

Figure 9.17 illustrates a current clamp simulation in which a series of four 1.3
nA. 3 millisecond current pulses was injected into the distal dendrile. These
pulses approximate excitatory synaptic input, assuming that an excitatory
synapse consists of a selective conductance with a reversal potential around
-25 mV, a total conductance on the order of 60 nS. and an activation period
of 3 milliseconds. As seen in the figure. these events propagate down the
dendrite and sum at the soma until spike threshold is reached.
An interesting detail from this simulation is the shape of the repolarization of this spike. Recall that single spikes evoked by somatic stimuli
display a distinct fAHP (ref. Figure 7.18). In Figure 9.17 the bottom of the
fAHP is elevated so that there no longer is a short depolarizing phase prior
to the ADP. This is caused by the increased soma-dendrite gradient. which
in turn results from the fact that the original depolarization is due to the
dendrites rather than from soma input

'.

As mentioned in Chapter 5 a characteristic of I.'N.-lig is its sharp threshold. This characteristic is demonstrated in Figure 9.18. Here simulations
with two inputs are illustrated. One input consists of the previous pulse
train. The second input is identical except that the interval betweeni pulses
has been increased by I millisecond. This input evokes essentially a linear
response (compare with the step responses in Chapter 3). demonstrating the

fine tuning of

9.4

J.\ o-1rj"

Demonstration of the Full Output of the HIPPO
Simulations

I shall now present a typical simulation protocol in order to show the collection of variables that underly the behavior of the model. Figure 9.19
shows the overall response of the model to the soma stimulus shown in the
lower part of the figure. An initial hyperpolarizing current step is applied
'In the earlier simulation of the single action potential the repolarization of the spike
also caused the dendrite to momentarily be at a higher potential than the soma due to
the charge stored in the dendritic capacitance. which in turn contributed to the ADP. but
here this potential difference it greater as explained above.
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to the soma. bringing the soma voltage down from its resting potential of
about -72 mV to about -83 mnV. Next. a 220 millisecond 1.SnA depolarizing
current step is applied, resulting in the characteristic burst of action potentials. whose frequency just begins to reduce, as the actioni of IAHP starts.
After the stimulus, the beginning of the long-lasting after-hyperpolarization
is seen.
In Figures 9.20. 9.21 9.22 the Na 4 currents awd their associated gatiijg
variables during the response of Figure 9.19 are illustrated (note change of
time scale).
In Figures 9.23. and 9.24 1.,, its gating variables and the time course
of the intracellular (,a2 concentrations are shown during the response of
Figure 9.19 are illustrated (note change of time scale).
In Figures 9.25. 9.26. 9.27. 9.28. and 9.29 the K currents and their
associated gating variables during the response of Figure 9.19 are illustrated
(note change of time scale). The relationship between the activation of
the Ca+-mediated gating variables (w) for ](. and IAHP and the time
courses for [('2+]I.s1.1 and [('a2+] ,Il.2 hown in Figure 9.24 is clear. The
conductance underlying III remains relatively constant (the time course of
]1 closely malches the time course of the vollage), and therefore while this
current isahnot as large as buHI,. ii has lie relatively uncolorful role of
mediating repetitive firing oidyv slightly by changing the effective (linear)
impedance of the cell.

Fin~ally. in Yigiure, 9.30 awl 9.31 1f,lieI-,r
componeiit s of the somatic
respoj,, art, showns. i.e. lie capacitive aid leak sona currenIts and the
dendritic volt ages. respect ively.
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Chapter 10

DISCUSSION
10.1

Introduction

This chapter will address some of the more general implications and conclusion., derived from the nodel. in particular those issues not covered in
earlier chapter.,. The overall question remains that if neural nets are realizable with elemenis That just exhibit integrative all-or-nothing responses that
are connected with regenerative conductors. then why are all the channels
needed '! The results of the model suggest some rationale as well as some
specific question, addressed at the apparent role of many of the currents
described.

10.2

Physiological Roles of Specific Currents in
Information Processing

How can the different currents described here contribute to the information
processing capability of the pyramidal cell? The first step in answering
this question is primarily mechanical. thai is we need to show how a given
current shapes the response to a repertoire of inputs. At this stage. the
repertoire considered has been very basic - short depolarizing current steps
that evoke single spikes. long lasting depolarizing current steps that evoke
spike trains, and (to a lesser degree) simple dendrilic input consisting of
depolarizing current steps applied to the distal portion of the dendritic cable.
By examining the response to these inputs the functional roles of the model
currents can be grouped into three (non-exclusive) categories:
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Table 10.1: Functional roles of hippocampal somatic currents. Entries in
parentheses indicate secondary role. e.g. Ca 2+ activation of K+ current.
means that the role is unknown.
1.Modulation of shape of single action potential (Spike Shape).
2. Modulation of firing threshold. both for single and repetitive spikes
(Threshold).
3. Modulation of repetitive firing, specifically the relationship between
strength of tonic input and frequency of initial burst and later "'steady
state- spike train (Freq-Inten).
Table 10.1 summarizes the main roles for each of the described currents
as indicated by the simulations.
10.2.1

Possible Roles for the Modulation of the FI CharacI
teristic

Traditionally neural information is assumed to be encoded by frequency
modulation (specifically PCM). that is the number of spikes per second
encompasses the message of a neuron. For example. the strength of contraction for a muscle fiber is. over some range. a linear function of the spike
frequency of its efferent neuron. If action potential propagation is assumed
to be a stereotyped phenomena. then clearly the only way to modulate
neuronal output is by changing the spike frequency. If the inhibition of a
216

specific current changes the FI characteristic, this allows the modulation of
that neuron's information processing by various agents.
10.2.2

Possible Roles for the Modulation of the Threshold
of the Somatic Action Potential

The setting of the somatic threshold will determine the minimal input for
eliciting a spike. and in effect change the sensitivity of a cell. For example.
if INQ -frig was blocked by some endogenous agent. then the firing threshold
for that cell will be raised by about 10 millivolts. This would cause the cell
to ignore a wide variety of input patterns that would otherwise generate
soma spikes. Even subtle changes in soma threshold. as might for example be mediated by selective inhibition of ]M. could significantly alter the
overall transfer function of a local population of neurons. assuming that the
cholinergic input is spread out over that population and not just directed at

a single cell ([24]. [25],[35]. [36]).
There are actually two aspects of the -threshold- for a cell - static and
dynamic. In other words the rate at which the soma nembrane approaches
threshold is as importanl as the absolute level of that threshold. In general
the threshold rises with a slower approach because there is a small range
for which sub-threshold activation of 'a-irig is possible. The niost striking evidence for this was demonstrated in Chapter 7. where the role of 1.4
in dela*ying spike initiation by (effectively) slow stimulus was shown. I..
therefore may help to distinrguish tonic dendritic (particularly distal) input
versus Ionic somatic input. For input that eventually will supply the same
depolarizing current at the soma. dendritic input will have a slower onset
due to the cable properties. This slow onset could allow 1.4 to transiently
delay the onset of the spike or spikes. as was shown. A similar depolarizing
current of somatic origin (e.g. somatic synapses) would have a faster onset
such that 1.4 would not be activated in time on the depolarizing phase to
delay the spike. Extending this possibility further. blocking 1A could have
the physiological or pathological result of reducing the ability of the soma
to discriminate proximal versus distal inputs.

10.2.3

Possible Roles for the Modulation of the Shape of the
Somatic Action Potential

How important is the shnix of an individual spike at the soma? In general
this question has not been addressed in the literature, but we can speculate
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on the possibilities. First, we can assume that spike shape, in particular
spike width, is unimportant to a first degree at the soma - once the soma
fires, it fires. However, the role of the spike beyond the soma may or may
not depend on the spike shape., and this possibility is dependent on to what
extent spike propagation is a linear or non-linear phenomena.
This in turn will determine the degree to which an axonal termination
"see's" the actual time course of the somatic event. At one extreme. the
proximal axon could transmit the spike a purely non-linear fashion - once
threshold was reached, the classic "all-or-nothing" response would transmit
a stereotyped action potential down the axon whose shaped would be completely independent of the (immediate) post-threshold behavior at the soma.
At the other extreme, i.e. if the axonal membrane were purely linear, the
propagation of the somatic event at any point down the axon would be a
convolution of the entire somatic signal. rather than just a function of when
the soma potential passed some threshold.
The situation in the brain probably lies somewhere between these limits,
that is electrical activity at the axon terminal is somewhat dependent on
the shape of the somatic spike. The extent to which this is true will in
turn be dependent on the wavelength of the propagated spike. For example.
consider a typical un-myelinated axon of an HPC wit h a diameter of I micron
and a conduction velocity on the order of 10 meters/second. For this axon
a I millisecond action potential will have a wavelength on the order of 10
millimeters. Since the distance between the soma and an axon terminal ma v
fall in this range. the post-threshold waveform at the sonia may influence
the pre-synaptic waveform, despite the non-linearity of the axon.
Consider what happens if the axon is myelinated. Myelination means
that its Cm will be much less and its R,, will be much greater. This results
in (a) the conduction velocity increasing (which increases the wavelength
proportionally) and (b) a reduction of the attenuation of the somatic signal
as it travels down the axon. in particular the high-frequency components of
the signal. In sum. if the HPC axon is myelinated. the electrical activity
at its terminals will even more likely depend on the time course of the
somatic waveform, despite the excitable membrane at (in particular) the
axon's nodes of Ranvier.
So. given the possibility that the shape of the somatic action potential
may modulate the signal at the pre-synaptic terminal, what role could this
serve? There are at least two possibilities. First. it has been demonstrated
that the release of transmitter at the pre-synaptic terminal is not an all-ornothing event, that is the amount of transmitter released is a function of the
218

time course of the terminal spike (). For example, modulation of the somatic
spike width may in turn determine how much transmitter is released down
the line. thereby allowing a mechanism for changing the effective strength
of the spike as seeni by the distal neuron. Second. pyramidal cell axons often
project collaterals back to the originating cell. forming axo-somatic synapses.
resulting in a feedback loop. In this case. modulation of the somatic spike
could affect this feedback in complicated ways. particularly since the length
of the collaterals is not large.
There may also be a role for the somatic spike shape during the transmission of an action potential at axonal branch points. For example. consider
a axonal branch point with an impedance mismatch and where there is one
thin and one thick proximal branch. In this case an orthodromic spike that
is too narrow may not be able to depolarize the thick branch sufficiently for
transmission of the spike down that branch. and as a result the spike would
propagate only down the thin branch. If this is possible. then modulation
of the somatic spike shape could be used to direct the cell's output in a
time-varying way. i.e. some times allowing blanket transmission to all the
cell axon's destinations. and at other times allowing reception of that output
by on]. a limited set of the proximal neurons.
To summarize. encoding information as spike frequency is clearly part
of the story. but it may not be the whole story. Modulation of somatic
spike width could be equivalent to a modulation of the -loudness- of a given
neuron s message. As mentioned previously, considering that some of the
currents may be modulaied by non-cell-specific factors (e.g. local, nonsynaptic release of cholinergic agonists). the "message- being turned up or
down may be one being broadcast from a local population of cells. not just
a single cell.
In order to further examine the above scenarios, it will be necessary to
investigate the relationship between somatic spike shape and pre-synaptic
potential. in particular the effect of axon length. diameter. etc. W\e have to
answer the question of whether the pre-synaptic membrane (and. more importantly. the post-synaptic membrane via modulation of transmitter release
or gap-junction interactions) see what is happening at the soma? We also
have to analyze at what point does axonal transmission reduce to a stereotyped all-or-nothing action potential such that the pre-synaptic response is
independent of the soma potential beyond threshold.
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10.2.4

Other Implications of Somatic Currents

In this thesis the somatic response of the HPC has been modelled, under
the assumption that the dendrites present a linear load to the soma. and
that the data on HPC currents reflect the activity of channels localized
at the soma. The assumption of a linear dendritic tree has already been
discussed (Chapter 2). However. the idea that currents measured at the
soma reflect channels whose functional role is defined at the soma may be
questioned as follows. Specifically, all channel proteins, regardless of there
final (functional) destination are manufactured at the soma. Some of the
so-called somatic channels may actually be vestiges of channels intended for
axonal and/or pre-synaptic membrane. Some percentage of the channels
which are manufactured at the soma for eventual export may be expressed
in somatic membrane either on their way to final destination or when they
are transported back to the soma for recycling. For example. it has been
demonstrated that application of 4-AP modulates post-synaptic events (enhancement of EPSPs []). Does this mean that IA. which has been tacitly
assigned a primarily somatic role in this report. actually does most of its
work at synaptic membrane sites on the dendrites? This question should be
addressed in order to fully establish the functional role of the currents in
the HPC.
However. if the spike-shaping channels are intended for pre-synaptic
membrane. then modulation by endogenous factors (e.g. ACH) obviously
takes place at target neuron. Now this is disadvantageous if we want factor
to act selectively oii some afferent tract. On the other hand. perhaps in a
given dendritic field only some afferents have certain channels. so there still
could be some selectivity.

10.3

Why Do the HPC Currents Span Such a
Broad Kinetic Spectrum?

A related question is what could be the usefulness of several types of currents with a range of activation/inactivation characteristics for information
processing function at the single cell level. Again. these currents primarily
define somatic integration: the role of the dendritic tree will further complicate matters.
For example. do current kinetics serve to stabilize the cell. that is is
the cell response relatively sensitive or insensitive to variations in a) chan-
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nel configurations or b) channel kinetics/voltage-dependencies? The model
suggests that many of the parameters have a strong effect on cell behavior.
Now, the question remains as to what is the functionally important aspects
of HPC response. For example. does a delay to onset of repetitive firing
due to tonic dendrilic input as opposed to somatic inpnl (ref. A) have any
functional aspect? Considering that this delay can be on the order of several
hundred milliseconds. then the delay may have a very important functional
role.

A crude analogy to a computer may be instructive (adapted from [37]).
Cognitive processes execute on the order of hundreds of milliseconds, thus
a delay of this magnitude. as demonstrated by the action of. for example.
IAMP. could correspond to an "instruction cycle- delay mechanism. Likewise. some currents seen to function as delay mechanisms on the order of a
-machine cycle" (about tens of milliseconds). for example ic. Along these
lines, a tentative categorization of the described currents is as follows:
" ]A - can differentiate tonic dendritic input from somatic input
" IAHP - can terminate initial train of repetitive firing
" I(- - just modulates spike width

SI.1 - helps set threshold in general. may effect F-I
S]D1? -

basal repolarizer

* .-

- modulates repetitive firing

*

- allows repetitive firing with lower metabolic cost

*

10.4

J.\-t,,p

.'No-tfrg - basal spike current

Pathological Roles of Specific Currents

Are specific currents mediated in isolation under certain pathologic conditions? The selective action of neurotransinitler. on some of the currents.
e.g. muscarine on IA. noradrenaline on JAHP. supports this possibility.
Other examples include reports of various endogenous substances found in
itro that selectively affect distinct currents. e.g. the role of ethyl alcohol
on, mediation of 14 in .4ply. in (Biophysics Abstracts. 1987).
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As shown in Chapter 9. blocking the putative I.a-_ep has the surprising
effect of causing the cell to -latch-up" in response to certain strengths of
tonic stimulus that would otherwise elicit well-bounded stable spike trains.
Although the existence of this current is problematical. the possibility of
selective blocking for it raises the possibility of an intriguing pathology, in
which neurons stimulated over a certain threshold will simply give up and
remain silent until the stimulus stops. On the other hand, it just as likely
that this would be a physiological response. that is under some conditions
putting an upper bound, not just a lower one. on the intensity of a cell's
input may be advantageous.
The relationship between intracellular Ca 2+ and Ic and IAHp can also
indicate possible pathologic mechanisms. One role for these Ca 2+ -mediated
outward currents that may be important is that they limit Ca2+ influx by
2+
repolarizing the cell when Ca 2+ currents are turned on. Intracellular Ca
is an important messenger for several mechanism. for example muscular
contraction, but excessive [Ca 2+]," is a noxious agent. There are thus at
2+
least three negative feedback mechanisms for limiting the flow of Ca 2+
first. voltage-dependent inactivation (e.g. the ir particle of J('.) of Ca
currents: second. reduction of Ec.. with Ca2 + influx: and finally, the just
mentioned Ca 2+ -mediation of repolarizing currents. These mechanisms
suggest possible pathologic roles for some of the mechanisms. For example.
as shown in Chapter 9 blocking of IAlP causes I( to step in and eventually
limit further repetitive firing. On the other hand. if both these currents are
blocked repetitive firing may go unchecked. wit h a subsequelit larger buildup
of [(,&2 +], to. perhaps. pathological levels.

10.5

Why Model?

Why a model provides more information than that which is put into it.
particularly when the model attempts to describe a fairly complicated system. is not always obvious. However. there are some compelling reasons to
employ this approach, including the following:
* Modelling helps answer the question as to whether or not the collection
of currents described experimentally for this cell is sufficient to account
for the observed behavior.
" Limited data for a non-linear system cannot uniquely specify the system. Modelling is a way to generate plausible mechanisms that can
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then be tested as more data becomes available.
* Modelling provides the experimentalist with a way to examine highuncertainty data and can stimulate alternative explanations when experimental results are inconsistent wit h t he current body of knowledge.
as is embodied in the model.
" More specific to the results discussed here, if modelling indicates that
some currents only" affect spike shape then this is evidence for some
interesting role for spike shape modulation. This in turn can give
suggest new ideas as to how information is encoded in CNS.

10.6

Questions Posed by the Model in Regard to
Current Mechanisms and Kinetics

Does it really matler what the time constant for decay is at potentials greater
than about -40 nV. as long as it is much greater than the time constant for
activalion, considering that the spike will be repolarized before inactivation
can take place? Also. what is the usefulness of inactivation mechanisms for
some currents. in particular for the A'+ currents? As demonstrated by the
model. during normal activity these currents are removed primarily by the
removal of activation. So far. a clear role for inactivation mechanisms has
not been established, but finding such a role is tempting, if one assumes that
these mechanisms do not exist solely for the complication of voltage-clamp

protocols.
Since we do not see all aspects of current-specific behavior in all HPC
(e.g. do all HPC exhibit ('a?+-dependent fAHP?) the question remains as
to why some cells have certain characteristics while others don't.

10.7

Interpreting the Model Behavior

Given the speculative nature of many of the currents that I have presented
in the model. any results that reflect the interaction of many of the model
elenieiit., must be regarded as preliminary. None the less. there are a few
interpretations that we can draw that may reflect mechanisms in actual cells.
A key question to be answered for any of the currents is whether or
not a given current is modulated in rivo. either physiologically or pathophysiologically. From an evolutionary standpoint. for a current to have a
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physiological role via selective control of that current. clearly the controlling
factor must be present under physiological conditions. On the other hand.
in certain pathophysiological states a specific current may be modulated in
order to compensate for the problem. One would suspect that if a current
has evolved (that is survived) there must be a motivation for its presence
that is manifested in either physiologic conditions (e.g. as a computational
mechanism) or pathologic conditions (e.g. as a compensatory or protective
mechanism, or as well a computational mechanism).
For several of the currents described here such endogenous factors have
been identified. For example, IM is inhibited by muscarinic (physiologically.
cholenergic) agonists. IA has been reported to be inhibited by acetylcholine
(Nakajima et al. 1986). and IAHP is inhibited by muscarinic agonists (Madison et al.1987) and noradrenaline (Madison and Nicoll.1986). Speculatioll as
to whether the- a , as yet undiscovered mechanisms in vivo for modulating
some of the otf r currents, for example the three proposed No+ currents.
is intereslin ,.

10.8

The Effect of Populations of Neurons as Distinct from Single Cells, and the Implications
for Graded Inhibition of HPC Currents

Ve have considered the all-or-nothing contribution of the various currents.
i.e. either a given current is present at its normal strength or it is blocked
completely. This description may be oversimplified in two ways. First. the
mechanism that blocks a given current may have a graded effect with respect
to a single neuron. For example. cholenergic input may be diffuse over the
soma. and at a given time only part of these afferents may be activated and.
subsequently. only a portion of the Im channel or IAH.P channel population
inhibited. Second. inhibition of a given current must be thought of not only
in terms of a single cell but of a local population of cells, the size of the
population depending on the neuro-architecture of a given region and the
efferents of interest. Activation of a cholenergic tract which terminates in a
localized area in CA3 may impinge on thousands of HPC, Assuming that
(worst case) the .%j of a given HPC in the area is then either turned on or
off completely. the behavior of the population is such that there will be a
graded response. This graded response will in turn depend on the strength
of the cholenergic tract activity.
The key point here is that thinking about the information processing
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properties of single neurons only in isolation deals with just part of the
problem. Rather. considering how a population of neurons behaves is imperative. No single cell is an island. and removal of a single pyramidal cell
from the hippocampus will probably have zero functional effect.
On the other hand. understanding the spectrum of behavior inherent
in the individual functional unit (in this case the single neuron is vital to
deriving the behavior of the group, particularly when the size of that group
varies depending on the system being considered.

10.9

Other Issues Suggested by the Modelling
Approach

One interesting possibility posed by the model is that C'a 2 +-mediated currents might be used as a fast-response transducer for monitoring intracellular
Ca 2+. Previously. this problem has been addressed by different methods.
including via measurement with microelectrodes [29]. with questionable results.
In order to use Ca2+-mediated currents as a transducer. it will be required to verify the relationships between activation of these currents and
Ca2 + concentration appropriate for these currents. for example by using
patch clamp protocols. Modelling can then be used to extract estimates of
the time course of Ca 2+ concentration given limited data. since the simulation of current clamp protocols establi.h useful constraints between the
relevant parameters. In the results presented here, the time course of intracellular Ca2 + was tightly linked to both the membrane voltage and the
different currents.

'Of course the definition of what constitutes the -individual functional unit' is not

fixed - this may range from single channels to specific areas of a dendritic tree to the
single cell to subfields to fields on up through the main systems in the CNS.
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Chapter 11

FUTURE DIRECTIONS
11.1

Introduction

The model presented here is a preliminary one: at this point there are only
a few conclusions that may, be drawn from it with confidence regarding the
functional aspects of the entire cell. The data base. at present. is sparse.
and it was necessary to augment the available information with reasonable
speculations on unknown mechanisms. In some respects this effort has beeii
successful in reproducing the qualitative aspects of HPC response. Other
aspects have not been simulated well. and it remains to obtain additional
data from cells in order to fill i tlhe gaps.

11.2

Some Experiments for the Future

Some experiments that are suggested by the model results include the following:
* Validate assumptions regarding electrotonic structure using frequency
domain techniques.
" Evaluate the method for estimating the electrotonic parameters of
the dendritic tree from histological data that was presented in Section 3.8.2.
" Investigate contribution of apparent soma leak by microelectrode. If
contribution is significant during electrophysiological measurements.
then use model to determine behavior of undamaged cell.
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" Validate presence of proposed Na+ channels.

" Validate voltage-dependence of IC and JAHP.
* Determine Ca'+-dependence of Ic and JAHP.
* Develop versions of model for different hippocampal sub-fields or different species.
" Further investigation of the relationship between various parameters
and functional sensitivity, e.g. does changing I'Na-rep parameters affect firing patterns.
" In general, devise voltage-clamp protocols to validate assumptions for
current parameters.

" Test description of Ca2+ system.
" Investigate more quantitively the temperature-dependence on HP(
parameters.
" Run experiments to check the model predictions. as possible. for the
various patterns of repetitive firing as shown in Chapler 9.

11.3

Testing the "Super" Cell Assumption

During the analysis of the HPC literature it became apparent that de%-e]oping an experimental protocol in which evaluation of st'tr, I currents and
the linear response for a single preparation would be very valuable. A significant handicap in the building of HIPPO was that the available data was
derived from a vast variety of cells. On the other hand. tile HIPPO description tacitly assumes that all the currents/characteristics reviewed could be
expressed in a single cell. and in fact this (probably fictional) -super' HPC
is the system being modelled. Indeed. one of the more remarkable aspects of
the model is that it was possible to derive a single system description that
simulated such a wide range of responses.
On the other hand. a single real cell may not embody every detailed response presented here. and a given cell probably expresses only some limited
subset of the reported behavior. Running future experiments with this in
mind, and to design a suitable protocol that would shed light on the complete behavior of a given preparation in order to test the conclusions of the
model will be useful.
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Appendix A

A SAMPLE SIMULATION
SESSION
In this appendix a typical simulation session will be demonstrated. The first
step in running HIPPO iqconfiguring the LISP environment with the proper
window frame. This is done by calling the function STARTUP. Next. the
function (LAMP is called. The first task of ('LAMP is to present the user
with a series of menus that s,,i the parameters for the current simulation.
These menus will be illustrated below...
The first menu to appear is Choose Variable Values
First time progran is being run?: Yes N
Current or volta9e clap: Cuwan ceny Voltage clamp
Modify sona paraneters: Yes No
Change the plotted dendrite voltages?: Yes No
Modify dendrite paraneters: Ye No
Update all the current kinetics: YesNo
Modify overall sinulation parameters: Yes Ms
JEXit L)

In this simulation all the options will be selected. The next menu to

appear asks which soma parameters will be modified 'Choose Variable Values
Modify the soma currents : b qNo
Modify sona geonetry and pass we conponents: Yes No
Modify the soae stinulus: Yes No
Modify the soma synapse: YesNe

,E xi

t

[I

The next menu asks which soma currents will be included and/or mod-

ified

-

Pyrameidal Currents
Nal (trig9er nutha) current
Ia2 (slow tail) current
Na3 (repetitive) current
Nap current
Ca current
Slow Ca current
DR current
C current
Ahp current

M current
0 current
A current
Do It [3

Abort [

Include lModify
03
0
0
a
3
a

0

0
03
H
a
a
a

Q

13
13
Q

0
0

In this case Cc,, and lc, s will be killed (as if Ca2+ blockers had been
added to the cell medium) and the parameters for IDR will be modified.
The next menu changes the parameters for IDR "
Delaed-Rectifier Potassiun Current

DR-current absolute conductance [Eicro-6J: 9.?
Block sone fraction of absolute conductance [9-1); 1.9
*2

X Variable Kinetics

2*

V12 for Dr x: -18
Alpha-base value for Dr x at V12: 8.098
Valence for Dr x: 12
Ganna for Dr x: 9.95
lininun value for tine constant Ins]: 0.5

Here the kinetics of IDR have been shifted +10mV along the voltage
axis, thereby increasing the threshold for the activation of this current.
The next menu allows for modification of the passive soma parameters Passive cononenta

Sona sphere radius Lnicroneters] : 17.5
: -79.9
Leakage battery [mV)
: 59.9
la reversal potential [nmV
: -85.9
K reversal potential [nUV
: 119.9
Ca reversal potential [nVJ
Calculate C-nen fron geonetry (yes) or use input capacitance (no): Ym No
: 1.9
Menbrane capacitance [nicrofaradssq-cn]
Input capacity EnF3 : 9.15
Calculate SRS-MEM fron geonetry (yes) or use input inpedance (no): Yes No
flenbrane resistance [ohn-cn-cnJ : 859.9
Input inpedance [MOhn] (used to substitute for sona and dendrite Rin only) : 39.9
Tenperature of experiment [Celsius]: 30
grees]: 3.9
0-19 [Rate constant coefficient per 10
0-10 [Ionic conductance coefficient per 19 degrees): 1.5
Include electrode shunt conductance (if no the g-shunt will be ignored)?: Yes m
Electrode shunt [Mohns): 1.9e
Constant current injected [nA3: -8.25

In this case the temperature of the simulation has been set to 301C.
Now the menu for the soma current stimulus comes up. This is set to
inject 1nA into the soma for 5 milliseconds at the beginning of the sin.Aiation
run SettinQ Up Current Clamp
Do you want current injected into the soma?: Yes No
Current clamp by : Command arrayEntmidsteps
Enter name of current command array -: NIL
Step 1 amplitude (na): 1
For how long Cns]:
Step 2 amplitude (na]: 9
For how long Ems]: 0
Step 3 amplitude [na: 8.9
For how long Ens]: 9.9
Step 4 amplitude [no]: 0.0
For how long Ems]: 9.9
Step 5 amplitude (na : 9.0
For how long (this will change the duration of the simulation)[ms]: 68

Exit E
Now the dendrite will be set up
--

-

SETTING UP THE DENDRITES

***

DENDRITE STRUCTURE

*

--

How many apical dendrite shaft segments? : 5
Include apical dendrite shaft: Yes No
Modify it?: Yes No
How many apical dendrite left branch segnents? : 0
Include apical dendrite left branch: YesNo
Modify it?: YesNo
How many apical dendrite right branch segments? : 0
Include apical dendrite right branch: YesNo
Modify it?: YesNo
How many basal dendrite segments? : 8
Include basal dendrite: YesNo
Modify it?: Yes No
-- DENDRITE CHRRRCTERISTICS --

Modify
Modify
Modify
Modify

dendrite passive components: YesNo
the dendrite current stimulus:
No
the dendrite synapse: YesNo
the currents of the modified dendrites: YesNo

Exit 13
Choose Variable Values
Do all the 5 apical shaft segments have the same geometry?:

lNoI

Exit C
Choose Variable Values
Length of segment [micrometers): 249
Diameter of segnent [micrometers]:

lExit

The passive characteristics of the dendrite segments will now be set
Passive Properties of dendrite Seanents
axon membrane capacitance Lnicrofaradssq-cn]
: 9.1
axon membrane resistance [ohm-cn-cn] : 5809.9
axon axoplasm resistance [ohn-cn] : 25.9
dendrite nembrane capacitance [nicrofaradssq-cm]
: 1.0
dendrite membrane resistance [ohm-cn-cn] : 4899.8
dendrite axoplasn resistance [ohm-c] :M
dendritic leak potential [mv] : -78.0
Plot all the voltages in solid lines: YesNo

Exit 0

And current - 2na from 25 milliseconds to 30 milliseconds into the simulation - will be injected into the distal dendritic segment Choose Variable Values
Do you want current injected into the
Segment to inject current into - : 5
Step 1 amplitude [na]: e.0
For how long [ms]: 25
Step 2 amplitude [na]: 2
For how long Ems]:
Step 3 anplitude [na): e.0
For how long Ems]: 0.0
Step 4 anplitude [na): 0.0
For how long Ems]: 0.0
Step 5 amplitude [na]: 0.0
For how long Ems): 0.9

apical dendrite shaft?: Ym No

HIPPO now begins calculating the network response. While the simulation is running, the elapsed time is displayed -

ILength
of simulation * time for steady state

-

76.S7mi Current tim.

HIPPOCRIPAL PYRRMIDRL CELL SIMULRTION
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-

12.2mll

When the simulation is complete, the relevant voltages and currents
are plotted, along with a printout of the parameters. The output of the
simulation run is shown.
Various characteristics of the simulation can be examined more closely
as desired. For example, suppose the response to the dendritic stimulus is of
interest. The relevant portions of the plots can be readily zoomed as shown.
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Appendix B

HIPPO ALGORITHM
In this model a spherical-sorna/dendritic-cable approximation of the pyramidal cell is reduced to an electrical network. HIPPO calculates the response
of the network using a modified predictor-corrector scheme. based on that
used by Cooley and Dodge. [11]. At an. given time step this algorithm finds
the set of solutions by a iteration from t1he previous set. The inputs to the
network include:
* intrinsic non-linear conductances and their equilibrium potentials
" current injected into one or more comparlmenIs
" controlled voltage source placed in parallel in the soma
" synaplic conductances
The outputs of the network include:
* voltage and the derivative of the voltage
* slate variable values and their derivatives
* individual branch currents
These values are found for every compartment in the network.
The program first calculates the steady state of the network (if one exists)
for the current set of simulation conditions. If a steady state does not exist
(e.g the cell fires spontaneously) a quasi-sleady-stale solution is used as the
initial values for the simulation. The algorithm then proceeds as follows for
each time increment:
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1. Estimate the voltage of each compartment by open integration using
the value at the last time step. the value of the derivative at the last
time step. and the time step. If this is the first time step. then the
previous voltage is the steady-state voltage.
l"(nAt) = I'([ri -

]AI) + (At x

'([n -

]At))

where I "(nAt) is the estimate of the voltage of a given compartment.
V([n - 1]At) is the voltage at the previous time step. At is the size
of the time increment, and V'([n - fl]a) is the time derivative of the
voltage at the last time step.
2. Estimate the steady state values of the state variables and their time
constants at the current time using the voltage estimates. For example
the steady state value of the IN.-trg m variable is estimated as:
i

n ,,,a-otz.oqx(n...t) =

f( I'

Likewise the time constant for the/,-

9

',.-

_

(nAt)

l"(t))

m is estimated

9("(nAt))
g

where f() gives the steady state value (r11A7.\'trig.x) of nx-frig at a
given voltage, and g() gives the time constant (7r.,a-triq) at a given
voltage. Similar equations are used for the activation and inactivatioin
variables for all the currents that are included in any given compartment. Note that functions like (f( ) and g( )) are among the key results
either measurements of cell parameters or the estimates derived with
the model.
3. Estimate the present value for the state variables by trapezoidal approximation. using the old values for the state variables and their
derivatives, the estimates for their current steady state value, and the
estimates for their time constants. For example,

MN.-.,([" - iIA) + A-N1N...uiq(1" - iAI) +

)
A
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4. The conductances are estimated from the state variable estimates. For
example. for the IN,-fri. conductance the estimates for T. atrig and
h-a-trig are used as follow, I

gkv ,-t,-,( n

'(112 10N--Ii

2
_)I .x.
. _ir
9 (

~ t) = n ,'.
a.i
_jg ( n

A ) .' t i

is the current estimate for the h.'a-triq conducwhere
the total conductance for the .\a-trigcurrent.
tance. and g.oatrisis
2
The Ca +-dependent K+ conductances are estimated using the values
of [Ca 2+].hefl., and [Ca2 +IA,1.2 calculated at the previous time step.
5. Conservation of currents at circuit nodes (KCL) and the appropriate
branch equations are used to calculate the estimated capacitive current for each compartment at the current time. This current is then
used with the value of the capacitance of the compartment to calculate the derivative of the compartment voltage, given the estimates for
the conductances. the estimates for the voltages in adjacent compartments. and the value of any injected current into the compartment.
For the circuit topology most often used in the simulations (see Figure
1.1 ) the expression of K(L for the estimated soma currents is
itm

s + I'I.P,-,ty + .'

,+

+I4 + IDR +

I-rep + I.\2-fail
+ I.1+ ]4np + II
tQ

+ I(.'. + 'L + dedrite,-sua,
+J.,

=

The relevant branch equalions are

g.

,Aa-frig

l..,
-

J,'tail =

(n10 x (EN-

,p(nt)x (E.,

-

X (EN.

-

._it(IIt)
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I"
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t))

0

g' (n.1 t ) x (EK

IAHp = g qp(n-%l) X (EK-
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nAt)

I''oa

-

v,

X (4EK

m~1A)

I = g'.(n-%I) x (EK

-

8

!f=g' 1 (nAl) x (EK

-

V'~(l~)

1 = g' (nlt) x (EN

=c.g(Q(nN)

=L gL

x (Ec,

x (ELD
0&

I"

-

-

(TA)

, (n.11))

1

-

n XX Is~CM 10 . 1

Shunt

'devzdrite-sowza = Ydcndrite-soma X

(I

endri1e -segmenf11(

Rearranging to get an expression for Q,o(n.11).
so

Cmibrone
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I~ll)-l

l.'oa( flt))

+(gA(n.M) + 9'HP(nAl) + 9'R(n.At)

+gc,(n-t) + g,

A1+gy(n.1)) x (EK

-I

+(g'. 0 (nA!) + ys(n.A1)) x (Ec- - I "' ,(nA1))
+gL x (ELak +gdendrit,-sorna

s'1mu("0t)) +g Sh,,t X -Ima(

(1 dendrife-segm nti( nt

)-

)

"o

Similar equations are derived for all the other compartment voltage
derivatives.
6. A second estimate of the compartment voltages is made with trapezoidal approximation using the previous values for the voltages and
their derivatives and the estimate for the present derivative. For example. the second estimate of the soma voltage is derived as follows1 (q [n - I-t
V"(n~l)=
11
+ -(.
I(
= VQ[) - I]At)
V'"(n_11)
-1].t)

+ U"(nAt))

where V"(n.t) is the second estimate for the compartment voltage.
Recall that both the volhage. 1 ([n - 1].A1). and its derivative. V"((n ]]A). were siored as results from the previous time step.
7. The new voltage estimates are compared with the previous voltage
eslimales. If any of these estimates is 11ol within some convergence
criteria (. then the algorithm goes back to step 2 using the ni n of
the previous and present voltage estimales.
)S. If all the voltage estimates are within the convergence criteria theni
these estimates are taken as the present values for the voltages. A final
estimate of the state variables and the derivatives of the voltages are
then calculated, once again using steps 2 through 6. The derivatives of
the state variables are also calculated using the appropriate differential
equations (ref eq. 1.). These values are also stored as the state of the
network at the present time.
9. [Ca2+1,h,1.1 and [(a 2 +].,,11.2 for the current time step is calculated
using the current value of 1co and Icas and the appropriate differential
equations (see Chapter 6).
10. Increment the time and continue simulation.
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Note that [Ca 2+Jshw.I and [Ca 2+ ,4,.2 . and thus the interaction between these concentrations and Ic and JAHP. are calculated out of the
predictor-corrector loop in order to speed up execution time. This is reasonable since the time constants for the influx of ('a2+ and the change in
the compartment concentrations are much slower than the typical time step
used in the simulations (0.0.5 milliseconds).
The stability of the algorithm was primarily a function of the time step
and the state variable with the fastest kinetics. Runs for a given simulation
were done with the largest time step that resulted in a convergent solution.
Typically simulations were run with a time step of 0.05 milliseconds. and an (
of 0.1 millivolts. The accuracy of key simulations was checked by re-running
the simulation with a small time step and a small epsilon (typically 0.01
milliseconds and 0.01 millivolts. respectively). Running time for simulations
with a 0.05 millisecond time step and c = 0.1 millivolts was between 0.5 and
I second (real time) per millisecond of simulation.
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Appendix C

OVERVIEW OF THE
HIPPO CODE
The HIPPO program is written in ZetaLisp. a dialect of Lisp that is implemented on the Svmbolics 3600-type computer. Although this code will not
run under Common Lisp. converting it should not be very difficult.
The output of HIPPO assumes that a plotting package written by Patrick
O'Donnell has beeit loaded into the machine. Again. this part of the program
could be readily modified to run on another system.
Some of the features of this code include the evaluation of the voltagedependent gating variable functioijs and storage of the results in arrays
bEfort simulation runs so as to speed run times. In addition. it is relatively
straightforward to add new conductances to the model due to the modularity
of the program.
Copies of this code are available on cartridge tape from the author.
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Appendix D

HIPPO LISTING
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-a- Nlode: LISP; 3yfltax: Zetaliap; Package: (HIPPO); $ass: 10; Fonts: CP'TFOSIT.CPTFPWITI; Nardcog-Fonts: FXXIO.TIN
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(defver USAL-DENDRITE (make-array '(50 200) :Initial-value 1.0))
(defver APICAL-1-DENOAITE (mke-array '(50 200) :llttial-value 1.0))
(delver APICAL-2-DENDRIUE (mke-array '(50 200) :liital-value 1.0))
(delver APICAL-SHAFT-0EIDRITE (mke-array '(50 200) Antmttal-value 1.0))
(defver ytatal-segments 10)
(defver 30MA (make-array 200 :lnital-value 0.0))
(defvars-w-value (adite-synapse-step 0)(2sasnapso-step 0)
(*start-danWrite-ymapse 10.0( atart-aom-aycapse 10.0))
(defvar
(def'var
(defvar
(defver
(delvar
(delver
(defver
(delver
(defver
(defvar
(delver
(defver

is-nal-Inf-array (make-array 1700 :lnitial-value 1.0))
h-nal-inf-array (make-array 1700 :lnitial-value 1.0))
t-.-nal-array (mke-array 1700 :lntial-value 1.0))
t-h-nal-array (make-array 1700 lnitlal-value 1.0))
m-n&2-inf-array (make-array 1700 Anitial-value 1.0))
h-naZ-Inf-array (make-array 1700 :Initial-value 1.0))
t-m-We-arrsy (make-array 1700 Aitial-value 1.0))
t-h-naZ-array (mke-array 1700 :initial-value 1.0))
m-a3.Inf-arroy (make-array 1700 :Intial-value 1.0))
h-WnaaI-array (make-array 1700 :Initial-value 1.0))
t-m-na3-array (mke-array 1700 :Initial-value 1.0))
t-ft-ne-array (make-array 1700 Initial-value 1.0))

(delver x-nap-tl-array, (make-array 1706 Initial-value 1.0))
(defvar t-x-nap-array (make-array 1700 0niall-value 1.6))
(delver
(detver
(delver
(delver
(delver
(delver

a-ca-tnt-array (make-array 1760 z0nitiol-vlmn 1.6))
v-ca-tnt-array (make-array 1700 daimtial-value 1.0)
t-s-ca-array (ak-array 1706 tiuitial-volue 1.0))
t-w--ray (make-array 170 timitial-valus 1.6))
x-caa-inf-array (mke-array 1700 :Initial-value 1.6)
t-x-eas-array (Mke-array 1700 sAnittal-value 1.0))

(delver
(delver
(delver
(delver

x-a-inf-array (ake-array 1700 :Initial-value 1.0))
y-s-tnf-array (make-array 1700 0nItIal-value 1.0))
t-x-a-wray (mke-array 1700 sinitial-value 1.6))
t-y-e-array (maks-array 1700 tia~lal-value 1.0))

(delver
(delver
(delver
(delver

x-c-inf-array (make-array 1700 :Intial-vlae 1.0))
y-c-tnf-array (make-array 1700 s0nitial-value 1.0))
t-x-c-arrmy (make-array 1706 zdnitial-value 1.0))
t-y-c-array (ake-array 1706 sInitial-value 1.0))
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(delvar
(delver
(defver
(delver
(delver
(delver
(delvar
(delver

x-dr-lnf-array (make-array 1700 :initial-value 1.0))
y-dr-inf-array (make-array 1700 :1nitie-value 1.0))
t-x-dr-array (make-array 1700 :initia-value 1.0))
t-y-dr-array (make-array 1700 Anital-value 1.0))
x-m-inf-array (make-array 1700 :initlal-value 1.0))
t-x-m-array (make-array 1700 :initlal-value 1.0))
x-q-inf-array (make-array 1700 :initial-value 1.0))
t-x-q-orray (make-array 1700 :lnltial-value 1.0))

(delver
(delver
(delver
(delver

z-ahp-itml-erray (make-array 1700 :lnitial-value 1.0))
t-z-ahp-array (make-array 1700 :Initlal-value 1.0))
y-ahp-inl-array (make-array 1700 AnItial-value 1.0))
t-y-ahp-array (make-array 1700 :Initua)-value 1.0))

(delver voltage-array (make-array 1700 :Initial-value 1.0))

;Uar thir errdW for plotting variable curves

.-:Set up labels for the uarie desdrite-asee and AMC errq doesi.

(defvars-w-value
(labelS 0)

;:The7
leaw perm swat volues for time
voltage and the dervat of the voltae.
(voltage$ 1) (voltage-dotS 2)

:ea'the preirst estbnat. of tMe voltae and 'e)dt the present eai'mate of the derriivh of the
..valeqvwhich are to be mind incadating the mew si t oa h ot ge.
(voltage-estl$ 3)(voltage-est)-dotl 4)

;;-'-esr2'. the nw etimate of the voltae. #s this Iscolaaed It wIll then be com.pared with the
xrprevia's estimate to -n ifthe two vdues ame within the coiwergence criterim.
(voltage-eatzs 5)

::.Pauteparmeters.

(caoacitancel 10)(lengthS 11)(dfaaeterS 12)(*-restl 13) (tot&I-segments$ 14)(include-m&S 15)(plot-ineS 16)
(ca-conc-shellS 17) (ca-conc-shell-dotS 16)
(ea-conc-shelIZS 117) (ca-conc-shel)2-dotS 118)

::They
last pormasent volues for the state vriables and their dertwives. calwaded with the last Permaens
7.vde for the voltae.
(rn-nelS 20)(s-nal-dotS 21) (h-nalS 22)(h-nal-dotl 23)
(rn-na2i 120)(m-na2-dotS 121) (h-na2S 122)(h-n&2-dotS 123)
(m-na3S 124)(m-na3-dotS 125) (h-na3S 126)(h-na3-dotS 127)
(a-cal 24)(s-ca-dotS 25) (v-ca& ZON(-ca-dotl 27)
(x-aS 28)(x-a-dotl 29) (y-aS 30)(y-a-dotl 31)
(x-dr$ 32)(x-dr-dotl 33) (y-dr$ 34)(y-dr-dotS 35)
(n-mS 36)(x-m-dotS 37)
(n-qS 38)(x-q-dotS 39)
(n-napS 40)(x-nap-dotl 41)
(n-cS 42)(x-c-dotl 43) (y-cS 44)(y-c-doti 45) v-cS 54)(w-c-dotl 55)
(n-casS 46)(x-cas-dotS 47)
(z-ehpS 48)(z-ahp-dotl 49)(y-ahpS 5O)(y-ahp-dotS 51)(w-ahpS 52)(w-ahp-dotl 53)

.:Abso6 te condectances.

(g-axials 601(9-synapseS 61)
(9-leakS 62)(gbar-nalS 63)
(gbar-na2S 163)
(gbar-na3l 164)
(gbar-cal 04)
(gber-kS 65)

(gbar-mS 66)(Ogar-drS 67)(gbsr-cS 68)(gbar-qS 69)(9bar-napS 70)(gbar-aS 71)
(gftr-casl 72)
(gbar-aWp 73)
.wdfor the dendrie wrets.
de-naS S0)

(Infl

(Include-cal 81))

Tar
M: ame ud so sare the atead state vaes and the tim constants

t he rweag dump protoco.

(delvorsax*qfnl st4 axcinf xtnc sycif atyc awcinf stwc
amaZinf stma2 ahna21nt atjhna2
Imcsint Stec$ Shcalnf Sttca
*xdrlnf stxdr excaslnf xtxc a zahplnf allshp Wyahpinl styshp fteahpint satap
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zydinf stydr wxainf atxa syainf 'tya wxnepinf *txnap)

:: haN we Mhe arrqswhic Addl Me sae and dendr ito Vaquc codAictms Inki-S)
(defvar SOMA-SYNAPSE (make-array 10000))
(defvar DENDRITE-SYNAPSE (make-array 10000))
Varios Jchd weiabls
(defvars ags-nal-est *gs-na2-est xgs-na3-est
ags-nap-est ags-ca-est sgs-a-est ags-c-est *gs-e-est sgs-dr-est sgs-cas-est ags-shp-est
ags-q-est ags-leak ags-synapse ags-coupling stime 'clamp-voltage "vtopstaa-for-stady-state
DENDRITE-ARRAY 3g-electrode)
(delvars 'a-m-nal ab-m-nal *a-h-nal *b-h-nal)
(dafvars aa-m-na2 'b-m-na2 aa-h-na 'b-h-na)
(defvars 'a-u-na3 Sb-m-na3 aa-h-na 'b-h-na3)

(defvar
(defvar
(defvar
(delvar

avc1am-coinand-flag 1)
'voltage-comand' nil)
*iclamp-comawnd-flag 1)
scurrent-commafid' nil)

(defver astim-seg 4)

(defvar *syn-seg 4)
(deLvarS aplt-listi 'label-listi 'plot-listZ alabel-list

'plot-listU ulabol-list) 'plot-listS 'lahel-listA

'plot-list5 slabel-listS)

(defvars-w-value (si-stim-1 0.0)(zi-stie-2 0.0)(21-sti.-3 0.0)(a1-stim-# 0.0)(mi-stim-5 0.0)

(st-stim-1 0.0)(st-stim-2 0.0)(*t-stm-3 0.0)(st-sti-4 0.0)(st-stim-5 0.0)
('-den-stm-l 0.0)(zi-den-sti.-Z O.Ohmi-dan-sti.-3 0.0)('i-dan-stim-4 0.0)
(*i-den-stim-S 0.0)
('-den-stia-6 0.OX'i-den-stiu-7 0.0)(i-den-stm0.0)( 'i-den-stim-S 0.04( i-dmn-stim-10 0.0)
(at-den-stiu-l 0.0)( 't-den-stim-2 0.0)( 't-den-atim-3 0.0)(t-den-stim-4 0.0)
(at-den-stim-5 0.0)
(at-den-sti.-6 0.0)(st-den-sti.-7 0.0)(st-den-atim-S 0.0)(st-dan-stim-0 0.0)( 't-den-stim-i0 6.0)
(scurrent-stmulus-segment 5) (ai-stim 0.0)(i-den-stim 0.0)
('time-step 0)(a duration 50)( 'include-soa-currant t)( 'nclude-dendrite-current nil)
('plot-dendrite t)( 'calculate-stemdy-stete t)(sfirst-run t)( 'ctaad-state-run nil))

(defvar tqten 3.0)

:Te'mperat rpe apmdonc efm
rate aws. 77p pt met
;8,euuwtkW~dbp 89Mato Io~m,
LF-hhu)(JO where Ti: the
.-tenperme ef the iju1i dad
Ism
tohe teuperwe of
.she ef the eivermuea tAw measwred thwe t.aeaan&

(defvars-w-value (sqten- factor -at-25 1.0) (aqten-factor-at-32 1.0)( 'qton-factor-at-24 1.0)

('qten-factor-at-22 1.0) (aqten-foctor-at-37 1.0)
('qten- factor-at-14 1.0) (zqten-factor-t-2-m 1.0))

(detvars-w-value (tsma-synapse-tav 1.11H soma-synapse-mpitude 1.M)t'-synapse -25.0)
('dendrite-synapse-tau 1.0) (adendrite-synapse-ml itiide 1.0) (ssynapse-segmmnt 5)
(atotal -apical- 1-segments 0) ('ttal-apical-2-segments 0) ('total-apical-shaft-segmnts 5)
('totl-basal-sew nts 0)
(9i-constant-inJection 0.0))
(defvars-w-value (saxanal-cap-mnm .1)(2axonal-r-mam 50000.0)(aaxonal-r-int 25.0))

:.Miailma flops
I devars-w-value '2modi fy-som-passaive-components t)( modi fy-some-stimulus t) ('mdi fy-soma-synapse nil)
(good ify-sama- currents t)(modify-soma t)( modify-dendrite t)

('segments-al 1-the-same t) (as imuletion- flag t)(snclude-sa-synapse nil)
('include-dendrite-synapse nil)
('mcdi fy-dendrite-synapse nil )('modify-dendrite-stimulus NIL)(tinclude-dandrite t)
('mcdi fy-dendrite-geometry NIL) ('mcdi fy-dendrite-passive-cments NIL)
('modify-dendrite-currents NIL) ( plot-voltages-aol id )('overlay-simulations nil)
('hange-plot-dendrite NIL)
('update-apical-i nil)
(supdate-apical-2 nil)
('update-apical-shaft NIL)
('update-basal nil)
(Sinclude-spical-l nil)
('include-apical-2 nil)
('include-apical-shaft U)
(include-basal ail)
('modify-dendrite-currents ail)
('plot-results t)
('update-all-kinetics nil))
(deftars-w-value (splot-asi nil) ('plot-as3 nil) (oplot-asS nil) (uplot-asO nil)
('plot-all nil) ('plot-al4 nil) ('plot-anl nil) (aplOt-wM nil)
(splot-bi nil) (splot-b4 nil))

apfr
o: Mhe curaents

(defvars-w-value (sinclude-nal T)
('include-naZ 1)
('include-na T)
('include-nap nil)(ainclude-a 7)(sinclude-ahp nil)('include-cas nil)

243

(sinclude-dr M)(include-k nil)(sincludit-c nil)(sinclude-m ail)(*include-kinetics, nil)
(vinclude-ca nil)(*include-q nil)(sinclude-shunt t))
(defvars-w-value (anal-mod nil) (ana2-mod nil) (sne-mod nil) (snap-mod nil) (aca-sod nil) (ac-mod nil)
(adr-mod nil) (so-mod nil) (a-mod nil) (sq-mod nil) (scas-mod nil)(8ahp-mod nil))

:: he ANSmawion lime step
(defvar not .01)

:m

convergent. criteria for Mhe compartment vdltqvs; 'doido Ns the cowerrwe criteria
epsdom is Mhe
for thw e vwarv of the comnpartmenmt rottaeswhen ta~lg Iocaoete $ mead Me.

(delver *epsilon .01)
(delver Sgot-epsilon .01)

(dei'vars-w-value (svi -60.0)(ev2 20.0)(sv3 -60.0)(sv4 -60.0)(sv5 -60.0))
(delvar splot-step 1)
(defver apoint-index 1)
(Delver aplot-points 300)
(defver svcl-run)

(delver siclam-run)
(defver sclamptype 1)
.:Okipwt arras
(defvers al-currents scaps-currents *current* *times avol tages anal -currents sa2-currents xne3-currents
snap-current*sas-currents
*&r-currentsas-current*sak-currents s-currents ac-currents ahp-currentx se-eff*
ft-nala 5h-nals sm-nels ai-neas Ma-n&32 sh-neax
sx-drs sy-dra ax-es sy-a:sgagsg-des an-ks ax-ms ax--say-cs Ow-c swm-ne-dots ag-flea mi-stims ag-ca
*O-c-concs asom-synap ecurrenta anedi -currents acadl -currents scoupl ing-current* astio-currenta
adendri te-stim-currentsa sevol tages as3voltages as5voltagea 'asl0voltages
sellvoltagea sel4voltages sarlvoltages aer~voltages
sbl voltages sbvol tages *shunt-currints
adendri te-synepse-currents use-currents ssome-aynapse-conductenceX adend i te-synapse-conductancex
sq-currents ax-naps sz-ehpa sy-ahp*a m-ehipa ag-ahpa s-cas aw-ces ag-cas ag-nals ag-neas *g-ne3a
aca-conc-shell15 ca-conc-shel 12*
*e-caa
ax-naps)
(detun set-up-output-errays (plotted-points)
(cond-every
(t (Setq *i-stima (ake-array plotted-Points initial-value 0.0)
aca-conc-ahells (make-array plotted-points :ifiitial-value 0.0)
sce-conc-shel 12* (make-array plotted-points :initial-velue 0.0)
se-cas (mke-array plotted-points :ifitial-velue 0.0)
x1-currents (sake-array plotted-points :initial-velue 0.0)

scaps-currents (make-erray plotted-points :initlal-value 0.0)
lue 0.0)

*currents (make-erray plotted-points :initial-value 0.0) Wtiass (make-array plotted-points :initial-va

'voltages (make-array, plotted-points :initiel-value 0.0) se-effs (make-array plotted-points :initial-v

slue 0.0)
ashunt-currents (make-array plotted-points initial-value 0.0)
scoupling-currenta (make-array plotted-points :lnitial-velue 0.0)

astim-currents (make-array plotted-points initial-value 0.0)
aendrite-stim-currents (ake-array plotted-points initial-value 0.0)
salvoltages (make-array plotted-points :initiel-value 0.0)
ss3voltagea (make-array plotted-points :initial-value 0.0)
aasvoltages (make-array plotted-points initial-value 0.0)
sasl0voltages (make-array plotted-points :Initial-value 0.0)))
(sinclude-nal (setq anal-currents (make-erray plotted-points :initial-value 0.0)))
(sincluds-na (aetq snaZ-currents (make-array plotted-points Initial-value 0.0)))
Wsnclude-na (setq ana3-currents (make-array plotted-points :Initial-value 0.0)))
($include-ca (aetq ace-currants (inke-array plotted-points tziial-value 0.0)))
(sinclude-cee (aetq as-currents (make-array plotted-points :initial-value 0.0)))
(sinclude-dr (setq edr-currents (make-array plotted-points zinitial-value 0.0)))
(*include-& (aetq se-currents (make-array plotted-points :Initial-value 0.0)))
(ainclude-s (setq M-currente (make-array plotted-points :i1nital-value 0.0)))
(slnclude-ebp (stq "eh-currents (make-array plotted-points ainItial-value 0.0)))
(ainclude-qi (aetq sq-currents (make-array plotted-points sanltial-volue 6.0)))
(sinclude-c (se4 ac-currents (make-array plotted-points initial-value 0.0)))
(sinclude-kinetics
(cond-every
('include-nal (setq mm-nals (make-array plotted-points Ainitial-value 0.0)
ah-nals (make-array plotted-points zinitiel-value 0.0)
ag-nala (make-array plotted-points ainitial-value 0.0)))
Wanclude-na (aetq ft-na~s (make-array plotted-points :initial-value 0.0)
ah-na~s (make-array plotted-points :initial-value 0.0)
ag-na2* (make-array plotted-points sinitial-value 0.0)))
Wanclude-na (setq sm-na3a (ake-array plotted-points ainitlel-value 0.0)
sh-nel (make-array plotted-points :Initial-velue 0.0)
ag-ne~s (make-array plotted-points :Initial-value 0.0)))
(sinclude-ca (setq as-cas (ake-array plotted-points initial-value 0.0)
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ow-caa (ma*-array plotted-points initial-value 0.0)
so-Cax (make-rray plotted-points initial-value 0.0)))
(ainclude-dr (setq ax-dra (maka-array plotted-points 0nitial-value 0.6)
my-dra (make-array plotted-points initial-value 0.0)
ag-dr* (make-array plotted-points Ainitial-value 6.0)))
(minclude-a (setq ax-am (maks-array plotted-points :initial-value 0.0)
ayes* (make-array platted-points Aitial-value 0.0)
mg-as (make-Array plotted-points initial-value 0.0)))
ax-ma (make-array plotted-points initial-value 0.6)))
(aet4
(*include-@
(ainclude-ahp (setq az-ahpa (maks-array p lotted-points initial-value 0.6)
ay-ahpa (Maks-array plotted-points :initial-value 0.0)
sw-shpa (make-array plotted-points 0nitial-value 0.0)
ag-ahps (make-array plotted-points initial-value 0.0)))
(ainclufe-C (setq ax-ca (make-array plotted-points :initiel-value 0.0)
ay-cs (make-array plotted-points :initiel-velue 0.0)
aw-c* (make-array plotted-points initial-value 0.0)
ag-ca (make-array plotted-points :Initial-value 0.0)
ag-c-concs (make-array plotted-points tinitial-value 0.0)))))))
(ders splot-pane-I splot-pan.-2 aplot-pone-) splot-pone-O aplot-pane-5 *plot-pane-6)

S27UJN-ffU Sets up edl Me pewuwefm A't awre run.
...

(defun setup-mnu4 0
(tv: choose-variable@-values
'((Wirat-run 'First tim program Is being run?' bodlean)
(sclom-type 'Current or voltage claW :Choose ('Current clamp *Voltage clmw))
Modi fy sam parameters, boolean)
(saodi fy-som
(mchange-plot-dendrito 'Change the plotted dendrite Volta#"?' tboolaan)
(soodi fy-dandrite -Modi fy dendrite parntersO :boolen)
(aupdate-all-kinetics 'Update all the current kineticsO :boolean)
(msimulation-flag 'Nodify overall simulation paramters* :boolean)))
(if *first-run (initialize-dendrites))
(if (equal Wacl-type -Current clamp)
(setq mclo-run t mvl-rum nil)
(setq siclo-run nil avclu-run tW
(cond-every (asimalation-flmg (mn-for-sioulatian))
(modify-aoma (meu-for-aom))
(loodify-dendrite (meu-for-dendrite))
(achange-plot-dendrite (menu-for-dendrite-plotting))
((or achenge-plot-dendri te achange-plot-points achange- include-kinetica loodi fy-Som-currents)
(set-up-output-orrays splot-points)
(format t snede new output arrays-))
(supdate-all-kinetics (variable-erray-satup))))
(defun meu-for-dendrite-plotting (
(tv:chooee-variable-values
'((aplot-asl 'Plot shaft segment 10 :booleeii)
(*plot-as3 *Plot shaft &sgmet 31 :booleen)
(mplot-Ws OPlot shaft segment 50 :boolaan)
(*plot-maO 'Plot shaft segmet 101 :booleen)
(aplot-all -Plot left segment 1l :booleal)
(aplot-alO -Plot left segmet 41 :boolean)
(aplot-arl O91st right aegmeat le :booleen)
(oplot-ar4 Plot right s emnt 40 :boolean)
(mplot-bl *Plot basal segment 10 :booleul)
(aplot-bo Olot basal segmet 40 :boolem,))
#:LAUL *CNOOE PLOTTED SEUNTS)
(ast (ifoplot-eal t nil) APICAL-SIFT-NOCISSITE S plot-mel)
(met (ifeplot-es) t nil) APICAL-94MFT-6ENORXT 2 plot-ee)
(et (if mplot-wS5 t nil) APICAL-SIFT-DURUE 4 plot-mel)
(aet (if oplot-asl$ t ail) APICAL-SH1AFT-DENOMTI Splot-=$l)
(set (if splet-all t all) APICAL-l-OENOSITE ISplat-mel)
(meot (if*plet-alo taoil) APICAL-I-OIUORMT 3 plot-mel)
(aet (Ifsplet-ari t all) APXCAL-2-OENDRMI S plot-mel)
(&set (if aplot-ar4 t nil) APICAL-2-DEIU)RITE 3 plot-mel)
(met (if aplot-bl t nil) ML-DEIDRITE 0 plot-mel)
(mst (if aplot-bO t nil) SAIA-DEiITE 3 plot-mel))

... W-UJ5O-MA Seon a? df 91e pwe,8

fir the MW M &

(defun mnw-for-sam 0
(tvichoee-variable-valwas
'((soodify-som-currents flodify the aom currents ff :booleen)
(modify-soma-passive-components emodify am geometry end passive componatsO :boolean)
(amodify-som-atimalus *Modify the omi stimulus' ibooleen)
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-11dify the BOW synapse" :boolean)))
(od(swod'fy-somme-synePsc
(edevery (Modi fy-soma-currents (mu- for -somei-currents))
(amdi fy-soa-passive-coaqpnents (mau- for -sm-gomtry-endpasa Ive-coqponents I)
((and siclam-run smodi fy-some-atioulus) (em-for-som-current-stimalus))
((and wvclm-run allodi fy-some-stimulus) (menu- for-som-volItags-stioauau))
(modify-soma-synapse (menu-for-soma-synapse) )))
XLTJ-FOZ-DENDPJT Sets up &I Me pormetars )b, Me crwN

(defun .enu-for-dendrite 0)

rum.

(tv:choose-variable-values
0-- DENDRITE STRUCTtE

-

(a'total-apical-shaft-segwents 'Now many apical dendrito shaft aegntU? * :number)
(tinclude-epical-shaft 'Include apical dendrite shaftO thoolean)
(aupdata-apical-sheft Ofldify It?' boolean)
(stotal-apical--egments *Ho anry apical dendrita left breanch aegmeta? *:nmb~er)
(snclude-apical-l

include apical dendrite left branch'

(supdae-apical-1 'Modify it?* :boolea)

:boolean)

(stotal-epical-2-s-gue U 'Now many apical dendrite right brench aegmets?

(ainclude-apicel-2 "Include apical dendrite right branchO :boolean)

*:nuer)

(supdata-apical-Z "Modify It?' :boolean)

(stotal-basal-ag mUs'Now many basal dendrite segmets? 0 :number)
(minclude-basal 'Include basal dendrita' :boolean)

(*update-basal 'Modify it?' :boolaan)
:' --

DENDRITE CHAAACTERISTICS-*

;Lodi fy-dendrIta-passive-coponenta "Modi fy dendri ta passive components* tboolean)
(soodify-dendrita-stimulus *Modify the dendrite current stimulus* :boolean)
(W-odify-dendrite-synapse 'Modify the dendrite synapse, :boolaeii)
(xvidify-dendrita-currenta flodify the currents of the modified dendritas* :boolean)
':label
'
3ETTING UP TME DENDRTES *9*
(set-dendri ta-segments-and-flags)
(cond-every
(supdata-apical-l (et *totel-apicalI- -agmts

APICAL-I-DENDRITE 0 total-sgna U)
(men-for-dendrita-geomeitry APICAL-i-DENDRITE)
(if modify-dendrita-currents

(menu for- dendr ito-currents APICRI.-l-DEISMT))
APICRL-2-DENDPTE 0 total-aegmenteS)
('update-apical-? (aset stotal-apical-2-sgmenU
(menu-for-dendrite-geometry APICAL-2-DEMgR)

(if amdify-dendrite-currents

(mu-for-dendrita-currenta

APICAL-2-DENDIU'))

('update-apical-saft (aset wtotal-apical-abaft-a-m1nt

APICAL-SHAFT-ODRI

(menu- for-dendr Ite-geonetry APICAL-SHAFT-DIIRE)
(if aodify-dendritea-currents
(menu-for-dendrite-currents APICAL-SNAFT-DENDRITE))

(supdata-basal (et 'total -basal-segmts

0 total-$emeta)

SAL.-DENDRITE 0 total -segmenta)

(menu-for-dendrite-geomettry SASAL-DEISIT)
(if sodi fy-dendrite-currenta
(menu-for-dendrite-currents USAL-DEIRrIE))
(m*di fy-dendri te-passive-coqennt (u- for -dendr it-pass Iv- coponents)
(sModi fy-dandri te-stimalus (mnu- for-dandrite-stimulus))

('Modi fy-dendrite-synapse (-en-for-dendrita-synapse)

(defun set-dendrit-segmets-and-f lags 0)
(amet atotel-apical--egmenU APICAL-I-DENDRITE 0 total-segmtsl)
("et stotal-apfcal--segaients APZCAL-2-DENDRITE 0 total-egmenta)
(et 'total-apical-shaft-sgmets APICAL-SKAFT-DEIUAITE 0 total-segmental)
("at stotal -basal -sgment, MAL-DEISRITE 0 total-semtal)
(if zinc lude-opical -shaft ("et t APICAL-SNAFT-DEISRMT @Incleade-ue8l)
(aset nil APICAL-SHAFT-DENDRIT 0 include-aS)
(if sinclude-spical-l (mset t APICAL-I-DEDRTM 0include-eel)
(aset nil APICAL-1-DENDRITE 0 Include-eal))
(if sinclude-opical-Z (amet t APICAL-2-DEMSITE 0 include-mel)
(aset nil APICAL-2-DENDRITE S Include-meW)
(if xiacludo-basel (Wet t SASL-DENDRITE 0 imclude-eel)
(met ail SASAL-DENDIT S include-wMel)

... ZTffIALZ-DRDff
(defun
(at
(et
(aet
(et

Iaflldies Mhe eph and di.meter efre dradrile upeaa and arts Me Na andCa

initialize-dendrites 0)
*left apical branchs APICAL-l-DENDRITE 0 labelS)
Origbt apical brmnchO APICAL-2-DENDITE g labelS)

eopical shaftO APICAL-SHAFT-DENDRITE I labelS)
ffbasal branch* SASAL-DENDRITE g labelS)
(Wet 10 APICAL-I-DENDRITE 0 total-sgmnta)
(aset I APICAL-2-DENDRITE S total-sepmental)

(et 5 APICAL-SHAFT-DEISRITE 0 tote -segmnta)
(&set 10 BASAL-DENDRITE 0 total-segmenta)
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(set t APICAL-S4AFT-DENDAITE 0 include-malS)
(&set nil APICAL--DEUITE 0 include-moS)
(meat nil APICAL-2-ENORITE 0 include-m*S)
(aset nil SASAL-DENDRITE 0 Include-meS)
(dolist (DENOALTE-AARAY (list PSAL-KEOiTE APICAL-SNAFT-OENDAZTE APICAL-1-OEMDRITE APXCAL-2-EMIDTE))
(if(are? DENORITE-ARRAY 0 include-mS)
(do ((segment 0 (incf segment)))
((a segment 50))
: At set UP fir 50 Wmeau in each c"ll by Alef~tt
(net 240.0 DENDRITE-ARRAY Segment length$) :
(mset 12.0 DENDRITE-ARRAY segment diometerS):
(mset nil DENDRITE-ARRAY segment include-noS)
(mset nil DENDRITE-ARRAY segment Include-caS))
(defver snew-plot-points)
(delvar snow-inclod-kinetics nil)
(defvar sobang-plot-points nil)
(defvar schange-currents nil)
(defver schange-include-kinetica till)
(delver steady)
...
M U-ID t-SIMUUJ77TIN Set up tdo owrdlfuAmImpar~mmetr&
(defun menu-for-simalatfon ()
(sotq steady (if scalculete-steady-stata -Re-celculete *Old value,)
'new-plot-points 'plot-points
snow-include-kinetics *include-kinetics)
(tv:choose-varieble-values
'(Wseedy *Calculate steady state?, :choose VU~-calculatam Old value'))
(snow-include-kinetics 'Interested in kinetics?' :boolean)
(snew-plot-points -Number of points to plot (ifft-clm will be run, then enter 2048) :nteger)
(edt "Set stime step mm]* :number)
(eduration *Length of simulation (w]" :number)
(*plot-results 'Plot results?l :boolean)
(soverlay-simuations *Plot over previous data?' :boolean)
(sepsilon -Convergence criteria in pred/corr' :numer)
(se-holding 'Holding voltage for initialization CmVP :number))
.label 'Setting up stimulus conditions for clap)
(sotq scalculate-steady-state (if (equal Oft-calculate' steady) T nil)
'plot-step (// (fixr (// 'duration *dt)) snew-plot-points)
'change-plot-points (neq anew-plot-points 'plot-points)
'plot-points anew-plot-points
schange-include-kinetics (end *now- include- kinetics (not sinclude-kinetics)) vdyjutEche-aj~d-kjwd
co
vfe towme
is
o*Gin was ad aid no it int
*include-kinetics snow-include-kinetics )
(defvar slongth)
(defvar adimster)
MN-IDR-DZND*FI-GEOMETRY Set up Me giaet)7 eupemets . the opears
(defun menu-for-dendrite-geometry (DENDRITE-ARY
(lot ((otal-segments, (&ref 0ENORITE-ARRAY 0 total -segwMen0)(istl)(lIstZ))
(setq listl (format nil 00o all the -2d -A sa nts have the some geomtry?*
total-segments, (aref OENDRITE-ARRAY 0 labelS))
(tv:choose-variable-value
*((*segments-all-the-some *listl :booleen)))
(cond ('segments-al 1-the-sam
(setq *length (Gaf DENORITE-ARRAY 0 lengthS)
'diomater (Gaf DENORITE-ARRAY S diomterl)
(tv:choose-variable-values
'((Mength OLength of segment Emicrometersl* inuer)
(edimoter Di1ometer of segment (micrometers], :r)))
(do ((segment 0 (fact segment)))
((W segment total-sgments))
("et slength SEIS -ARRAY sgmet lengthS)
(aset adiameter OENORMl-ARMAY segment diometer$)))
(t
(do ((segiment S (incf segment)))
((an segmnt total-segmemts))
(setq 'length (aref OEORMT-AAV segmen0t length8) adismater (aref OEUSZTE-ARRAY
listi (format nil Length of -A segment-2d [micremeters]
(aref DENDAIT-ARRAY 0 labelS) (# I segmet))
list2 (formt nil fliomater of -A segmt-2d (micrnmters]
(are EDATE-ARAY S 1a4elS) (I 8semn)
(tv:choose-varieble-values
('diometer *list2 zaimbr)))
(not alength SEIAIT-ARRAY sement lengthS)
(aset Wdometer DENDRITE-ARRAY segment diomterS))
(update-dendrite DENDATE-ARRM)
-:: AMN -7
-WDMPflf-C
WOW
(defun men-for-dendrite-passive-components C
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emn diameters)

(tv: choose-variable-values
1((sexanal -cap-fem
axon soan Capacitance CMicroferadslsq-cmI
" tnueV)
(maxonal-r-mem 'axon memrane resistance (ohm-cm-cm] I:number)
(*exonal-r-int 'axon axoplasa resistance (ohm-cm) * -nuer)
(scapd-msm
Odendrite membrane capacitance Emicrfarads/sq-rn]
I :nuer)
(ard-mom *dendrite membrane resistance (ohm-rn-c.] * :number)
(ard-int *dendriteaexoplasa resistance Eohm-cul " :number)
(*ed-1 *dendrltic leak potential Cmv] * :nlumber)
(oplot-voltages-solid 'Plot all the voltages in solid lines' :bodlean))
.label

*Passive Properties of dendrite Segments*)

(dolist (DINORITE-ARRAY (list BSAL-ENMfITE APICAL-SHAFT.DENMUTE APICAL-l-KENDITE APICAL-2-KONDSTE))
(if (are? DENOITE-ARRAY 0 include-urnS)
(do ((segment 0 (incf segMen))
((a segmnt (aea DENDRITE-ARRAY 0 total-$egmentS))
(update-dendrite DENDRITE-AMRAY)))))

UPDA7?-DZNDRrf Updaesdesdrfte anum befire Ptsa wisk nw pwmmters.

(defun update-dendrite (DENDRITE-ARRAY)
(let ((total-sgments (aref SENDRITE-AMRAY 0 total-SegmmntaW)
(rdems (if (eq DENDRITE-ARMAY UASAL-DENDRITEO) *rd-mme 3rd-sam))
(rdint (if (eq OENDRITE-ARRAY OUASL-OENOITEO) ard-mnt *rd-tnt))
(capdae. (if (eq DENORITE-AMY 32ASAL-DENDBITE*) 'exonal-cap-mem scapd-mam)))
(do ((Segment 0 (mnc? segment)))
((w segment total-sgments))
(aset U/I (2 (are? DENDRITE-ARRAY segment length$) 3.14159
(are? DENDRITE-ARRAY segmet diaeterS)
1.00-2)
rde)
DENDRITE-ARRAY segment

g-leaWS

("et (a (are? DENDRITE-ARRAY segment lengthS) 3.14159
(are? DENDRITE-ARRAY segment diameterS)
capdeem 1.00-5)
DENDRITE-ARRAY segmet capacitanceS)
53.14159
(eest (/
(s 0.5 (are? DENDRITE-ARRAY segment diameterS)
(* 0.5 (are? DENORITE-AMRAY segment dimmsterl))
100.0)
(Srdint

(are? DENDRITE-ARRAY segment lengthS)))
DENDRITE-ARRAY segmet
9-auIG15)
lIEN -FOR -DENMfl-C URRiNT Sets uaff It* dendr ito e wts ibr thm rwr m&a
(defun menu-fr-dendrite-currents (DENDRITE-ARRAY)
(let ((total-sgments (are? DENRIYE-ARRAY 0 total -sogmentsS))
(do ((Seg men t 0 (mncf segment)
((Wn segment total-segments))
*Na current In this s gmetO
(le~t ((,Isti (list (list 'Ma
(list (list :include (are? DENDRITE-ARRAY segment include-nab)) :modify))
inCacurrent in this segmentn
(list 'Ca

(list (list :incluade (are? DENDRITE-ARRAY segment include-cab)) :modify)))))
(let ((esult (tv:multiple-chooe
(format nil *Currents in -A dendrite sen t-2d* (are? DENDRITE-ARRAY 0 labelS)
(# I segment))
listi
'((:include 'Include* nil nil nil (:modify))
(:modify 'odify* (:include) nil)))))

(loop for item in result
do (progn (if (not (amq tinclude Item))
(aelectq (car Item)

(Na (et nil DENDITE-ARRAY segment include-na))
(Ca (net nil DENDSTE-ARMAY segment include-Cab))))
(if (mam:modifyv ftem?
(selectq (PAWitION)
(Ns (mmn-for-Naed-murrent OEMDITE-ANRAY segment))
(Cs (men-for-Cad-current OEMDRITE-ARRAY segment)
(if (mem 1ncluda itsm)
(selectq (car Item)
(Na (aset t DENDRITE-ARRAY segment include-ab))
(Ca ("aet t DENDRITE-ARRY segmet icueCS)))))

Me wrests * mhe wmret Mea.
;;NwTJ R-SOMA-CUR 1L7 Ses up mf Mh&
(defun menu-for-some-currents (
(let ((log nil)
(listl (list (list *1l :Nei (trigger nutha) current' (list (list :include

sinclude-nal) :modify))
NaZ (slow tail) current'n (list (list :Include ainclude-na) :modify))
smodify))
:include
sinclude-naS)
(list 116@3ONO (repetitive) current' (list (list
(list 'na
ONap current' (list (list zinclude sinclude-nap) :moidify))
(list 'Nab
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(list 'ca "Ca current& (list (list lincludO sinclude-ca) :Modify))
(list 'cas *Slow Ca current- (list (list :include *Include-cas) :mhdify))
(list 'dr 'OR current* (list (list %include 'include-dr) :madify))
(list 'c OC current- (list (list :include 'include-c) ruodify))
(list 'ahp 'Ahp current* (list (list :include *include-ahp) 2modify))
(list 'a 'N current' (list (list :include 'include-n) :modify))
(list *q *Qcurrent' (list (list :include *include-q) ruodify))
(list 'a "Acurrent' (list (list :include 'include-a) :mwdify))
(let ((esult ttv:multiple-choose 'Pyramidal Currants'
listi
'((zinclui "Includeo nil nil nil (rmodify))
(ruodify *Nodify, (include) nil)))))
(loop fr item in result
do (progn (if(not (mmnq :include Item))
(uelectq (car item)
(Nai (setq zinclude-na nil))
(Na2 (setq minclude-naZ nil))
(Ma3 (setq einclude-nul nil))
(Map (setq 'include-nap nil))
(Ce (564q 'Include-Ca nil))
(Cus (setq sinclude-Cas nil))
(K(setq minclude-k nil))
(DR (setq *include-OR nil))
(C(setq minclude-C nil))
(AMP (564q 'nclude-MP nil))
(M(setq 'include-N nil))
(Q (satq 'include-Q nil))
(A (setq sinclude-A nil))))
(if (WMeq
:modify Item)
(selectq (car Item)
(Nal (and (setq flag t 'nil-mo t)(snu-for-Na-current)))
(Na2 (and (setq flag t anaZ-mod them-for-Na-current)))
(NaO (and (set4 flag t *na3-mod t)(maenu-for-Na-current)))
(Nap (and (setq flag t snap-mod t)(menu-for-ssap-current)))
(Ca (and (set4 flag t sa-mod t)(mus-for-Ca-current)))
(04 (end (set4 flag t adr-god t)jmea-for-ga-currmnt)))
(C (and (Setq flag t *c-god t)(menu-for-C-current)))
(AMP (and (setq flag t 'ehp-mod t)(bnu-for-AMP-current)))
(0(and (setq flag t sq-mod t)(menu-for-Q-current)))
(A (end (504q flag t 'a-mad t)(menu-for-A-currant)))))
(if (am rinclude itam)
(selectq (car Item)
(Mal (setq vinclude-nel 7))
(NaZ (setq sinclude-na 1))
(N&3 (setq sincludo-na~ M)
(Nap (setq 'include-nap 7)) (C&(set4 sinclude-Ca M)
(Cus (setq sinclude-Cas T))
(K (setq 'include-k 7)) (OR (setq sinclude-OR TM (C (set4 'include-C T))
(AMP (setq 'include-AMP T))
(N (setq 'Include-N 7))
(Q(set4 'include-Q 7))
(A(setq 'include-A 7)))))))
(cond (flag (variable-errey-setup)(print "Updated current kinetics')))
(update-gbars)))

(defun updata-gbers (
(et (gbar-na 1 (surf-are, 'som-radius)) 30RA gbar-nalS)
(aset (gbar-na 2 (surf-area 'som-radius)) SOMA
gbar-naZS)
(met (gbar-n 3 (surf-area 'some-radius)) SOMA #bar-naS)
(&set (* sqtem-g-32 (gbar-ce (surf-area 'same-radius))) SOW gba-cal)
(et sobar-cas SOMA
Oba-cast)
(set (a aqton-g-30 sgbar-a) 30MA gbar-eS)
(meat sgbar-fp IONA gbar-abpS)
(net sfber-m SOMA
gbar-id)
(amt agbr-c Oa gbar-cS)
(st (* sqten-g-30 'gber-dr) SOMA
gber-drl)
(et sgba-q SOMA
gber-qS))
(defvar av)

:;VARLE0dL[-4UY-SAMP? Dfoe. Mhe danepilin,AL. p
::: w ot~
#"MCA

(defun variable-array-seup"
(do ((Voltage -100.0 (* voltage 6.1))
(I1 (0 1 1)))
((an 1150@
I))
("t4 Sv vOltag)
("et voltage voltage-array I)
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(or o"wpde Mhe xwe vwiie err"* Mbtew

are~w
te

(cond-overy ((or aupdata-al 1-kinetics anal -mod)
(Set4 e-rsnnI (a-rn-na I voltage) a--nal (b-r-na I voltage)
za-h-nal (a-h-na I voltage) 5b-h-nal (bh-na 1 voltage))
(aset (rn-na-in? 1) r-nal-inf-array i)
(ast (h-na-in? 1)ht-nal-inf-array I)
(eat (t-n-na 1) t-m-nal-array I)
(aset (t-h-na 1) t-h-nal-array M)
((or aupdate-all-kinatics xna2-mod)
(setq aa-n-na (a-rn-na 2 voltage) 5b-m-na2 (b--na 2 voltage)
aa-h-naZ (a-h-na 2 voltage) *b-h-n42 (bh-na 2 voltage))
("et (una-In? 2) r-na-inf-array I)
(et (h-na-In? 2) h-na-inf-array 0)
(mset. (t-n-na 2) t-m-na-array I)
("at (t-h-na 2) t-h-na-array M)
((or aupdate-all-kinetica ana3-mod)
(setq xa-rn-na (a-rn-na 3 voltage) ab-n-na (b-r-na 3 voltage)
aa-h-na (a-h-na 3 voltage) Sb-h-na (bh-na 3 voltage))
("at (im-na-In? 3) r-sa-Inf-array I)
(et (h-na-in? 3) h-na-inf-array 1)
(et (t-m-a 3) t-rn-na-array 1)
(Mset (t-h-na 3) t-h-na-array M)
((or aupdate-all-kinetic aap-mod)
(&sot (x-nap-inf voltage) x-nap-in?-erray I)
(aset (t-x-nap voltage) t-x-nap-array I))
((or aupdate-all-kinetica *a-mod)
(Mset (s-ca-in? voltage) a-ca-mtf-array 1)
(et (w-ce-inf voltage) w-ca-In?-array 1)
(&est (t-&-ca voltage) t-s-ca-orray I)
("et (t-w-ca voltage) t-w-ca-array M)
((or supdate-all-kinetics ama-mod)
(Wet (x-ces-in? voltage) x-eaa-in?-array 1)
(east (t-x-caa voltage) t-x-.-array I))
((or aupdat-all-kinetlea se-mod)
(et (x-a-in? voltage) x-e-inf-array I)
(nota (y-a-inf voltage) y-a-In?-array 1)
(not (t-x-a voltage) t-x-a-array I)
(set (t-y-a voltage) t-y-a-array M)
((or aspdat-all-kinstica aelip-mod)
(aaet (z-ah-inf voltage) z-ahp-in?-arrsy 1)
(at (t-z-ahp voltage) t-z-ahp-array 1)
(Meot (y-ahp-in? voltage) y-ahp-in?-array I)
(east (t-y-ahp voltage) t-y-shp-array M)
((or aupdate-all-kineticsats-imad)
(et (x-c-in? voltage) x-c-mtf-array 1)
(Mat (y-c-Inf voltage) y-c-in?-array 1)
(ast (t-x-c voltage) t-a-c-array 1)
(east (t-y-c voltage) t-y-c-array 0)
((or supdate-all-kInetics adr-nod)
(mset (a-dr-in? voltage) x-dr-in?-array I)
(mest (y-dr-in? voltage) y-dr-in?-arrey i)
(ast (t-a-dr voltage) t-a-dr-array 1)
(anot (t-y-dr voltage) t-y-dr-array M)
((or 5update-all-kinetica sm-mod)
("at (a-u-In? voltage) a-rn-mt-array I)
(set (t-x-a voltage) t-x-.-array M)
((or *update-all-kinetIcs sq-mod)
(et (a-q-in? voltage) x-q-Inf-arrey 1)
(aset (t-x-q voltage) t-a-q-array I)
(setq anal-mod nil anaZ-sod nil ana3-mod nil anap-mod nil sea-mod nil ama-nod nil ac-mod nil
adr-uod nil ft-mod nil eq-mod nil se-mod nil aahp-mod nil))
;..1000 (?iar (a 10 voltage)))
(defvar cPad
... NU-705R-SOAM4OLTAGI-M2MULZW
(defun uanw-for-some-veltage-stimuhaa 0)
(sotq comand (if (a I ovelam-command- flag) OCoad array' O'ttr st@Ws))
(tv:cbeoIse-vrlal-valums
(C(comad Vowltage clam by 0 :chose (OCoumand aray O'ttred ataps'))
(Svoltage-omdw 'EAter am of voltage command array -0 sevel-frm)
(WvI'tt
I amltds (wr) tanuer)
(at-stio-l I
For how long W*l :nue?)
(ffvl
1Step 2 amlitude Cmvi' :wuera)
(at-atiwn2 I
For how lang Cnio :rmber)
(903 'top 3 amlitude [owl' t:mber)
(at-stIrn-3 a
Far hew lae CPa zauabr)
(Mavstage4 mpitude CwVIO anubrl)
(st-ati"- 0
Far hew lass Cm~ mi mar)
(sy
xStMap 5 al itude [ml* inmbso )
(safration OFar how long (tIs will chng the dratimn of the almlulation) Cmi' smuer))
'slabel 'setting Up Vol tag clp)
(504q avclampcomand-tleg (i? (e*ual command gComand amry) I 2))
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;:; JMWFO-SOA(A-CUWfN4TZMULUS Ses the atrmet amuk,~ to the so.i
(detain menufor-som-curruit-stimlus ()
(so.4 command (if (a 1 alcla-cmnd-flog) 'Comnd array OEntered steps"))
(tv:chooevariale-velues
*((snclude-soma-current "Do you want current injected Into the aum?' :boolen)
(command *Current clam by I :choose ('CooMan array* *Entered steps*))
(actarrent-comeands *Enter now of current comand array -1 :evel-form)
(ai-stim-I *Step I slituade (na], :nufer)
(s-stim-l I
For how long (me], :nurW
(2i-stia-Z -Stop 2 slitude Cna]' :nuer)
(at-stio-2 I
For how long (us]* :nser)
(2i-stiu-3 *Step 3 ampitude (na], :nhmber)
(st-stt.-3 I
For how long Im], :nuAbe)
(sI-sti.-4 S3top
4 slitude (no], :nuer)
(st-atim-4 *
For how long (=I* :number)
(si-stia-5 *Stap 5 amlituade [na] 0 :neefo)
(induration 'For how long (this will change the duration of the simaletion)Cin]' :nuer))
':label 'Setting Up Current Ca')
(setq siclamipconend-flog (if (equal command 'Commend array') 1 2))
-iN~1STH
Z Sen Me omieMOismb te A&. dendrite md the gmneat tfot Is.toe IqJsW*.
...
(defun .en-for-dendrite-stimulas 0)
(tyt choose-variable-values
((sinclude-dendrite-current 'Do you want current Injected into the apical dendrito shaft?' :boolean)
(astim-seg -Seqfent to Inject current Into - * :aumer)
(mi-den-stim-l -Step 1 solitude Ina]* :WAer)
(st-den-stim-l I
For how long Cw]0 :nuer)
(s-den-stiw-2 0Step 2 amlitude (no)" snawer)
(at-den-stim-2 I
For how long (=]* :nufber)
(si-den-stim-3 S3tep 3 amlitude [no]' :nmer)
(at-den-sti.-3 I
For how long En)' -nmer)
(a-den-stlnm4 'Step 4 solitude [na], toombr)
(at-den-sti.-4 0
For how long (=]I :oumber)
(81-don-stlwmStep 5 amlitude (ma)' :muioer)
(at-den-stim-5 *
For how long (a]' :neer)0
(81-den-stim-6 -Step 6 amlitude (ma)' :rmwer)
Ms-dem-stim-6 0
For how long C=]O :fllber)
(8i-den-ati.-7 -Stap 7 amlitude (na)' :anber)
(Nt-den-stim-7 0
For how long C=)6 sauier)
(81-den-stlm-I 'Step I amlitude (ma]' timer)
(s-don-stia-8 *
For how long (=]I :pimuer
(s-don-stiw-3 -Step S amlitude Ina]* inumber)
(s-dan-stlm-il 0
For how long (=10 3ntmber)
(si-den-stm-O Step 1S solitude [ma]' :nmber)
(a'uration 'For how long tthis will change the duration of the simlation)(m)o :nueva)))
(seta xcurrent-stimalus-sgmet (- stim-seg 1)))
MMU-MR-WD"DRISYNAPS9 Stu tMe domhe finaufir dbte dendrIte qaqpo.
(detain men-for-dendrite-synapse C
(tv:choose-variable-values
*((include-dendrite-synepse O you want a symose on the left apical dendrite branch?' :b@leai)
(adendrite-synape-tau 'Dendite alpha synapse tim constant (m) 0 :nuiew)
(sdendrite-synapse-mlitude ODendrite synapse amlitude (micro-S] I :nuer)
(asyn-seg 'Segment with synape- 0 : tmuer)
(astart-dedrit-synepse -Start the synapse conductance (w] 0 :nuer).
:label 'Setting up synpe Input Into segnt 100))
(setq Usynapse-Segaet (- asyn-seg M)
(set-up-synapse DEJIRMI-SYNAPS sdendrite-synapse-tou adendrite-synapse.1pitude))
:;;MM -FOR-SO3Ld-S YNM
ente
M dfp.U fadio fir the soevq .
(detain meno-tor-sone-synapse (
(tv:choose-variablo-values
'((include-sme-synepe 00o you went a so- synapse?' abeolean)
(asone-synapse-tau -Some alpha synapse time constant Cm)l 9 :oomer)
(uao-synap"solitude Som synapse amplituide Cmicro-S] a Inumber)
(sart-same-synaps -Start the synapsa conductance Ina] 0 tnert)
slobel 'Setting up SYRaps Input Itot son.,))
(set-up-synapse SOKA-SYNMI soma-synapse-tau sm yn selitd)
.;. SI FSOM-VOL TAGZ-S TI WA S Set up tMe valtqp ddup.
(detain set-some-voltege-atimilus (timt-step)
(se4q acls-voltage (if (a 1 avelam-commend-flog)
(eref avoltage-comeods ftin-sep)
(cond ((a tin-step 0) eVl)
((a time-step (fixr W1St-stis-l
((a time-step (fix? (I
t-stim-2
((n tin-step (flur
t-sties((a tim-step (fixr(/ st-stim-S
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edt)))
edt)))
adt)))
edt)))

sv2)
803)
swq)
ewS

...
SZT-SOMAd-CURRZEff-STTWLM Ue up tMe iRwe reaweto.M. sa gfep.
(detain set-somcurrmnt-stimslu, 0)
Was *tmtin-for-steady-state))
:(let ((time
(lot (ise C-sime 0.0))
(itstncluds-s on-current
(setq it-sti. (if(a I Sicleap-counnd-flag)
Caref scurrant-coinend' itim-stap)
(cond ( tin at-stin-I) di-stia-l)
C'tine st-sit-2) si-sit-2)
(Ctim at-stl.-3) sI-stim-)
M( tin st-Stis-4) Ostis-5)
(t ii-iti.-5))))
(ietq si-stim 0.6)
f p.
WSet up the lajuted =rive to Me dendrito if
:::sir.DNDW-CUAZT-STIM
(detain iet-deodrit-cirrent-stinilua C)
(let ((ime (- nt stim-tor-steady-itate)))
(itsinclude-dndrit-cirraunt
(set si-den-itim (cond (((tine at-den-stin-l) zi-den-stl.-1)
M( tin at-den-sit-2) i-den-stim-!l
((( tin st-den-stim-l) *I-deea-itIm3)
(M tin at-den-stim-0 ii-den-sti.-4)
CCtine st-defl-stin-5) cl-den-atm-5)
CCtin st-deft-stiwO6 M-den-atm-B)
i-den-sit-7)
(Ctine ut-den-stms-7)
W( tine st-dePsti.-6) 8i-den-stm-B)
((C tin at-den-itil) st-den-sti"-)
(t i-den-stim-lO))
Cietq *i-den-stim 0.0))))
::SfF-VP-S NA PSIr M~ the array .~men with do dph. fliati.
:: rgimenta. The er to 1WW es (ejg.
(detain aet-up-synapie Carray taui mpiitaide)

t att byIthe ttwpamesa nd mpiUde

Ndotins (i 10000)

l C/
- (// ta ad))) -10.0) (eist 0.0 array i)
(it (C
(miet (* I sdt mplitude Caxp (/ IC- (/I tau aEt))))) array

::: INfl74 UZS-SMAd-VOL TAaiSen the trd
(detain initial ize-imn-voltage C)
(et s-holding IOK voltages)
(wet ae-holdiag 10PM voltage-mUtS)
(not se-holding 10M voltage-eet2l))

))

ne vdtetethe ddAsgvdtr.

h
For eauupie. the Mttuatlsad
...
wish the nawhrsw wosap art he idlin dt ae (new this Iit 00Wlou.
;:Iniw'te. weriamle a t te their 'in~w vdss fAr the =lngpeld.ad the Ahtaat~ ere at
&Ond5
it A~ded aft At
to
teD Oe tMe isate wibte re mt. Me hrbate i ea mu
(detain Initialize-sins-statai C0
(satq SSe-synapse-ntep 0)
(let* ~-a)g-a)gnl
(thii-valtage)Cg-sunt)
1)( 9C-coaipl ins- left)( g-oo)p mng-right-I )Cg-ceupl ing-right-2)
Cg-c
(Voltage Caref 10M voltageS) )voltege-Inder t. 1600 (tiur (8 It voltage)))))
*,Fr ut a 7the ast their aseaf were vAwa at the kad gpetes" i4d their do*~tve teo0.
w har been eaw&ed
.Nso tAt ef the varies wW be taldiael e if their #eq m e ema
(at aca-coec-shal 1-rst SWM ca-conc-ahel 15)
(mist 0.6 10M CA-conc-ahl -dot$)
(mist eca-cmne-ihol 12-reat 10M ca-cavc-sael125)
(et 6.0 S0M a-cmmc-aIel-det)
(et Caret .-nal-inf-wary voltage-inde) SUM N-eMIS)
(eat Cawet h-mel-mtf-array voltage-index) IOU h-nell)
(eat 6.0 10PM a-nl-at)
AWNIm arrow
e
(not 6.6 a0m h-al-dts)
(neat Cawet ua-ait-array voltage-index) 10M a-mail)
(et (awet b-ast.Int-array voltage-index) SWA h-mai)
("ast 6.6 10M M-eai-detl)
:?N.Me3 avm(7&V
(miot 6.0 10M h-wa-dots)
(not Caret a-Wa-int-array voltage-index) SCM 0-nall)
(nat (wet h-sal-tnt-array voltage-index) 10M h-mai)
(mist 6.0 10M ei-nadot$)
-Jrjw J amw(Ai)
(not 0.0 a0m h-mIs-dml)
(neat Caret x-e-int-enray voltage-ineft) 10M u-el)
(seat (met Y-a-lmt-array voltage-index) 10m Y-el)
(met .0 10M x-a-btl)
Saenem
(not 6.6 O0P Y-a-detl)
(not Caret x-dr-tnt-array voltage-index) I0M x-drI
(met Waet y-dr-inf-array voltae-index) 10PM y-drl)
(not 6.6 10M u-dr-dotS)
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(et 0.0 SOMA y-dr-dotl)
DR eurest
(mset Caret x-e-int-array voltage-index) 30WA x-.S)
(et 0.0 30WA x-rn-dotS)
awriat
(aset (aref z-ehp-inf-array voltage-index) 30WA Z-ahPS)
("et 0.0 SOMA z-alhp-dotS)
(et (erot y-ahp-int-array voltage-index) 30WA y-ahpS)
(met 0.0 SOMA Y-ahp-dot)
(et (w-ahp-int (ero? SOMA ca-conc-shelll)) 3OWAw-ahPS)
(met 0.0 IOWA w-ahp-dotl)
A~Acurew
(et C-c-int Care? IOW0A
ca-conc-shellS)) IOWA u-cS)
(mset 0.0 IOWA u-c-dot)
(mset (&re? x-c-int-errey voltage-index) IO0A x-cS)
(met 0.0 IOWA i-c-dot)
(et Caret y-c-int-array voltage-Index) IOWA -cS)
(et 0.0 IOWA y-c-dotS)
;1=
0s
(mset Caret x-q-int-aray voltage-index) SMW x-qS)
(mset 0.0 IOWA x-q-dotS)
4cuwnst
(et Caref x-nap-int-array voltage-index) SOMA x-napS)
(met 0.0 IOWA x-nap-dotS)
;NAP =rpm
(et (&ret x-cas-inf-mrrey voltage-index) SOMA x-casl)
(mset 0.0 IOWA i-cm-dotS)
;Cm arrst
(met Caret a-ca-int-array voltage-Index) IOWA s-cal)
(et (are? v-ca-tnf-array voltage-index) IOWA w-cal)
(mset 0.0 IOWA s-ca-dots)
(met 0.0 IOWA w-ca-dot))
aCc arres
(met *caps IOWA capacitance$)
(met 0.0 IOWA g-synapset)
**Now edmidte thbe ceskctems hind onth.ee wld udues.
f t* arresth Am
die
;;:Ats the q~prriste CAM&6Ctdae St 90 0e.
Csetq g-nal (italinclude-nal Cg-nal (aret IOW gbar-nall)aret IWA m-nall)(arot 30M h-nalI))
0.0)
g-naZ (if 'Include-na (g-la (are? IOW gbar-naZI)(ee IA a-naS)(aref IOWA h-naZI))
0.0)
g-na3 (its*Include-na (g-na3 Caret 3OWA
gba-na3S)(aref IOW -na))(&ret IOWA h-na))
0.0)
g-c (it mInclude-c (g-c Caret IOW gbar-cl) (are? IOWA x-el) (are? 30WA y-cs)(ee IWA w-cl)) 0.0)
g-ahp (ifslnclude-ahp Cg-ahp sgbr-ahp (&ret IOWA z-ahp)(art IA y-ahps)(aret 30WA v-ahps)) 0.0)
g-m (it 'Include-n (a Caret IOWA gbar-el) Caret 30WA x-ml)Caret IOWA x-4I)) 0.0)
g-a (if'Include-a (g-a Caret 30WA gbar-al) (are? IOWA x-al)Ceret IOW y-a$)) 0.0)
0-dr (if mInclude-dr Cg-dr (eret 3OWA gba-drS) Caret 30NA x-drl)Caret IOWA y-drS)) 0.0)
9-cms (if sinclude-cas (a (aret 30WA gbar-caS)
(&ret IOW x-casl)) 0.0)
g-ca Cit *Include-ca (g-ca (aret 30NA obey-cal) Caret IOWA s-cal)aret 3OA v-cal)) 0.0)
g-nap (it slnclude-nap (a Caret 30NA gbar-map) Caret IOWA x-napS)) 0.0)
g-q (it 'Include-q (a(arot IOWA gbar-q$) Caret IOWA x-qS)Caret 30WA x-qS)) 0.0)
g-l (are? 30WA g-leakS)
g-shunt (it 'Include-stunt ag-electrode 0.0)
g-na g-Wa g-a g-nap V-ca. g-m gdr *-c g-ahp g-1 $-shunt)
g-~nal
g-total
offt C.C.
(aI
CsCg-nap
3-nal g-naZ g-na) se-na)C' g-emS 'a-cm) I* g-ca (0CaO
(5 C. g-0 1-0 g-c g-almp) 0e-k)
Ca g-l so-)
0 -dr ae-d))
owNa
caddoe Me riam of tMe Ydtap bimis to na
steh
avrA
dn 's, e more Pwldle or
.Mmh
Addiagpetid.
lett-voltage (if Caret BAIAL-OENDRITE 0 Include-eel)
Caret UASAL-KNORITE I voltage)
Caret IOW voltage))
g-couplia#-lett (ifCaret UAIL-OENMRTE 8 Include-eel)
fg-varallel C(wet UAMC-hMM I g-aisal) Cawet IOW g-axialt))
8.0
thIs-voltage Caat IA Vol tages)
right-veltage-I Cit Caret APICAL-SFT-NIUR IS Inolude-eal)
Caret APICAL-SAFT-ODWOITE I voltaeS)
Carat IOWA voltageS)
g-coupling-rlght-1 It Car(et APICAL-IWAFT-DE I ITE I Include-eel)
(3-parllel Cart APICAI-UIAT-KISRITE I *-aIS)
Caret IOWA 3-miall))
0.0)
right-voltage-2 Caret IOWA voltage)
-culing-right-2 0.0)
;a V-D07 sthe hnmkerf ci the mlep. lis m Is thteAApenmmw mdue.
(not (v-dot s-ceupllM4- left g-ceupllng-right-I g-coupling-right-2 g-tatal
offt
lett-voltage this-voltage ri gut-vol tae-l rIght-voltage-a
C. i-Constant- Injection $I-stim))
(0ap
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SOVA voltage-dotS)

M172AUMZ-D&NDAMWll OLIdGM Sen Me inugW dendrifto .arpa diqu to the hArs.a I..tpemid.
(detun initlia -dencdrt-voltagas 0)
(dolist (DENDITE-AMRAY (list SASAL-DENDRITE APICAL-U4AFT-DENDR17E APICAL-I-DENRITE APICAL-2-DENDRITE))
(do ((segmet 0 (inst Sepmet)))
((a sega t (aret DENDRITE-AMRA? 0 total-sagnets$)))
(nat sad-I DENDRIT-ARRAY a giat voltaga)
(nelt sad-I DENDITE-AMRA? segment voltaga-astll)
(est sad-I DENDRITE-AMRA? sa et voltaga-aWSMZ))
Z7mduL=-DivD =nl.47 stadl the irae pwiset ad., Mhe
iatmpsien h h nmh
e
ir;ate. W1 Ith sheabram Watonm -r the hddPuE WISP (son thA&
&sfiE. Per aearph. tMe awbttve.
mi.*
d ieat~ime pw*de we so 14oshe&r Iftfvdar jb' she Adding potutI sad the h&fiahu wte
...
art teo0. Owe the iate rwhs aMe m the dhrha
ef she nmbmas
we .cibiged stal
She drovit pea
...
(datun initiatiza-dandrttestatas 0)
(doliat (DENDRTE-AMRA? (list OASAL-DENDRIT APICAL-UMAFT-DEMMIT APICAL-1-DENDRIT APICAL-M-ENORMT)
Caat(ttl)gaC-a(-)
(lot ((sdaadrita-synaasa-stap
(I-sti)(ttl-sgp ta (at DENDRITE-AMRA? S total-sagnentsS))
:uibwwntAbpermueia
(if Carat DENDRITE-AMRAY S Iacluada-eaS)
(do M(sagmet S (lutf sa M)
(CM sagmant total-sgmenta))
(lata ((voltae (wtat DENDRITE-AMRA? saimmut voltage$))
(voltaga-indox (* 1ION (tlxr (* 10 voltaga))))
(include-as (wtat DENDRIT-ARRAY Sequent Includa-naS)
(includa-ca (wat DENDRTE-AMRA? segment include-cal))
::J1feawvstfor she
(C-a

g..e

Am een exabieA shes airimsin~ tsar~wi&dL

(iniclude-na
(met (mat ui-nal-faf-array voltaga-tadax) DENRIT-AMRA? sagmaet in-nal$)
(met (arat h-nsl-itf-aray voltage-index) DENDRTE-AMRA? agmant h-mall)
(et 0.0 DNDITE-AMRA? sagmmat m-nal-dol)
(met 0 DENDRIT-AMA? segment ht-mel-dotS))
(include-ca
(net (ato a-ca-ist-wsty voltage-index) DESUR1TE-AMRA? sageent s-cas)
(met (at w-ca-imt-anay voltagadox) DNDIT-ARRM? sepseat v-cd)
(set 6.6 DENDRITE-ARRAY segment a-ca-dotS)
(asst 0.0 IENDITE-AMRA? sagment v-ca-dotS)))
::Nwcibl.
cmctam temer~ta se he prmi
. wdk, If. ~ta
o reg
amne
::hea induhii the ment then ats cawm ets
(satq p-as (itInc) d-a&
(a (mat IFNDITE-AMRA? segmnt gbaralS) (wtat DENDRITE-AMRAY segment n-altS)
Carot DENDRIT-AMRAY sagment m-aS)(ste DENDRTE-AMRA? segment h-al)) 0.0)
g-ca (itIncluda-ce
(g-ca (spat DENDRITE-ARRAY sagent gbsr-aS) (wtat DENDRITE-AMRA? sagmant s-cal)
(spat DENDRTE-AMA? segment v-cdS)) 0.0)
(wtat DEND~RTE-AMRA? Sagami;t g-laak)
g-1
1-stim (if (sand (EQ DENDRITE-AMRA? APICAL-UNAFT-DENDIT)
(a samet scurrant-stiolus-sgment)
Lulkile aresti*Uieu
si-dan-stim 0.0)
#-total C* g-fta u-ca g-l)
@-off (// (0i -a *-ma) is 9-ca 'a-cs ) (5 6-l 'ad-I)

orN
cdda the domtmv eft~ othe as~ed eo the zetp-aae ad... Jtr the irae wilAsad
:.the~~~~~~~
hddngDrid
thbpna V57hr Amt toahe os~aed* WhAd
id
(at dart-alsiy EDIEAA totsi-sgments sagIut I-atia g-total @-ott)
DENDRIT-AMRA? segment voltaga-dot$))))))

...
DENDfl-VDMWAVn firears.find, the hrttit of Me haift. gm.ee rdefte Sme the wruw em~emd
(detum da"&fte-derivative (OEJIT-AMAY tetsl-sagments Sagami;t -Stis 0-tetal I-oft)
(lot ((this-veltap (stet DENDRIT-ARRA? sagment valtaa-astll))
lead ((a total-sgmts 1)
:Aw am 'C'
I. th a" ".'
fhea
(it (or (EQ OENTE-AMA? APICAL-i-DENDRIT) CE 0ENDRIE-ARRAY
APICAL-2-1DRZE) :I01
:eit alg,the &ddpe efp &W
*R
(setq left-voltage (AME APICAL-SGAFT-DENDRXT (- stet sl-picl-hst-segmmts 1) voltagaastll)
9-soupltag-liett (g-pstllal
(sate APICAL-UIMFT-DENDRITE C- *total-apical-shat-semanta 1) @-axial$)
(stat DENDRIT-AMRA? S g-sI&ISl)))
; WAeheWi Lhine the OWdwa ~At, W&A ki
abehtas
(96%q latt-wtua (mat SOWvetaG-UIS)
g-apI-left (psrsllal (stat 1M g-sxISIS) (stat OEFSRIT-AMRA? S 0-axial)
(it(ad EQDNRE-ARRA? APICAL-SNAFT-C FNIME) staclode-apicsl-1)
(aetq right-voltga-1 (stat APICAL-MNDRI vepstlS)
g-coualing-rigmt-l Cg-pstallal (stat AICAL1lDEMRT I g-axiall)
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(are? DENOUTE-ARRAY 0 g-axialS))

Jim me
n

ments dutat
Csetq right-voltage-i Care? DENMOUTE-ARRAY segmet voltage-estiS)
g-coupilng-right-1 0.0))
(if (and (EQ DEWORITE-ARRAY APICAL-SHAFT-DENDRITE)

sinclude-apical-2)

:Afl with r breac Sees r-u-2 at r

(setq right-voltage-2 (are? APICAL-2-DENDRITE 0 voltage-estIS)
g-coupling-rlght-2 (9-parallel (are? APICAL-2-DRITE 0 g-axialt)
(aref DENDRITE-AMRAY 3 9-exia)S))

Oda so gtmests disid

Csetq right-voltage-2 (are? DENODRIE-ARRAY segmet voltaget-estIS)
9-coupllng-right-2 0.0)))
((M total -segments C. 1 segMen)M
At the Jimau ew ef this pan ef Mhe
deadrie aid there to more
tAw nmeueat. so I viii be arguea Oppaeo a in asm pan of t'

Csetq left-voltage Care? DENDRITE-ARRAY C- segmet 1)voltage-estIS)
(if

g-coupling-left (g-parallel (are? DENDRITE-ARAY segment g.axialS)
(aref DENDRITE-ARRAY C- segwt 1) 9-exialt)))
(and (EQ DENDMTE-ARRAY APICAL-3HAFT-ENORX ) sinclude-apical-1)

Offha1wO$
vJbp~Aa

shm ,-v-J wff be pramdf are ef

(set4 right-voltage-i (are? APICAL-1-EMDR17E S vOltage-estIS)
g-coupling-right-l (g-parallel Caret APICAL-1-OENDRITE 0 g-axiall)

(are? DEJIDRITE-AMRAY segmient g-exialS)))
doe of.nowr WhOW
pan of treer

(setq right-voltage-i (are? DENDRITE-ARRAY segmet voltage-estlS)
g-couapling-right-I 0.0))
(if (end (EQ DENDRITE-ARRAY APXCAL-S3AT-DENRJ) aincluds-apical-Z)
;ifcaeft W branh then P-- AvS
be prubnat ag oftI
Csetq right-voltage-2 (are? APICAL-2-DENDRITE 0 voltage-estiS)
g-coupling-right-2 (g-parallel Caret APICAL-2-OENDRITE 0 g-axialS)
Caret DENDRITE-ARRAY segment g-exIalt)))
Anm ne P43-. no matter wh"c part of tree,
Csatq rtght-voltage-2 Caret DENDRITE-ARRAY segmet voltage-estlS)
g-coupling-right-2 0.0)))
C.segment 0)
;-Ot the pVX(Md SSeuMO efpet efthe tre With at1O4
w 2s
tiae #mtt
(if (or (EQ DENDRITE-ARRAY APICAL-i-DENDRITE) (EQ DENDRITE-ARRAY APICAL-Z-DENDRITE))

:poxz -eahat
iee orP rewh vin~d~ad Aefl ari-u
(set4 left-voltage (ARE? APICAL-SHAFT-DENDRITE C- ttalapical-shaft-sgmeta 1) voltage-estiS)
g-coupling-left (9-parallel
Caret APICAL-SHAFT-DENDRIT C- sotal -eical-haft-segmets
Caret DENDRITE-ARRAY aegmet g-axialS))

1) I-AxialS)

prm al ef qid or hed sAeft wilgt me as 1e-u

Csetq left-voltage Care? SONA voltage-estiS)
g-eoupling-left Cg-parallel Caret SOHA g-axIalS) (are? DENDRITE-ARRAY 1 g-axlalS)
:po eeefdu pen.t ef treea4'a
a
a ect vii get as a from Asom
peta -14I. W t-u-i

Cset4 right-voltage-i Care? DENDRITE-ARRA
I voltage-estis)
g-coupling-right-l Cg-parallel (are? DENDRITE-ARRAY I g-axialS)
(are? DENDRITE-ARRAY I g-axial$))
right-voltage-2 (are? DENDRTE-ARRAY 0 voltage-estIS)

(t g-coupling-right-2 0.0))
Atmeai& r faeptotkteehrAmtto
.ap
Csetq left-voltage Care? DENDRITE-ARRAY C- segment 1) voltage-estlS) -isepzfemaeptofre
g-coupling-left (g-parallel Care? DENDRITE-ARRAY C- segment 1) g-axialS)

Caret DENDIT-ARRAY segmet g-axialt))

right-voltage-i Caret DENDRITE-ARRAY C. I segment) voltage-estIS)

:r-v-J

Ft

g-coupling-rilht-I

C-parallel (are? DENDRITE-ARRAY C. I segment

g-axialS)

Caret DENDRITE-ARRAY segmet 9-axia15))

W.-meF-2

right-voltage-2 Caret DENDRITE-ARRAY segmient voltage-estIl)
g-coupling-right-2 0.0)))

:7.DO, gets the dariuat

maag
dwad from ase pa

ofIhe Stgmeft Pottage. The ar t . the 1"n

WMro

(v-dot g-coupling-left 9-coupling-right-I g-coupling-right-2 g-total
s-at? left-voltage this-voltage right-vol tage-l right-voltage-2

f1.

Caref OIIIORITE-ARRAY segment capaitanceS) I-stle)))

..LOAD-PINT U7lM 7= statsthe enhaeio 14 with ae hu1fll maee""mme feeS) ofthe
...
calmtoud from the preus Peottage, the preis derivai ofth votage. sad Mhe
tome nap.
:: The lu~id enJisU cdandred using ax Oea lategrio frmhe.

dge

Cdofun load-tfirst-astimetaes ()

.,RPMnPfaffthe dendrite Xj~mes.

(dolist (OENORIT-ARtRAY (list SASAL-DNDRITE APICAL-UMFT-DENDRIT
(if (are? DEISRMT-ARRAY I Include-me)

APJCAL-I-DENMRTE APlCAL-2-SIIRMI)

(do ((segmet 0 (Inc? seg"Omet)
CCa segmet (are? DENDR1TE-ARRAY S total -segMbntl))
(aset C#(are? DENDITE-ARRAY sgmet vol t""a)
* SOM
nmae 904
ltee
: d,. ;AuAtsu.-dgvj
Cs dt Cave? DENDRITE-ARRAY segme
poitape-dotS)))
DENDITE-AMRY segmt voltage-estli
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PAWaSW v*l..

--Nw for the

a.I

(cond ((or asteady-state-run siclow-run)
voltage$) (a adt
(mnet (+(intel SOMIA

feral

SOM voltage-dotE)) 30MA voltage-sst2s))

Abir the 'die damup the soma Pdrqs as dwis the wrens cdew udie

(xvelam-run
(aet (if (a I avclem-command- flog) (are? aveltage-commands atlas-step) aela-voltage)
SCMAvoltage-estlS)
(aset (if (a I evclaap-comeand-flag) (aref' avoltago-commanda atlas-step) sac1w-voltage)
SOIA voltage-*sst)
(defver flag t)
- Zf AN of the estimated voiep; vae not within the comepame ciseauim, Mon, iwmedlasdy
eAg: with W'."ethewio ,elyro '.

:;;
1W37Z7d1

(defun test-estimates C)

Csstq flog 0)

(ad

(test (intef SON voltage-estll)

(are? 30NA voltage-est2M)

(end (delist (DENDRITE-ARRAY
(list SAL-DEISRITE APICAL-SHAFT-DNCRITE APICAI.-1-OENOITK APICAL-2-DENOUITE *end))
(if (squal DENDRITE-ARRAY *end*) (return M)
(if (not (if (intel DENO*ITE-AMRAY 0 INCLUDE-HES)
(do ((Segmft U (incf aegmetM)
meg1et (aref DENDRITE-AMRAY 0 total-s gomentsl)) T)
(if (C;n
(nt (tent (are? 0ENOAITE-ARRAY segmet voltae-istiS)

(sat DENDRITE-ARRAY segment voltage-estZS))
(return nil))

T))

(return ni))))
..
7J7 -JFOZ-A fl7NU-S7A7I Check to smIf the cempartment vd: age here sttld down toea quied-reating are by
sexing off the aered doeraue of the empaenuent uoftegs. If the wqe e ofAL the de~uere
tha ador-opielea.then resuirn s'. Mh en t haneowned to be mr memo' stat.

::lA

(defun test- for-resti ng-state 0)

(setil flog t0
(ad (( (mba (wet 30M voltage-dotS)) adot-epsilon)

(or
(daunt (DEINSRlTEARRAY
(list ASAL-DENORMT APICAL-SMAFT-DERmT
(if (intel DENDRITE-ARRAY 0 INCLUDE-ME)

APICAL-i-DENDRITE APICAL-2-DEURITE))

(do ((segment 0 (mcf segment))
((a segment (are? ENDRITE-ARRAY 0 total -segmmntsl))
(if(not
(( (Mms(&ral DENDRITE-ARRAY sagnt voltage-dot$)) adot-epeilon))
(setq flag nil)))))

flag))

...
0-A ALLIL

(defun g-parmllel (91 g2)
(// (3 of 92 4.0) 1# (a 2.0 glfla 2.0 92))))

:: 7PMf-NE V-SOMA -fflTWAI1 Mobe the dd mme vftep eat. ae,(eWt)spot to the no polteg. eatbm as (ea2).
(delun store-now-some-estimes 0)
(mnet (a 6.5 (# (srmI SCM voltage-estll)(arof SCM voltage-estZS))) 90"M voltage-istl))
: ITOP
W.

-Z

NDM-7ZAU7TS Nabe the ofd derite Wistep emastne (eaW)Spud to the now rdtqe essimuee

(defun store-new-dendrita-atimtes 0)
(delict (DENDRITE-ARMAY (list SASL-DENDRITE APICAL-UIAFT-DEIURITE APICAL-i-DENDRITE APICAL-2-DENDRITE))

(if (&re? DEN RITE-ARRAY 0 INCLUDE-NES)
(do ((sgent 0 (incf segmt)))
((* segment (wet DENDRITE-ARRAY 0 total-segmental)))
(meet (a 0.5 C* (wnt DENDRITE-ARRAY segmet voltage-eatIS)
(intel OENDRTE-ARRAY segmn voltage-est2S)))
DRM E-AMAY segment voltege-stIMM))

:::mP.EJffWWSO MOL T

(defun store-now-same-voltage 0)

(ast (irnt SCM voltaga-*WSt)

se
Mehed woe pode

d so Mhem
orpoep eramo (ma)i.

SOM voltageSl))

..
:SWAOPJNI-DMDAMT-VOLTAGU MoIA#e
thei dendItrifte
(defun stere-no-dm* ito-voltages 0)

p qid to sMe
no vdwep emmna. (ea).

(del fst (OEISITE-AMAY (list AML-DENDRITE APICAL-SIWTr-DENDITE APICAL-l-DEPWRITE APICAL-2-DENDRITE))
(if(west DENORITE-ARRAY 0 INCLU3E-NES)
(do ((segment 0 (fint segment)))
(C. segment. (el DENDRITE-ARRAY 0 total-segmental))
(noet fera DENDRITE-ARRAY segment voltage-estZS) DENDRITE-ARRY segment voltage)))))
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et
(ansi).
Sr-DEJDPI4TAm-ADJ'-DOITCdaashle Aewss bawm e wrens ,.sd
:::la*
tm P&%& Ilea
h hA ia of $A#rditp (dald-let) is caflesed mcerding so A'CL If the
..oo-dew Aim is~ so.Ath
IA*&~f
of Ahe idiaj. $s Met wIdmas ml Mheir h,*afs aev
h find emimdas: (vdse-MIe. me-m. m/lrdas
tA otc.
(defun sat-dendrite-stats-ald-v-dots. (limp-done)
(dolist (DENDRITE-ARRAY (list BASAL-DENDRITE APICAL-SHAFT-DENDRITE APICAL-1-DENDRITE APICAL-2-DENWrXTE))
(ifCaret DENDRITE-ARRAY 0 INCLU-lES)
(let C(total-seg , ts Caret DENDRITE-ARRAY 0 total-segmntS)))
(do ((segment 0 (tact segment)))
((* segmenit tota1-segments))

(let* ((v-est (aret DENDITE-ARRAY segment voltage-estlM) ; '-JT'UshewrremvdaPaa~uf
(voltage-index C+1000 (ttxr (s 10 v-eat))))
(Include-na Caret DENDRITE-ARRAY SegMt incelude-naM)
(Include-ca Caret DENDRITE-ARRAY segmet include-caM)
CS-ca-est)CV-cs-est)
C-ett)(g-na-ast)(g-c-st)g-synaps)( I-stlm)(g-leak)(g-total-est))
(ifinclude-na
(setq r-na-eat (trap-arx Carof DENDRIT-ARRAY segment .- nalS)aret DENDRITE-ARRAY samt a-na
x))
1-dots)
x))

dots)

Carot a-nal-inf-array voltage-index) Caret t-a-nal-array valtage-inde
h-na-est (trap-apprx Caret DENDRIT-ARRAY segment ht-nalS)aref DENDRIT-ARRAY segment h-na
Caref h-nal-Int-array voltage-Index) (aret t-h-nal-array voltiage-inde
r-na-at (2 Caret DENDRIT-ARRAY segment qbar-nalS) a-na-at a-na-eat h-na-eat))
Cuatq u-na-at 0.0))
(it include-ca
Csetq s-ca-eat (trap-apprax Caret DENDRITE-ARRAY segmet a-c&S)(arot DENDRTE-ARRAY segment a-caCaret s-ca-tnt-array voltage-index) Caret t-s-ca-aray voltae-Index)
v-ca-eat (trap-&aprx Caret DENDRITE-ARRAY segment w-cas)aret DENDRITE-ARRAY segmet v-ca-

dotS)

Caret v-ca-tnt-array voltage-index) Caret t-v-ca-arrsy voltageindex)
u-ca-eat Cu-ca Caret DENDRMT-ARRAY sgmet ubar-caS) s-ca-eat v-ca-eat))
Csetq u-ca-eat 0.0))
(if (and slnclude-dendrlts-synapse Cmsegmet Msynapse-segment)
;Zmdmhpnop
(and C tim astart-dendrite-synae) . i ~a
ha weeper m time U Pig.
Am
Csdendrite-synapse-step, 1000
:14 dlaqtepm VAoifOO~
(setq g-synapse (aret DENDRITE-SYNAPSE adendrlte-symap"e-stap)
Sdendrte-synapse-stap (. sdmoodrit-symapee-step 1))
(setq 5-synapse. 4.41
Csetq I-stim (if (end CEO DENDRITE-ARRY APICAL-UIAFT-DENDRXTE)
Ca sement scurrent-stimulus-sgmt))
ZNde eawrau lnbcsle
si-dan-stim 0.0)
segment $-leaksl)
DENDRIT-ARRAY
Caret C.
u-leak
9-total-eat
-na-eat g-co-est u-leak g-synapse)
@-off C/i C.CI-na-eat **-no)C5 u-ca-eat se-ca
lookta
*edat)) I-synapse s-synapsm))

dox))

(cond ((not loop-done)
(met (dandrlta-darlvatlve DENDRIT-ARRAY total-segmts segmet I-stm g-total-est e-et)
DENDRIT-ARRAY segment voltage-eati-dotS))
Ct
Cuset (dendrlta-derivatlve DENDRIT-ARRAY total-segments segment I-stm u-total-eat e-et)
DENDRIT-ARRAY segment voltage-dots)
::LLdewin. see the find vdasm for the susr uM. ml thair
, i*ala b fter MA loo
..No flmeS
(cond-eovy
(Include-ma
(noet a-na-et DENRITEM-ARRAY segment m-nalS)
(eaet (dxdt-eq a--at Caret a-nal-int-arrmy voltage-tndex)(aref t-m-nal-arsay voltage-in
DEDRT-ARRAY segment a-sal-dstS)
Ceaet h-na-eat DENDRITE-AWRAY segment h-eelS)
Ceaet Cdot-eq h-na-eat Caret h-nal-imt-waq voltaep-indox)Caret t-h-nai-arway voltae-ta
DENDRMT-ARRAY seont h-nal -dot:s))

x))
x))

CInclude-ca
("at s-ca-eat DENDRMT-ARRY sememmnt 5-caS)
(noet (dodt-eq s-ca-eat Caret s-ca-tat-array voltoge- index) (aref t-a-ca-ervay voltage-lde
DDRIT-AWAY segmnt S-ca-dDti)
(noet v-ca-eat DENDRIT-AWAY segmt v-Ca5)
(noat Cdxdt-eq v-ca-eat Caret v-ca-int-array voltage-index)(aret t-v-ca-array voltage-ladek
DENDRIT-ARRAY segmet
v-ca-dotMMMM)))
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;:Si7r-SOMfA-STATE-ARD-V-D~rFOR-CL'X?2!ffGd74Cdgldrs the cft cr~ bavdm ehi
:.,;
*eda
thear bw shea derhim of tha 'eliqe (..suI-detJ is W=uared mading to £CL Ifthe.
lea-dewe~ is mi. tMan Mha derwive of the udae,.the &are vaia~ersad theim hiA we wre
::;atedar the Ji exrlmres (otwiedstS. rn-adl. is-me-daiS. etcj.
(defun set-som-atates-and-v-dot-for-culefnt-cI
voltage-estlt))
(lets ((v (wret SOMIA

rem vduq emimr,

(loop-done)
I,0the rmet WapaSmeau
is'

(r-nal-eat)(h-nal-est) (g-nal -est)

(e-naZ-at)(h-na2-eat)(g-naZ-Ost)
(.-na3-eat)(h-na3-5st)(g-na3-eat)
ix-nap-est)lg-nap-a5t)
(a-ca-est)(v-ca-est) Cg-ca-est) (x-cas-est) (u-cas-eat) (sew-ca-conc-ahel 1)(nev-ca-conc-ahel 12)
(X-a-eat)(y-a-est)( p-a-eat)
(x-c-est)(y-c-eat) (v-c-eat) (g-c-eat)
(Z-ahp-est)
(y-ahp-at) (v-ehp-eat)
(g-ahp-est)
(x-r-est)(g-mWest)
(x-dr-eat)(y-dr-est)(g-dr-est)
(x-q-eat)(g-q-est)
(g-lsak)(g-ahunt)(g-coupllng-left)(g-coupllng-right-1)(g-coupllng-rght-2)
(e-e??)( left-voltage)( thlas-voltage)(rlght-voltage-l )(rlght-voltage-2)
(g-sysapse)(g-total-est)(voltage-index (# 1000 Cxr (* 10 v)))))

(cond-every

(Slnclude-nal (setq m-nal-est (trap-apprax (are? 30PA u-nail) (are? USIA r-nal-dotS)
(are? r-nal-inf-array voltage-index) (are?
adex))
h-nal-st (trap-approx (are? SMA h-nall) (are? 3SIA h-nal-dotl)
(are? h-sal-in?-array vol tags- Index) (are?
fidex))
g-nal-est (g-nal (are? SOSIA
gbar-nail) rsnal-st h-sal-eat)))
((not *include-nal) (setq g-nal-est 0.0))
m-na-dotS)
(alncluds-na2 (aet4 r-na2-est (trap-approx (are? SOMIA
u-sail) (are? SOMIA
(are? r-sa-In?-array voltage-index) (are?
ndex))
h-na2-est (trep-approx (are? SONA h-nail) (are? SOMA
h-sa2-dotS)
(are? h-salan-array voltage-index) (are?
ndex))

ndex))
ndex))

ndex))

ndox))

x))
x))

X)

t-rn-nal-array voltage-i
t-h-nal -array voltage- i

t-m -w-rey

voltage-I

t-h-na-ary voltage-I

g-Wa-eat (@-sal (are? SA gbar-nall) rnal-est ht-el-eat)))
((not alnclude-nal) (*etq 9-sal-at 0.0))
(anclude-na (setq rn--s t (trap-approx (&re? SIA r-sail) (&re? SA r-nsa-dotS)
(are? u-i-inf-arrmy voltage-tndex) (are? t-en-array voltae-I
h-na3-est (trap-approx (are? 30MA h-nail) (are? USIA h-sal-dotS)
(are? h-nal-inf-array voltage-Index) (are? t-h-na-array voltage-I
g-Wast (g-nal (are? SOWA
@bar-naSS) u-n&3-eat h-sa-eat )
((not Ztnclude-n&3) (setq 5-nal-eat 0.0))
(alnclude-nap (setq x-nap-at (trap-approx (are? SI x-sapl) (are? SFA x-nmp-dotg)
(are? x-nap-inf-array voltage-index) (are? t-x-sap-array voltage-I
g-nap-at (2(are? USIA gbar-nap) x-nap-est))
((not *Include-nap) (sttq g-nap-eat 0.0))
(slnclude-cas (setq x-cas-est (trap-approx (are? 3OWA
x-ceal) (are? IOWA x-caa-dotl)
(are? x-caa-inf-array voltage-index) (are? t-x-caa-array voltage-i
g-a-at (a (are? 30IA gbar-cWa) x-caa-eet)
((not elnclude-caa) (Setq s-cms-eat 0.0))
(alnclude-ca (aetq a-ca-eat (trap-apprex (aro? USIA s-cal) (are? SI s-ca-dotS)
(ae
a-ca-Inf-eray voltage-index) (are? t-s-ca-array voltags-Inde
w-ca-eat (trap-approx (are? SIA v-cal) (are? 3SIA v-ca-dotS)
(are? v-ca-int-array voltage-Index) (&re? t-w-ca-array voltage-Inde

g-ca-est (9-ca (are? Ua Oa-cal) a-ca-eat v-ca-eat))
((not winclude-ca) (aetq u-ca-at 0.0))
(sinclude-e (aetq x-a-est (trap-approx (are? SIA -al) (are? SOW v-a-dotS) (are? x-a-tm?-arrsy voltage-Inds
(are? t-x-s-amry vol tags-Index))
y-a-eat (trap-apprex (are? SI y-el) (we? 3MI y-e-dotS) (are? y-m-a-wary veltage-Inde
(are? t-y-e-array voltage-Index))
u-a-eat (g-a (&re? 3SIA gbar-aS) v-a-eat y-a-eat)))
((not mInclude-a) (setq g-e-at 0.0))
(sInclude-c tsotq x-c-at (trap-approx (ar? SIFA v-cl) tat SIA -C-dotS) (are? x-c-inf-arrey voltage-lnd

X)
X)

(are? t-v-c-array vol tags- Index))
y-c-eat (trap-approx (are? SIA y-cl) (aret USI y-c-dotl) (are? y-c-inf-wray voltage-Inde
(are? t-y-c-arruy vol t agsIdex))
v-c-eat (trap-approx (ae
USIA v-cl) (are? USA v-c-dotS)
(v-c-In? (are? USIA ca-conc-slWelll))
(t-v-c (&re? 3SIA ca-conc-ahelISM)
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9-c-eat C9-c Caret 301W
((not 'Include-c) Csetq g-c-eat 6.0))
(slnclude-ahp) (set4 z-ahp-est (trap-approx
ltage-ndmx)Caret
y-ahp-aat Ctrep-approx
Itage-ndox)Caret
w-ahp-eat (trap-approx

Obar-ci) x-c-est y-c-aat u-c-eat))
Caret 3ONA Z-ahpi) Caret 30PA z-ahp-doti) Carat z-ahv-t-arraY vs
t-z-ahp-array voltage-index))
(are? 3ONA y-ahpS) Caret SONA y-alip-dotS) (are? y-ahp-Iat-array vo
t-y-ahp-array voltage-Index))
Caret SOFA w-ahpS) Caret 30NA w-ehp-doti)
Cw-ahp-inf Caref SOMica-conc-sholl2S))
(t-w-ahp Caret 30fiA
ca-conc-shell2S)))

g-ahp-est Cg-ahp agbar-ahp z-ahp-ast y-ahp-eat w-ahpast)))

((not SInclude-ahp) (setq g-ahp-eat 0.0))
X)

('Include-n Csetq x-m-est (trap-apprax Caret SOMiA x-st) Caret 3OSIA x-u-dotS) Caret x-mr-Int-array voltage-Inde
Caret t-x-rn-array voltage-index))
u-rn-eat C* Carat SMOfAbar-rni) x-rneat)))
C(not 'Include-m) Csetq g9-eat 0.0))
('nclude-dr Csetq s-dr-eat (trap-approx Caret SWIA x-dr$) Caret SOMis-dr-dotS)
Caret x-dr-int-arry voltage-inddx) Caret t-x-dr-array voltage-Index
y-dr-est (trap-approx Caret SOMiA y-drS) Caret SOMiA y-dr-Ootl)
(aret y-dr-int-array voltage-index) Caret t-y-dr-array voltage-index
u-dr-eat Cg-dr Caret 30fiA gbar-dri) x-dr-est y-dr-sat)))
C(not *include-dr) Csetq 9-dr-eat 0.0))
Cslnclude-q Csatq x-q-est (trep-approx Care? SOMix-qi) Caret SWfA x-q-doti) Caret x-q-inf-array voltae-inde

X)

Caret t-x-q-array voltage-index))
g-q-est Ca Caret SOMA
gbar-qS) x-q-est)))
C(not slnctude-q) Caetq g-q-at 0.0))
((and 'Include-om-ynapse
tlao&a
we wnq f eimbd.
Cand C0 'tim sart-som-synapse) :mdhIsMme &rik.
(<as m-ynapse-stop 10000)) ;?et l&Aug of Vmu &a
IOMs'
Caetq g-sywapae Caret SOfi-SYNAPSE namrn-synapse-atap))
C(net g-synapae SOfiA g-aynapsei)
Caetq *ao-ynape-stop C. a
Sain-synapse-Stop 1)))
Ct Caetq u-synapse 0.0)
Ceast g-synaps IA g-synapseS)))
Caetq g-laak Caret SOMi9-leakS)
g-shunt (it'Include-shunt ag-electrode 6.6)
g-total-est C. -nat-at g-na-est g-nai-eat
u-ca-at g-nap-at @-a-eat g-c-at g-ahp-eat g-dr-at g-rn-at
g-q-eat u-teak g-synapee u-shunt)
*-otff
C (2C. -nat-eat g-naZ-est V-na-eat u-nap-ast) 'a-na)
C'C9-a-at u-c-eat g-rn-eat g-q-eat g-ahp-eat) 'a-k)
(au-ca-eat Ce-ca))
C' -teak ine-t)
C'-dr-eat ae-dr)
-ya sef-synapse))
left-voltage Cit Caret SASAL-DENDRITE 0 Include-meS)
Caret MASL-DENOSITE 0 vottage-eatIS)
Caret MOA vottage-estl$))
g-coupttng-lett it Caret UAL-0hiU)ITE 0 Include-oei)
Cu-parallel Caret EASAL-OCISRITE 0 g-axsaIS)
Caret SMfi@-axial$))
0.0)
this-voltage Caret 30Mivoltaue-etlS)
rIght-voltage-I Cit Caret APICAL-SNART-DE ARIM 0 include-rnei)
Care? APICAL-SNAFT-OE5WPTE 0 votage-eatti)
Caret IOWA voltage-estIS)
#-oouplng-riubt-l Cit Caret APICAL-UIAFT-OENOUTE 6 Include-Mi)
C-parallel Caret APICAL-UWAFT-OENORI
g-exialS)
Caret SOW u-mallM
riubt-voltage-2 Caret 3OWA voltage-atli)
5Ma
nrdttm
g-couplleg-right-2 4.6)
::'V-DOlgtsw the ie,*uh of the ouepg. Me. ame ft. the lIa pamame
wrA we.
Cond
*Ifar
nIUOIth he~ew
ep
r~dqe stM do eaftst
((not loop-doneT
Ceaset (v-dat u-couplIng-left g-ooup Ing-rlght-tjj-oullng-right-2 u-total-eat
a-atf left-voltage thie-voltage rluht-1stage-l right-voltage-2
scp C. 21-constant-Injection 51-si))
101 voltage-eati-doti))
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l.

(t

(east (v-dot g-coupling-left g-coupling-right-l g-coupling-right-t g-total-eat
*-off left-vol tage this-voltage right-voltage-i right-voltage.2
*Caps (# s1.eenstant-iniJection sI-stiml)
SOMA
voltage-dotS)
::LaibwE all the gaa wlidfus exd their &,rbuvm am cdcut*j mmordgg to Me Opom
:-.voitp eviLaeD. aid itAa
(cond-every
(T

(se4 neu-ce-cooe-shell (o C*adt (are? 30MA co-conc-shell-dotS))are? 30NA ca-oc-shellS)))
(if((new-ca-cone-shell *core-cone) (setq new-ca-canc-shell score-conc))
(setq new-cs-conc-shellZ (.(* adt (are? 30RA ca-conc-shellZ-dotSM)(ref 30M ca-coec-shellZS)))
(if (<new-ce-cone-shell? core-conc) Caetq new-ca-conc-shellZ Scor*-cone))
("at new-ca-cone-shell SOMA ca-cene-shel 15)
(&set new-ca-oc-shell2 30MA ca-eoec-abel 12$)
(&set (ca-cone-shel 1-dot
(aCs -ea-est (-v (*-cal)
(3 g-ces-est C- vse-casmi
new-ce-cone-shell new-ca-conc-shel 12)
SOMA ca-oc-shell-dotS)
(&set (ca-cone-shel 12-dot new-ca-cone-shell new-ca-conc-shel 12)
30MA ca-eeoc-sh0112-dotS))
(*include-nal
(aset u-al-mt 30M m-naIS)
("et (dxdt-eq *-nal-mst (are? m-nal-inf-array voltage-Indexj (are? t-rn-nal-array voltage-index))
8PMA u-hal-dotS)
(Mset h-nal-est 30WA h-inac)
(&set (dxdt-eq h-nil-ast (aro? h-nal-inf-arrey voltage-index) (are? t-h-nal-array voltage-Index))
8PM h-nal-dotS))
(sinclude-naZ
("et m-na2-mst 30M r-na2S)
(et (dxdt-eq .- Wa-mst (are? m-naZ-Inf-array voltage-index) (are? t-e-Wa-arrey voltage-index))
IOWA m-ne2-doti)
(met h-na2-est SOMA h-naZi)
(met (dxdt-eq h-Wa-est (are? h-ne-In?-array voltage-index) Care? t-b-na2-array voltage-Index))
30M h-ne2Z-dotS))

(Sloclude-naS
(mset .-ne3-mt MA rn-neSS)
("at (dxdt-eq 3-Wb-mst (are? r-nal-inf-array voltage-Inidex) (are? t-e-nal-errey voltage-index))
SOWA
u-n&3-dotS)
(Mset h-na3-ast 30M h-nasS)
(&set (dxdt-aq h-au-mt (mre? hw-na-Im?-array voltage-index) (are? t-h-na-arrey voltage-Index))
8PM h-na3-doti))
(slnclude-a
(mset u-a-mst 30M u-aS)
(mset (dxdt-eq x-semt (are? x-a-inf-array voltage-Index) (ere? t-x-a-errey voltage-Index))
30KA x-e-dotS)
(Mset y-e-est 8PM y-aS)
(meot (dxdt-eq y-e-est (are? y-a-inf-array voltage-index) (are? t-y-a-array voltage-Index))
8PM y-e-dotS))
(sinclude-e
(*set u-c-mst 3PMA x-cS)
(mset (dxdt-eq u-c-est (are? u-c-inf-erray voltage-index) (are? t-x-e-array voltage-Index))
30PA u-c-dotS)
(mset y-c-est 3PMA y-cS)
(&set (Oxdt-eq y-cemt (are? y-c-inf-array voltage-indlex) (are? t-y-e-erray voltage-index))
3SM y-c-doti)
(et w-c-mst 3OWA
u-cS)
(&set (dxdt-eq w-c-mst (u-c-in? (are? 3PM ca-conc-abllS))(t-u-c (are? SPM ca-eoc-shells)))
8PM u-c-dotS))
(mtnclude-ehp
(et z-ahp-ast IOW z-ahpi)
(set (dxdt-eq z-ahp-ut (are? z-ehp-in?-array voltage-index) Care? t-a-ahp-erray voltage-index))
30RA z-oipdotS)
(et y-ehp-int 38PM Y-ahpi)
(set (dxdt-eq y-ehp-eat (are? y-shp-in?-array voltage-indox) (are? t-y-sh-avrry voltage-Index))
1PM Y-ehp-dots)
("et u-dip-mt 30NA w-00p)
(flat (bdt-eq w-ahp-at 1-ip-ia? (are? Mm a-eeu-shell2S))t-w-alip (are? SUM ca-conc-sllZs)))
30M u-dp-dotSt))
('include-m
("at u-r-mt SmWu-ES)
(mat (dxdt-eq x-r-mt (are? u-i-mVn-array voltae-indox) (ore? t-x--eray voltage-index))
UOM u-u-dotS))
(dieClude-q
(@set x-q-est SUM x-qS)
(et (dxdt-eq u-q-mt (are? x-q-inf-array voltage-index) (are? t-x-q-errsy voltage-index))
SOM u-q-dotS))
('include-dr
(@set u-dr-mst 3PM x-drS)
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C"aet Cdxdt-eq x-dr-est Caret x-dr-inf-array voltage-index) (Gafe

t-x-dr-array voltage-index))

30M x-dr-dotS)

(at y-dr-eat 30SIA y-drS)
Ceast Cdxdt-aq y-dr-eat Caret y-dr-int-array voltage-index) (arit t-y-dr-arrey voltage-index))
30M y-dr-dotS))
(sinclude-ca
(mset s-ca-eat SCMA s-caS)
(amet (dxdt-aq a-ca-at Carot a-ca-let-array voltage-index) Caret t-s-ca-array voltage-Index))
30RA a-ca-dotS)
(Met v-ca-at SOM v-cal)
(aset Cdxdt-eq v-ca-at Caret v-ca-let-array voltage-index) Caret t-w-ca-array voltage-Index))
30RA v-ca-dotS))
(alnclude-cas
(aset x-cas-est 30M x-ca)
(et
Cdxdt-eq x-caa-eat (Gae x-ca-itf-array voltage-index) Caret t-x-cuaa-rray voltage-Index))
30MIA x-cms-dotS))
(sInclude-nap
(&set x-nap-eat 30M v-napS)
(&set (dxdt-eq v-nap-eat Caret x-nap-int-array voltage-index) (Gae t-v-nap-array voltage-Index))
IOWA x-nap-dotSM))))

SI-SOA-3TA7S-AND-V-DOT-IrOR-VOLTAG4cL4W
(detun aet-aom-atataa-and-v-dot- tor-vol tage-c1a C)
(let' ((new-ca-coec-ahel I)(nav-ca-conc-ahel 12)
(sca) (v-ca) (v-cms
(voltage-index C. 1000 (tlxr (a 10.0 GO O-vol tags))M)
(coed ((or 'vstap Co I *vclamp-commaand-flag))
(coed-ever'
('nclude-ahp (aetq azahplnt CGae z-ahp-int-array voltage-Index)
*tzahp Caret t-z-ahp-array voltage-index)
ayahpinf Caret y-ahp-int-array voltage-index)
styahp Caret t-y-aip-array voltage-index)
swahpint (w-dip-let Caret 30NA ca-conc-asiell2S))
Ct-v-dip Caret 30M ca-comc-all125))))
VAW*i
('ncluide-c (setq axclnt Caret v-c-let-array voltage-index)
stvc Caret t-x-c-array voltage-Index)
Syc nt Caret y-c-Inf-array voltage-index)
*tyc Caret t-y-c-array voltage-Index)
ca-coec-shellS))
*ecinf (v-c-let Caret SOWA
saloc Ct-v-c Caret SOWca-conc-asillS))))
atq Caret t-x-q-array voltage-Index)))
x-q-int-array
voltage-index)
Caetq
mvqlnt
Caret
(sinclude-q
('include-a zaetq zxain t aret x-m-it-array voltage-index) ate Caret t-v-.-arrmy vol tage- index)))
Caleclude-nal Caetq mmalint Caret aG-cal-let-array voltage-index) ntmal CGae t-e-nal-array voltage-I

ndex)
ndex)))
ndex)
edox)))
ndox)
adox)))

Oheallnt Caret h-nal-lnt-array voltage-index) *t~nal Caret t-h-nal-array voltage-I
('nclude-na

Caetq mia2inf Careft-a-it-array voltage-Index) *tma2 Caret t-m-na2-array voltage-I
abna2int Caret h-na2-inf-array voltage-Index) 'Vine? CGae t-Il-Wa-array voltage-I

('Include-na) Caetq Aia3inf Caret a-na-int-array voltage-index) etmna3 Caret t-m-na)-array voltag-I
Ohna)int Caret h-cal-let-array voltage-Index) 'tha) Caret t-h-Wa-array voltage-I

(tc
aret t-a-ca-arrmy voltage-index)
(aleclude-ca Caetq mcsinf Caret a-ca-let-array voltage-index)
ailcalnt Caret v-ca-let-array voltag-Index) sthca Caret t-v-ca-array voltage-Index)
('Include-nap (setq axcaplet Caret v-nap-let-array voltag-Index) atvnap Caret t-x-nap-array voltage-I

ndex)))
index)))

('Include-cms (aetq axcalat Caret x-cas-Ist-erray voltage-Index) etyom Caret t-x-css-arrey voltage-I
('include-dr Caetq *vdrint CGafe v-dr-lint-array voltage-index) stxdr Caret t-x-dr-array voltage-Index)
aydrinf (aret y-dr-lnt-arrey voltage-Index) *tydr Caret t-y-dr-array voltWg-ipdox)
Celnclude-a Caetq ovatf Caret x-e-lnt-array voltag-e-Idex) nua Cawet t-x-a-anray voltage-Index)
eysee Carat y-a-lnt-array voltage-Index) ftya Cawet t-y-a-array voltage-Index))))
("et (I
-aclampvoltage Caret SMW voltaeS) aft) SMW voltag-dotS))
CT (&set 0.0 IOWA voltage-dots)

x-caal) excaslnt 'txcas))
Calnclude-cas (setq x-cas Cvclmp-eow-x adt Caret 3OWA
(mset x-cas 30MA x-caal))
((not 'Include-cm) Caeq x-caa M)
Calnclude-ca Caetq a-cak vcl-nv-x edt Caret 3OWA a-call aoit 'tsca)
v-ca CVclmw-nov-v edt CGaetM
OW-cal) *crAint ethca))
(met a-ca SCM a-cal) (et v-ca SMWv-cal))
v-ca
0))
((not, sInclude-ca) Caatq a-ca 0
CT
co-cm c-ahillS))
Caetq now-ca-conc-allell Co Ca adt Caret 3WA co-cmnc-ael -dots))Caref 3OWA
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ca-conc-shel IS)
(aset neu-ca-conc-sheli SORA
ca-conc-ShelIZ-dotSi)aref 3ONA ca-conc-she)12SM)
CaetQ new-ca-conc-shhTlZ (# (sa dt Caret SOMA
Cmat nau-ca-canc-autel12 30RA ca-conc-shel 121)
Waet (ca-cunc-sholl-dot C. (a agbar-ca s-ca s-ca u-ca C- 5clm-voltaoe 0C-c))
(a xgbar-cas x-cas (- 2clWP voltage ae-cas))) now-ca-canc-shell new-ca-conc-she
112)
112)acn-sel-oS

Caset (ca- conc-shel 12-dot now- co-canc-shelI1 new-ca-conc-ahel12)
SOMA
ca-conc-she12-dot$))
atzahp) SORA z-ahp$)
*tyahp) SOMA
y-ehpS)
stuahp) SONA u-ahpl))
SOMA x-cl)
Caset. Cvci-now-x *dt Caret SOMA y-cSJ sycint "ty) SOFA y-cS)
CWet Ccem-new-x edt Caret SCIAu-cS) muci f atwc) SOMA u-cS))

(minclude-ahp (et Cclm-new-x dt Caret SOMA z-ahpS) azahpint
(aset Cclam-newx adt Caret 30RA y-ahpl) ayfahpinf
u-ahpS) Nwahpinf
(aset (vc1mp-new-x adt Caret SOMA
Cainclude-c (et Cvclnp-nbu-x edt Caret 30RA x-cS) excint sUtc)

(ainclude-q (&set Cvclam-neu-x adt (aref SOMA x-qS) saqinf etq) 30RA x-qS))
x-US) asmnf stm) 30MA a-uS))
(sinclude-a C"at (vc1am-neu-x edt. Caret SOMA
('nclude-nap Caset Cvc1*-nou-x adt Carat 30MA x-napS) eanapint wtimap) NRA a-napS))
(*include-dr (at (vc1m-new-xaedt Caref IOWA x-drS) sadrint ztxdr) IOWA x-drl)
Caset Cvclw-neu-xa dt Caret SOMA y-drS) Wydrint xtydr) NOMA y-drS))
Cznclude-a (aset Cvc1aw-teu-x edt Caret SNA a-aS) axaint sta) 30A x-al)

(at Cvclaw-nou-xaedt Carat 30A y-aS) syainf stya)
C"aet Cvcaw-now-x edt Caret 30PA rn-neS) smalint
(awet Cvcl-nw-x edt Caret NMR h-alS) shnalint
(anclude-na
Caset Cvcwp-nsu-x edt Caret NOMA r-naZS) memazint
(inset Cvclam-neu-xaedt Caret N0MA h-naZI) 21ma~inf
Cainclude-nal

('include-na)

SOMA y-&S))
Stmnai) IOWA a-nalS)
athnal) N0MA h-nail))
etmZ) 3NM mr-a~s)

SthmZ) N0M h-naZS))
(et Cvclmm-nw-x edt Caret NOMA .na3S) amma3faf *tm'e) NOMA a-nai)
(Wet Cvclam-neu-xaft Caret NMR h-nail) sMinaint athna)) SNM h-%a3S)))))

(T
(1 setq neu-ca-conc-shell C. Ca edt Caret N0MA ca-conc-sbell-dotS))aret NMR ca-conc-shelll))
WeCmat
now-ca-conc-shell 1 NM ca-conc-shel 1)

... STMk424OA-VOLTAG~rGets mdjrm

estate ( .. M2) .fame vd:.p ung Mhe p em

w

ady r##wid by thN wretf dAMP PWed.
(detun estimate-sorm-voltage C
Winet
Capprox-x Caret NMF voltage$)
(are NOM voltage-dotS
Caret NOM voltage-esti -dotS))
N0M voltage-@st26))

.. WZMA1T-DNRM7-VOLTAGZS Gets and itwos -w eflIO

ale (...e#2) of dendr ite udtqes 1as. the ppre ms
wafteg (Wh~wV. the prew'IvA
w (r~trdtleudeS)
aid the arprest exiinidre of the deIFWIP.
::: (..ftidn)
kction 'APPRXZism for tMe triqesoidd dproatlee.

(detun estirmte-dendri to-vo Itag"s ()
(doliat COENMftTE-ARRAY (list SASL-DENDRITE APICAL-SAFT-DEMOITE APICAL-i-DENMRTE APICAL-2-OEDITE))
Cit Caret DEISRITE-AMRAY 4 INCLUDE-ES)

(do ((segmet 0 (mcf aegment))
CC* segment Caret DEIURITE-AMY 0 total-segmetal))
("et Caepox-m Caret DENDAJTE-ARRAY aegment voltagS)

(aret DENDftITE-AIAAY segmit voltage-dotS)
Carat DENDftZTE-ARRAY segment voltage-esti-OotM)
DEMORITE-AMAY segmet voltage-esaul))

Stees the atew wdwes the enmbdblss
(detun update-output-lists C)
(let ((sa-voltage Care' 3NM voltage)))
Cupdate-sm-liIss same-voltage)
C(if sinclude-dendrite Cupdte-dandrit*- lists scm-voltage))
(if svclem-run (updat-vclam-l tat som-voltage))))
...UPDAMT-077 T-L.WI

(detun updte-dendrIte-lists (simm-voltage)
Cupdate-coupling-current-list soum-voltage)

(aset si-den-stin ademodrite-stn-curranta apoint-Imima)
Cainclude-dimdrits-syasme Cupdte-denhite-synapse-currmnt- list))
(Caret APICAL-SHAFT-DEMIfTE I include-mIS)
(co m
(Caret APICAL-UIAFT-DENWIT g plot-Me)
tmet Caret APICAL-IRAFT-OEAXTE 0 voltagS) malvoltage' apoint-indsx))
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((and (aret APICAL-SHAFT-DENDITE 2 plot-mrS) Ow (aref APICAL-SMFT-DEIUITE 0 total-segitai) M)
(east Caret APICAL-SHAFT-0ENDRITTE 2 voltage) aeavoltages spolnt-index))
((and Caret APICAL-SHAFT-DENDRITE 4 plot-mail Om Caret APICAL-SHAFT-DENDRITE S total-aeg ntsS) W)
(mset Caret APICAL-SPAFT-DENDRtITE 4 voltagS) *as5voltages apoint-indsx))
((and Caret APICAL-SHAFT-DENDRITE 9 plot-@*$) Oa Caret APICAL-SHAFT-DENDRITE 0 total-seagmntsS) 10))
(ast Caret APICAL-SHAFT-DENDRITE 9 voltages) Saalvoltagem 'poInt-Index))))
(Caret APICAL-i-DENDRITE 0 Include-in)
(cond-every
((aret APICAL-i-DENDRITE 0 plot-asS)
(east Carat APICAL-I-DENDRITE 0 voltage$) Sallvoltages apolnt-Index))
((and Caret APICAL-l-DENDRITE 3 plot-mi) Da Caret APICAL--DENDRITE 0 total-aoensa) 4))
(east Caret APICAL-i-DENDRITE 3 voltageS) aalevoltages spctnt-Indsx)))
(Crat APICAL-2-DENIDRITE 0 include-mi)
(com-evry
(Caret APICAL-2-DENDRITE 0 plot-=$)
("ast Carat APICAL-i-DENDRITE 0 voltageSl) arivoltages apoint-index))
((and Caret APICAL-2-DENDITE 3 plot-mi) C u Caret APICAL-2-DENDRITE 0 total-aigmatai8) 4))
(east Caret APICAL-2-DENDRITE 3 voltageSg) Sarveltsges spolnt-Index))))
(Caret BASAL-DENDRITE 0 Include-miS)
(coed-every
((aret WASAL-DENDRTE 0 plot-mil)
(et Caret IASAL-DENDRITE 0 voltagail~voltages apolnt-Index))
((and Caret MUSL-DENDRIT 3 plot-mi) 0. Caref BASA-DENDRITE 0 total-segmentsil 4))
fvoltage*s'poInt-Index))))
(et Caret BASAL-DENDRITE 3 voltagei)
(Caret APICAL-SHAFT-DENDRITE 0 Include-nal
(at (mal-currant Cgbar-sad CaCaret APICAL-SHAFT-DNDRITE 6 lengthS)
3.14155e-U Caret APICAL-SHAFT-DENDITE 0 dlmteri)))
m-mali)
Caret APICAL-SHAFT-DENDRMIT
Caret APICAL-SHAFT-DENDRIT S h-maiS)
Caret APICAL-SHAFT-DENDRITE 0 voltags)
snadi -currants *point-ladex))
(Caret APICAL-SHAFT-DENDRITE 2 include-cail
(met (ca-current Cgbar-cad C2 Caret APICAL-SHAFT-DENDRITE 2 lengtlii)
3.l415fe-I Caret APICAL-SHAFT-DENDRITE 2 dlenterS))
Caret APICAL-SHAFT-DNDRITE 2 s-miS)
(aret APICAL-SHAFT-DENDRIT 2 w-cai)
Caret APICAL-SHAFT-DENDRITE 2 voltageW)
scadl-currents *pont-Index))))
:; UDAIIj-COUPLLA-CUP.UNT-I.NT
(detun updata-coupl 1g-currant-li1st (some-voltage)
(mset (# (a Cit Caref BASL-DENDRITE 0 include-mil)
C-parallei Carat BAAL-DENDRIT S g-exIalS)
Caret 1DM g-axialS))
0.0)
C- me-voltage Caret BASAL-DENDRITE 0 vol SageS))
(a it Caret APICAL-SHAFT-DENDRIT 0 Include-emS)
Cg-parallel Caret APICAL-SHAFT-DENDRIT 6 g-axIeli)
Caret IDN g-axialS))
0.0)
Csm-voltage Caret APICAL-SHAFT-DEJSRIT 0 voltageS)
scoupling-currants spointdIndex)
;UPD4fl-DXJIDRfl-SYNAMSX-c

XKff-LDT

(detun update-dandrlta-synapa-current-list C)
(aset (* (aret APICAL-I-DENDRITE waynapse-segment g-sympei)
synepae-aagmet voltawe)
(- aret APICAL-i-DENDRIT
se-synapee))
spoint-Index)
adendrite-synapse-current'
(et Caret APICAL-I-DENDRITE ssynapse-s ,mmt g-sysepaei)
adendrit-symepse-cnductanceR at-Inde)
WPDA72ZLVCLAdW-LMT

(detun updet-vlm-list sair-VOltage)
(at C.(it slaclude-dr (dr-curremt Caret 1DM x-drCaret 1DM y-dri) sam-veltage)
(it vinclede-c (c-current Cawet SM x-c$)(aret SMt y-ei)(are SUM u-eS)

ai-voltage) I )
(it slnclude-shp (abp-curret Caret SIA z-ahpll)Caref 1DM y-ahp)Caret SCM w-aWp)
acme-voltage) I
(it minclude-q (a Caret NM gbar-qS)Caref SM x-qS)
C- samei-voltage 'a-k)) 6.6)
(it sinclude-m C-current Caret 1DMA x-@$) aimi-voltage) 6
(it sinclodg-a Ca-current Caret SWA a-aS) Caret 1DM y-@$)
ai-vol ta) I)
Cit alnclude-nal (mal-current Care =IA Oba-aIS)
Caret 1DM m-malS)arat 1DM h-ali) 1DM-voltag) S)
(it alnclude-ma Cna2-cwrret Caret 1DM gba-man)
Cawet 1DM im-naS)Caret 1DM h-naS) 1DM-voltage) S)
(it slnclude-na (ne-currmnt Caret 1IM gba-a35)
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Caret SMN.n-na3l)Ceref SOA h-na3l) S-voltage) 0)
(it ainclude-nap (nap-current Caret USIA gbar-nepS) Caret SONx-napl)
am-voltage) 0
(it sinclude-cas (tas-curreult (aret SWI x-caSl) acmG-voltage) 0
gbar-cal)
(if*include-ca (ca-current (gref SOMA
Caret SMA s-cal)
(aret SMA w-caS) SOm-voltage) 0.01
.(a(if Caret BASL-DENDRITE 0 include-mIl)
(a 2.0 Caret USAL-DENOUTE 0 9-axiall))
0.0)
Cscm-voltage (sate WAAL-DEIWRITE 0 voltaget)))
Cs (it Caret APICAL-3IAF-DENORITE 0 include-mI)
Ca 2.0 Caret APICAL-UIAFT-DEISITE 0 g-axiel$))
0.0)
C-ai-voltage (grit APICAL-IIIAFT-IENWRmE 0 voltageS))))
Cl-current scma-voltage)
(it aincludeshunt (S ag-electrode acme-voltage) 0)
(**caps Caret SMA voltage-dotS)))
scurrents "point-index))
(detun updat-oms-lists (sa-voltage)
(coed-every
(*include-kinetica
(coed-every
(ainclude-nal
(ast Caret USIA h-n&il) s*-nala apoint-Index)
(not Caret SONA r-nail) ww-nala apoint-index)
-nSl)(aret SOW ht-nail)) ag-nat: apoint-Index))
(et (g-nal 1.0 Caret SI
Cinclude-na
(et Caret 30MA h-nail) af-nai 'point-index)
(mset Caret 90PA .-naZS) wa-naia apoint-index)
(met Co-naZ 1.0 Caret SMA mn-na2l)Caret SA h-nail)) ag-naia 'point-index))
Cainclude-na
(Set Caret IONA b-na3S) aht-na3a 'point-Index)
(et Caret SOIIA .- naS) M-na3s apotet-fndex)
h-na0l)) ag-nasa apoint-index))
(et Cg-n.0 1.0 Caret SOWA .- naSS)Carat SOWA
CaInclude-ca
v-cal) me-cas apoint-Indnc)
(Set Caret USIA a-cal) as-ca: 'point-Index) (mset Caret SOSIA
CSat (g-ca 1.0 Caret IOWA a-cal)Caef SIOA v-cal)) ag-cas 'point-Index))
(mset Caret
(Set Cg-dr
(*InCIO"!(Set Caret
(not (g-a

SOSA x-drS) ax-dr* apoint-Index) (et Caret 30MA y-drS) ay-dra spoint-index)
1.0 Caret IOWA x-drS)Caref SI y-dr$)) ag-dra spoint-index))
30NA x-el) ax-aa spoint-Index) (net Caret SW y-as) my-a*s'point-index)
1.0 Caret 30NA x-al)Caret SI y-&l)) ag-as 'point-index))

Cainclude-Shp
(et taret IOWA z-ahpl) az-ahp* 'point-index) (et Caret 90MA y-ahp) ay-eha 'point-index)
(mset Caret SOSMA
w-ehpS) ow-&ahp point-Index)
(asot (g-a&V 1.0 Caret 30IA z-ahpl)Caret 3W y-eIhpS)Caet USIA w-iS)) ag-ehp* 'point-index))
Cainclude-c
(et Caret SIA x-cl) ax-ca 'point-Index) (et Caret SIA y-cS) sy-ca 'point-index)
v-cl) aw-ca 'point-index)
(et Caret SIMA
(et Cg-c 1.0 Caret SMA x-cS)(aret 3SIA y-cS)Caet USI v-cl)) ag-c' 'point-index))))
(t
(mset (a l.Ce-3 stim) *tin* 'point-index) (mset scsi-voltage avoltage* 'point-index)
et Cl-current acm-voltage) al-currents 'point-Index)
(&set Ca*caps Caret SW voltage-dots)) soaps-currents 'point-index)
asi-currents 'point-Index)
(aet C. si-cenatant-Injectien 0si)
(&set fe-ca) as-ca: 'point-index)
(&set Caret SIA ca-conc-ahelIS) aca-conc-shells 'point-index)
(Set Caret SIA ca-conc-ahll2l) aca-coec-abelliS 'pint-index))
Cainclude-slwnt
(set (5 ag*-electrode soa-voltage) Sshunt-currents 'point-index))
C'nclude-sal
(met Cnl-current Caret USI Oba-nall)Caret SIA rnalS) Caret SA healS) SI-voltage)
mel-currents 'point-index))
(alnclude-egi
(noet Cnacrremt (met USIA gber-ma~l)Cart USI rnnai) Caret SIA h-mal) SI-voltage)
aw-Curents *Point-Index))
(sirnclude-ea3
(met Cne-current (wret SIA gber-naX)Cwet SIA r-nell) Caret SIA h-mall) UI-vltage)
mel-currents 'po tnt-Index))
(Sinclude-ca
(Set (ca-current Caret USI gbar-cal)aret SIA a-cal) Caret USIA v-cal) some-voltage)
sca-currents 'point-Index))
Cainclude-naep
(met (nap-current Caret SIA gbr-apl)(ret SI X-n400) sine0-voltag)
ap-currents 'point- index))
Canclggde-cm
(met (cas-current Caret 30IA x-cmS) aim-voltage)
scm-currents 'point-index))
(sInclude-c
(met Cc-current Caret SIA x-c$)Caret SI y-cs)Caret USA v-cl) acme-voltage)
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ac-currents spoint-indes))
(snclude-ahp
(east lehp-current Caret SOMA
z-ahpl)aret SCMA
y-ahpS)aret SMNw-ahp$) aom-voltage)
fahp-current* spoint-index))
(sinclude-M
(last (r-current Carot 3WSA x-ms) sams-voltage) M-currents spoint-index))
Manclude-dr
(aet (dr-current Caret 3CM x-dr$)(arof 30M y-drll) same-voltage) sdr-currents spoint-index))
('include-a
(auet ia-current Caret SOIMA
x-aS) (are? 3OWA
y-aS) asme-voltage)
a-currents apoint-index))
Csinclude-q
(east (a (arot 3OWA
gbar-qS)Carof SOWA
s-qS)(- same-voltage s-k)
sq-currentw spoint-index))
(ainclude-ome-aynapse
(est Cs (aret 30MA #-synaps$)(- aom-voltage s-synapse))
sae-synapse-currents apoint- index)
C(et Caret 30RA g-aynapsell) asm~-ynaps-cnductance* point-inadsxf))
:;V-DO? Give the debtvmv ef te manm die
a te . thoMe
awreat ct"ama dhe membran cowdia.
IA@th
ai~m., vdtege the Iced vdieg.. and or lMeted crre.
(defun v-dot (g-coupi ing- left g-caupl ing-right-I 9-coupling-right-i g-.seone driving-voltage
voltage-left voltage voltage-right-i voltage-right-2 capacitance i-injected)
(if (a capacitance 0.0) 0.0
(IC.C9-mens
x
C- driving-voltage voltage))
i-injected
(sg-coupling-ift; C-voltage-left voltage))
(*g-coupling-right-l C voltage-right-i voltage))
(sg-coupling-right-i C voltage-right-2 voltage))
capacitance)))
;;; WA PPROI Computes the trquezdd
,exolmeu
tw Pwith tAt &thmred bp firw Sr.,
h/aetsgivu the ei ,rg. of the wibe. rCei rw ef its#e
A trin the Sea rwe of inam*e
:::Me. Sad the now Pw of to time comarm.
(defun trap-appros (x-old s-old-dot s-mtf-new tan-s-nm.)
(IC -old (* (I/ sdt 2.0) (o s-old-dot C// s-Int-new ten-s-new))))
C1.6 U/I edt (*2.0 teu-s-new))))
(detun vclm-now-x (dt s-old s-tnt tau-x)
(. s-int (aCx-old s-int) (sap C- (/I dt tan-x))))))
APPZOI-X
wae 4-1) agag trqwzeldd dpproxhoolow with the &-rgewm
A').x')-de. gad 4.4)-des.
(detun appros-s (sA sO-dot si-dot)
C.s0 (a C// aft 2.0)(4 si-dot si-dot))))
...DDT-EQ eMak
ta th detAle thMe
Mare ywithe (z-de)
.:7
eaterlaagthe gatlag Fw=1
Cdefu" drdt-sq Cs s-mtf t-s)
(// t- s-mtf X) t-s))
;;:
iiTretw

eri.

to erigind iireuti d ene

true if diffirmw hetwe. arpoearms te umhalm".

(defun test Cs y)
(cond (> (aft C-s y)) sepsilon) nil)
(7 T)))
...
PPJN-AUWW Print dlf the pammtere Jarthe meNwe a heAbarscme pm.
(detun priat-peramaters C)
(send terminal-iesaeresh) (send terminal-is thams-curser) (sand terminal-s last-at-eap WOMNth))
(format t OTaa. -2dC.
0 *temerature) (forest t lime Step Cacl -4t, 0 Mdt )
(rore t t OSam E-bet -Of.
0 Caret SCM s-restS)) (format t OE-Leak Moa)
-4"0as-l)
(foemat t 01-Leak (Dendrite) Af.
' ed-I)
(fermat t E-K -4f. 0 as-k) (format t OE-ca -4f.
asWea) (format t OE-dr -4f. a aw-dr)
(forest t at-no -4f. 0 as-ne) Ctermat t OR-Sam ("Ohm) -4t -90 C// 1.6 'ge-i))
(format t 13m no. res. Caine-sq cm] -tf, 0 ma-me.)
(format t 'Some cap. (nV) -4f., *acaps)
(format t Okm red. Eic's] -4f -20 'e-radius)
(format t SOm Spec cap. (aicroF/aq-c.) -4f. * soaps-em)
(format t Deondrit Spe cap. CmicreF/sq-cm] -4f -SO scapd-mm)
(format t 00endrito sof. rea. Calm-sq cm) -4t. 0 'rd-mm)
(format t PAxoplaamic roe. [ehm- am) -4f -SO
ardit)
(it 'include-shunt (format t Oflectrode shunt (Nakm) -it-2 ar-electrods)
(format t *No electrode shunt -20))
(if anclude-nal (format t glel (microS) -4t.
1 Cawet SCM gber-malS)
(format t I1-nal poisoned. 0))
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JmicroS3 -Sf, 0 (aet SOFiA
gbsr-na2S))
'IAclude-na (format t g9NaZ
(format t 'I-ne2 poisoned. *))
(if sinclude-nai (format t 09W3 (microS] -4f. 0 (aret 30MA gbsr-noal))
(format t I-n&3 poisoned. 1))
(if sinclude-ca (format t gvCsEmicrol -Sf-V (aret 30O4A gbar-cal))
(format t 02-ce poisone-so))
gbsr-naso))
(if *include-nap (format t gqNaP
(microS3 -Sf.
' (sate 3OWA
(format t I1-NsP poisoned. *))
(if
*Include-cas (format t 4gCas EmicroS] '-St4' -%aret 30fiA gbsr-oasl))
(format t I1-cas poisoned -%'))
(it sinclude-c (format t *gC (microS] -Sf.0 (are? IOWA gbs-cl))
(format t 61-C poisoned. '))
(if ainclude-ehP (format t 69W4 [microS] -0t.0 (aref MOA gbsr-ahpl))
(format t 01-AIP poisoned. 0))
gbar-ms))
(if sinclude-n (format t 0gN (microS] -Sf. 0 (aref 3OWA
(format t 01-M poisoned, 0))
* (araf IOW gbar-dr$))
(if sinclude-dr (format t 0gOR (microS] -4f.
(format t 11-OR poisoned. *))
(if (and *includa-dr (( 'dr-block 1.0)) (format t *O block x -4f" 'dr-block))
gbar-aS))
(if *include-* (format t 4gA (micr*S] -4t-"-V (aref SOWA
(format t 11-A poisoned-%-%'))

(if

(Caret APICAL-SWAFT-DOWITE 0 include-mel)
(let'
as (odU/ (*'rd-mum /~(aret APICAL-SWAFT-OEISRrTE 0 diinetarS) 2.0) 10000.0)
(a 2.0 'rd-inS)) 0.5))
(L (I C aret APICAL-SNAFT-OSTE 0 total-uegmental)
Caret APICAL-SWAFT-DENOBTE 0 length$)) lads)))
(format t 'Apical shaft dendrite with -2d segmets. Length a -4t microns-V
(aref APICAL-SHAFT-DENDRXTE 0 total-sgmenta)
(a Caret APICAL-SWAFT-EIOSIM 0 total-sagmmtsl)
(aref APICAL-WAFT-O(WDRTE 0 lengthS)))
(format S I
Segment length a -4d microns. Diameter w -2t microns. Loodak -4f. L -4f-I'
Caret APICAL-3AF-DEMITE 0 lengthS)
(sta APICAL-SWAFT-OESSAITE 0 diaseterS)
lamda
L)
Lada~pe segment) a -4f%6
(format t *
(x 100.0 (// Caret APICAL-3NAFT-DRITE S length
ls) ) ))
(Caret APICAL--Kfl1R
0 Include-meS)
(let* ((lades
I (a 'rd-ema (//(sref APICAL-1-OEMOITE 0 dismeterl) 2.0) 10000.0)
(a 2.0 'rd-inS)) 0.5))
(L
(II( sate APICAL-1-OEWOPITE 0 total-sepmtsS)
(aret APICAL-1-OEISITE 0 lengthS)) loas)
(format t '-%Left apical dendrite branch vith -2d Segments.
Length *-4f microns.-I
(satoAPICAL-1-DENSRITE 0 total-sagmanSot)
(v (aret APICAL-l-OEWOIIE 0 total-segmenta)
(sateAPICAL-1-DENDRITE 0 lengthS))
(format S I
Length a -4d microns. Diameter a -2f microns.Lada a-4f. L a-Sf-21
Caret APICAL-l-OINOSITE 0 lengthS)
Caret APICAL-1-DEIURTE 0 dimeterS)
lads
L)
(format t 0
Usada~per Segmet) a -Sf1'
(a 100.0 (// Caret APICAL-1-D(NORITE 0 lengthS) lads))))
(Caret APICAL-2-DEXMATE 0 include-meS)
(let* Molde (A / (a 'rd-man (// (sate
APICAL-2-OEMMYET 0 dismaerl) 2.0) 10000.0)
(a 2.0 'rd-inS)) 1.5))
CL (//(a (ate APICAL-2-OENgRrTE 0 total-$spvmtsl)
Caret APICAL-2-DEMDITE 0 length$)) loas)
(format t -night apical dendrite branch with -2d segmeto. Length e -St microns-%'
(ate APICAL-2-DENORITE 0 total-segmenta)
(a (sate
APICAL-2-OIIAITI 0 total-segmnalS)
(sat APICAL-2-KhSRITE 0 lengths))
(tormat t
Length ea-4d microns. Diameter a-2f micronsada -4f. L AS-I
Caret APlCAL-2-1EIAOtE@ Tonh)
(sta APICAL-2-OEhISTE I disatarl)
lands
L)
(termS S
t
ILad(per sgmet0
-SAM
C' 100.0 (If Caret APICM.-2-0SSSZTE I lengt)
lade)) )
(Caret SJWASA-DnDITTE 0 include-mel)
(lT" ((ada 0~ (1/(a 'rd-mm (// (satoMAAL-DEORUUI dismterl) 2.0) 1000.10)
(a 2.6 'rd-lot)) 0.5))
(a(sta PSAL-ENURITE 6 total-segmenta)
UL(I
(sateSASAL-OENMSTE 6 length$)) lade))
Langth a W4mic o.-Il
(format t O-Ihasal dendrIte with -2Id segments.
Caret UL-OEJUITE 0 total-sgmental)
(a (wret LASL-OEISITE I total-semeta)
(wetf SAAL4DENORIT 6 lengthl)))
Length.a -Sd micron. Diaeera -2f microms.Lada -St. L* -0t-20
(format t a
(Aret AL-OEIWSI6 leng)
(sate SASA-OENUSTE 6 diametarS)

266

L)
(format t *
lnds(per semetW a4f%1
(a 100.0 (// (are? 0ASAL-OENNfITE 0 lengthS) lIMMIC)) ))
(format t O-"-Time required to reach steady-state -4f 011C ' xtim-for-stady-5tat)
(defUn Mak-isti 0)
(setq aplot-listl nil
slabel-listl nil)
(setq splot-listi (ntconc:
'plot-listl (list (*voltage* . *time*)))
alabel-listl (neonc; label-listl (list (format nil 3owme)
(cond-every
((are? APICAL-SHAFT-DEOBITi 0 include-mel)
(cn-r
((aref APICAL-SHAFT-DENDRITE 0 plot-meS)
(setq splot-listl (neofc splot-listl (list 4(seavoltages . 'tim:)))
slabel-listi (neonc *label-listl (list (format nil 0Shaft S3g 1"))
((and (are? APICAL-SNAFT-DENDRITE 2 plot-mel) 0@. (are? APICAL-SHAFT-DENMRII S total-sag..ntsl) 3))
(stq aplot-listi (nos plot-liati (list .(asslvoltages . wtim)
slabel-listi (scone: slabel-listi (list (format nil 'Shaft 3ag 3')))))
((and (are? APICAL-SIIAFT-DEJSRIT 4 plot-aS) Ow (aref APICAL-SHAFT-DENDRITE 0 total-segmental) 5))
(setq Uplot-listi (nconc *plot-listi (list 0(asvoltages . *tin*s)))
Slabel-listl (stcone *label-listi (list (format nI S3haft Sag 51)))
((and (are? APICAL-SHAFT-DENDRITE 9 plot-mel) 0a (arefl APICAL-SHAFT-KDEIRITE 0 total-segealU) 10))
(Setq splot-listi (nconc aplot-listl (list '(Seslovoltagec . 'times)))
saebl-listl (neose slabel-listi (Ist (format nil -Shaft "ag 10))))
((are? APICAL-1-DEND~rTE 0 include-mel)
(cond-every
((are? APICAL-l-DEISRXTE 0 plot-mell)
(setq splot-listl (neosc 'plot-listl (list (*sllvoltag** . *tin*)))
*label-listi (ncone alabel-listi (list (format nil 'Left Segment 1*)))))
((and (are? APICAL-1I-DENDRITE 3 plot-mell) ()a (tre? APICAL-I-DENDRITE 0 total-egmetal) 4))
(se4q splot-listl (noose splot-listl (list '(sel4voltage* . 'timea))
slabel-listl (nonw slabel-listl (list (format nil OLeft Segmet 41)))))))
((are? APICAL-U-DENDRITE 0 include-mell)
(cond-every
((are? APICAL-U-DENDRIT 0 plot-mel)
(setq splot-listl (neonc 'plot-listl (list '(8arlvoltagea . 'tme)))
slabel-listl (neose alabel-listl (list (format nilI ight Segment 1O)))
((and (are? APICAL-U-DENDRITE 3 plot-mel) (>a (are? APICAL-2-DENDRITE 0 total-segmn~ta) 4))
(setq aplot-listl (noona eplot-listi (list (sa~voltages . 'tissmes
slabel-listl (neonc slabel-listl (list (format nil OlRight Segent 4O)M)))
((are? &ASL-DENDRITE 0 include-mel)
(cond-every
((are? MSAL-DENDRrTE 0 plot-mell)
(setq splot-listl (noose splot-listi (list 906lvoltages . 'times)))
alabel-listl (nconc: slabe-listl (list (format nil Sasal Segmet I*)))))
((and (are? SASL-DENDRITE 3 plot-mel) (>a (are? UASAL-DENDRITE 0 total-segmentall) 4))
(setq splot-listl (sconc aplot-listl (list '(4voltage* . 't=Mes)
flabel-listl (neonc alabel-listl (Ilot (format nil -gs&l Segmet 4))))
(defun mak-list) (
(setq 'plot-list) nil
slabel-list)3 nil)
(if sInclude-d
(setq 'plot-list) (nconc: 'plot-lst) (list '(*-current* . 'times)))
slabel-list) (ncosc slabel-list) (list (format nil *OR Current*))
(if*include-a
(setq 'plot-list) (neon. 'plot-list) (list *(28-currentl . 'time)))
slabel-list) (scone slaliel-lista (list (format nil *ACurrstO)))))
(if sinclade-M
(so" 'plot-itst) (neonc 'plot-list) (list '(ft-currents . 'tme)))
slabel-listS (noon. 'label-list) (list (format nil ONCurret))
(if 'include-c
(s1:q 'plot-list) (scon 'plot-list) (list 4m(scrrests . ltime)))
*shel-listl3 (scone 21lal-list3 (list (format all OCCurre)))))
(ifsinelud-p
(setq 'plot-list) (scone 'plot-list) (list '(slp-currents . 'tive*)))
slabel-list) (ncanc 'label-list) (list (format ail *AMP Current)))
(if sinclude-q
(setq 'plot-list)3 (nen. 'plot-list) (list '(sq-currents . 'times)))
alael-list) (scan. slabel-list) (list (format oil OQ Currmts))
(if sinclude-dusdite
s'times)))
(so"q 'plot-list) (non plot-list) (list '(ouls-urs
slabel-liat) (non labl-list) (list (format nil 9Som-dendrite Currnt)))))
(setq 'plot- list) (neon. 'plot-list) (list '(21-currents . stimeaW'
slabel-list) (non.
Pslabel-list) (list (format nil *L Currarr.0M)
(if simelude-sluunt
(s"tq 'plot-list) (naose 'plot-list) (list 1(sfunt-eurrents . 'ties)))
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flabe)-list.3 (nConc 'label-list) (list (format nil *Shunt Current'))))))
A::
Md-L 372
(defun make-list? 0)
(setq 'plot-list? nil
'label-list?2 nil)
(cand (finclude-nal
(setq 'plot-list? (nconc *plot-list2 (list '(snal-currents 'time')))
'label-list? (nconc slabel-list? (list (format nil 'Mal Current'))))
(cond ('include-na
(setq splot-list? (nconc 'plot-list? (list '(sna2-currents .'timas)))
'label-list? (nconc 'label-list? (list (format nil INa? Current'))))))
(cond (*include-na3
(setq 'plot-list? (nconc 'plot-list? (list '2na3-current' .'time')))
'libel-list? (nconc 'lael-list? (list (format nil INa3 Current,))))))
(cond (*include-nap
(setq 'plot-list? (nconc 'plot-list? (list 0(onap-currents .'time')))
'label-list? (nconc flabel-list (list (format nil *Nap Current)))))
(cond ('nclude-ca
(setq uplot-list? (nconc 'plot-list? (list '(scms-current' . time')))
'label-list? (aconc 'label-list? (list (foreat nil 'Ca Current)))))
(cond ('nclude-ca
(setq splot-list2 (ncont aplot-list? (list I(sca-current* .'time')))
*label-list? (nconc slabel-list (list (format nil *Ca Current))))))
(setq 'plot-list? (nconc 'plot-list? (list *('caps-current*
8time')))
%label-list? (ncoic 'label-list? (list (format nil *Cap Current'))
(defun make-list' 0)
(setq 'plot-list' nil
'label-list' nil)
(ifminclude-dendrita-synapse
(setq 'plot-listO (nconc 'plot-list4 (list 1(sdondrite-synapse-currents
'tims)))
'label-list' (aconc 'label-list' (list (format nil 'Dendrita Synapse,)))))
(ifsinclude-s cm-synapse
(setq 'plot-listS (nconc 'plot-listA (list ,('soma-synapse-currents .'time')))
'label-listS (ncone glabel-listS (list (format nil 'Some Synapse6)))))
(setq 'plot-listA (nconc 'plot-listS (list '('stim-currentx .'time')))
*label-listS (nconc *label-listS (list (format nil 'Som Stioulus)
(set4 'plot-listS (nconc 'plot-listS (list '(xdendrita-sti.-currents 'tin*')))
alabel-list (nconc 'label-listS (list (format nil 'Dendrite Stimulus')))))
(defun .ake-list5 (0
(setq 'plot-listS nil
'label-listS nil)
(setq 'plot-lists (nconc 'plot-listS (list '('ca-conc-shell' .'time')))
'label-listS (nconc *label-listS (list (format nil *Shell Ca Concentration'))))
(sotq 'plot-listS (nconc 'plot-lists (list '('ca-conc-shell2r 'time')))
*label-listS (nconc slabel-listS (list (format nil 'Shell2 Ca Concentration'))

PLOT-RESULT Not d(ithe ou*~t &assovioe wucd.
(defun plot-results ()
(cond (giclam-run (plot-current-clw))
PL07-CTJWN-ZA4W
(de fun plot-current-clw 0)
(make-listi) (make-list?) (make-list)) (make-listS) (make-listS
(send *plot-pane-I :plot 'Some And Dendritic Potantials [WI',
'plot-listi
slabl-listi
:all-solid-linea 'plot-voltages-solid
:y-i -90
sy-max SO
:y-interval 10
sover lay 'over lay-Sim lations
leae-window 'overlay-simulations)
(send splat-panet-? splot 'Zumard Some Currants [ma]'
oplot-list?
'label-ist?
ty-min -10
-y-mx 3
sy-interval 2
:over lay sawelay-sioulations
ileave-window soverlay-simulations)
(send 'plot-pene-3 tplat 'Outward Sam Currents (mal'
'plot-list)
slabel-list)
!Y-uifl -4
:y-max 10
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:y-iflterval 2
:overlay *overlay-slmulations

leave-window aoverlay-slilatians)
(send 'plot-pane-4 :plot "Stimulus and Synapse Conductance Currents (no],
*plot. list4
'label-list'
:y-interval .25
.overlay soverlay-sioulations,
leave-window 'overlay-simulations)
(if (or (are? APICAL-SHAFT-DENDRITE 3 include-nell) (are? APXCAL-SNAFT-OENDRXTE 3 include-caM)
* (send splat-pane-5 :plot 'Dendrite Currents (na]'
(sand 'plot-pane-5 :plot 'Ca Concentration in Shell*
'plot-listS

*

'label-listS
:Y-MJI -10

*

:y-max 10

*

zy-interval 2

:overlay soverlay-simulatimns
:leave-window soverlay-simalstiona)
nil)

.. LMOMLTAW-CLA4 K
C)
(defun plot-voltage-cl
(make-listi)

(msks-lisi;2)

(mske-list3)

(Send 'plot-pane-i :plot 'Som And Dendritic Potentials Env]
'plot-I isti
'label-listl
:all-solid-lines splot-valtages-solid
:y-mil -90
:y-inx 40
ty-interval 10

:overlay *overlay-simulatians
leave-window soverlay-similations)
(send 'plot-pane-S :plot 'Voltage Clam Soma Potential (mV]
'(('voltges . sting))
(list (format nil 'Sowa clum voltaga))
:all-solid-lines splot-voltages-solid

:y-min -90
:y-max 40
:y-intarval 10
:averlay soverlay-simuaetions
leave-windo *overley-similatians)
(send 'plot-pane-S :plot 'Outward Same Currents Ena]4
'plot-I ist3
'label-listS
:y-min -4
:y-mx 10
sy-interval 2
:overlay soverlay-simalations
:eavewndow soverlay-simulations)
(send 'plot-pane-2 :plot "Inward Some Currents [no],
'plot-list2
slabel-listz2
:y-Uin -10
ly-guax
:y-Intarvel 2
:ove. ley aoverlay-sioulations
0 eave-window soverlay-simuations)
(send *plot-pon-4 :plot 'Total Clum Current (na]O
'(('current' . sting))
(list (format nil 03om current 0))
:overlay soverlay-simuatiana
leave-winds. soverlay-simlations))
(deft lever plot-frome
0)
(tv:bordered-constrint-frome)
isettable-instance-varlables
(Sdefaqlt-iit-plist
zactivata-p t
:Gcpase-p t
isave-bita W)
(tv:ad-select-key DV, *plot-from OffippocmpsO '(startup) tU

-: TAMP
I? etp up tde Mmudiee fiue wIth 6 pie pan for tMe ,daue
'dfa

vtmpurpiv

(defflavor tv:plotter-pmo (
(defun startup ()
(tyake-window
'plot-frame

(gap ot-hack tvtpane-eixin))
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alwi fts mod ow Up Unew

,panes '((*plot-pane-1 tv:plotter-pane
:label *Voltages In Soma And dendrites')
(xplot-pane-Z tv:plotter-pans
label 'Outward Currents In Some")
(uplot-pane-3 tv:plotter-pale
label 'Inward Currents In Soma*)
(3plot-pane-4 tv:plotter-pane
label 'Sti., lus and Synapse Conductance Currents [a)')
(aplot-pane-5 tv:plottar-pane
:label 'Calcium Concentrations*)
C(interaction-pane tv~lisp-listener
label INIPPOCA14PAL PYRAMIDAL CELL SIMULATION"))
:configurations *((cl
C:layout
(cl :Column rl r2 splot-pane-i)
Cr1 :row interaction-pane c2)
(r2 :row splot-pane-2 spiot-pane-3)
(c2 :column splot-pane-5 splot-pane-4))
(zaizes
(cl (*plot-pane-l 200)
:then Cr 200)
:then 01 -even))
Cr1 (interaction-wae .500)
:then Wc :even))
Cr2 (*plat-pane-2 .50)
:then (uplat-pone-3 :even))
Wc (splat-pane-5 .5)
:then (*plat-pane-4 :aven)))))

':expose-p t)

( name-plot-panes)
(variable-array-setup))

NA~f-LOTP4NZS Name tMe plot vladlo',. 771,7 nust be dreeIn
iplme
mt first go Mhe
the wcood14 Lisp window

(defvar interaction-pane)
(defun name-plot-panes C)
(loop for pane in (send (send tv:selected-windaw :superior) :inferiors)
with count a I
when (typep pane 'tv:platter-pane)
do (set (intern (format nil 59PL07-PAME--D* count)) pane)
Cincf count)))

SA717P-STMULM3 Updates the stimulus current to the
vofteg. for vde damp.

a md the dendrites for currentddmp, or the damp

(defun setup-stimulus C)
(cond (51 ci m-run Cset-som-current-stimu lus)
;Set up the stimulus current to the mm .
(set-dendrite current-stimulus))
*Setup stimulus current to the dendrite.
Csvclamp-run (set-soa-vo~t lge-Wtiulus stime-step))))

CLAW

(defun clsp)
(setup-me~C
(without-floating-underf low-trap

:Set up ourrnat damp run, Sets A*vdamp-run and Nodexp-ms.

(ifscalculate-steady-state

(initialie--new-steadly-state)

(lnitiaize-w-oid-staady-stata))
(setq atim 0.0)
(run-cam)
(e"
(e"

(reverse-lists)

(if splat-results (plot-results))
(print-per me ters))

(beep)
(sotq sfirst-run nil))
(defun autoclm

C)

(aetup- Uen)
(outocIa"2 (list

svaitag*Z-nor*Zs avaitage3-noru2s xvoitsge4-norm2s))

(set4 *include-& nil)
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(autocleMZ (list avoltageZ-wout-a2* avoltage3-wout-a2a
(plot-resulits)
(print-par meters))

avol tage4-wout-a2sa

(defun autoclm2 (second-viit)
(do (Cstimulus-list '(0.33 0.35 0.37 ) (Cdr stimulus-list )
(voltage-list second-vliat (cdt voltage-list))
(voltage-array))
((null voltage-list))
(setq voltage-array (car voltage-list)
21-51:10-1
at-stim-1
st-stim-2
si-stia-2

-0.5
20.0
1000.6

(car stimulus-list))
(withotit-f loating-undert low-traps
(ifacalculate-steadly-stata
(initMal ize-w-new-staady-stata)
Cinitialize-w-old-steady-stata))
Csetq Wtee 0.0)
(run-clw)
(fillarray voltage-array avoltage: ))
... TAJZ--OLD-s7ADY-STATZ

(defun Initial ize-w-old-steedy-stata C
(clear-lists)
(setq *tie 0.0
apoint-index 0)
(if atirst-run
(and (initialize-soma-voltage)
,tfflts
m, f tqe for the Nie to 0-hdding.
Cif *include-dendrite
(initialize-dendrita-voltages))) IJffirit run. ar idiegel *f
tlhe derme coupavsmmnesto
(and (esot Care? SOMA a-restS) 30RA voltageS)
.Otherwt.r. art vdsq. jr el cmparnimeas to their
:qpripriare a-as.
(aset (aret 30MA a-rest) 30MA voltagteatiS)
(set (are? IONA a-rests) SOMA voltage-.stZS)
(dolist
(OENDRITE-ARRAY (list UASL-DENDRITE APICAL-U4AFT-OENDRITE APICAL-1-OENDRrTE APICAL-2-DENDRrTE))
(if (are? DENDRITE-ARRAY 0 INCLUDE-RES)

(do ((segment 0 (incf segment))
((a segment (aref DENDRITE-AARAY 0 total-segeftsSM)
(snt Care? DENDRITE-ARRAY segment a-restS) DENDRITE-ARRAY se, ent voltages)
(set (aref DENDRITE-ARRAY segment o-rentS) DENDRITE-ARRAY segment voltage-estiS)
(&set (aref DENDRITE-ARRAY segmet s-rest) DENDRITE-ARRAY seg mt voltage-est$)))))
(initial ize-dendrite-states)
=te up dombrte MAguNOS with now coefliguwiem parimmetert.
(initialize-some-states)
:Ser up NE Wils wParmeters.
(update-output-lists)
(setq stime-for-steady-stata 0.0))
... ffZUJ-W-NZW-MAZDY-ST.47] Thi function mant the mreat clanp Mauuleion with 01ia~tdareiI i
:;o 9"adfte he Ssetp Safe Vds egos of dl the wuMpPrIMeAu. The wMari
ANIFS
aeh**ddin and thir
dendre ewpmflmears mart out at Oed(defun initialize-w-new-steady-stata 0)
(setq xi-stim 0.0 si-den-stim 0.0 asteady-stata-run t0
(initialize-w-old-steady-stat)
(and (eset so-holding SOMA voltage)
(et se-hol ding 30MA voltage-antis)
(aset so-holding 30MA voltage-et2S))
(do
M(ine 0 C0 time adt))
-=aAmo track of the at d time
(time-step 0 (* timt-stop 1)))
;0Tz=%M
VO IPA*
shew
mmber ofimanes
*mnd ofedip.
((teat-for-resting-state))
(so"q sti ow-for -steady- state tine atim-stap time-step *tine time)
Refhihre the eupailo lo. eadiua. the jtrw opromilsal to the iqnuvpetad s d
:their derilmae Abew toad in Awayu ada,. fiv an& eMiwas Inorder to firm ild iaterefie.
(load- first-estimaes)
Thi eadalen leep perfmo sup Im-e qprmimaiewa to the uedd ad, or the preane 06110 Aep
::ard the aff te eSwe, uetibo the evinopm &F*t.
(do C)
(I t-astintes))
:lw if ALL enti eea
awn within dWe. ftPomt'sd a..al)
(if winclude-dendrito (store-new-dendrite-estimoea))
werae (it*.qppraj irwe Poaiat(ai-wm. Mtj hamd ondot%40e:,014 (-Ma) ad
..
.. provimasawe. (in-me. in-n-dot. etc.). dad then eatmewe a-dot 6v-401)
xae ealnm
(e. r-MWt A current difego efieses (a-e1)al's uM
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(set-somestatas-and--dot-for-curret-clw nil1)
(if minclude-dendrite (5st-defidrito-stqW-anfd-v-dots nil))
Zoate&.
:w
v.1
rete
wr2
-WW -de.
pmrevs uolae (iege) and the
(astimate-some-vol toot)
(if sintlude-dendrito (estimete-dendrite-VOltages)))
Sol now
wet~,oI 5 2 . Also sr "it] to Pwr.frs
n
NDPJT-STA7TS-AID--

ITO~

R

(stor-nw-some-vol tage)

(store-new-som-estimete)
(coed (sinclude-daedri ta Cstore-now-deedrl te-voltages) (store-nhw-dendrite-estimstes)))
Ca~lae (:rV. mpprxf*&nrwu)fidaimts.1at wlchle
m
k(rn-ne. tc.) bawd., stored udtap vfue
1)adprvlessates (rn-ne. rn-a-do. tic.). Cdcudte star# wlable deoahs (e.g. r- adat
df tefind saw erws (e.g. rn-a.) andtid Pottage estimoate (sdep). Up ee
pi~ws) Ih soed ydmes for Ihe state variables and their dervate. C ltwo v-dw teedot)
wwda(e. a -a.) & wran veitag (rottae md ape) wa~Mg dirollt eation (K ;. end store
:the MdueSL
(set-scm-states-and-v-dot-for-curreet-clow T)
(if sinclude-dmnrite (set-deedrita-states-aed-v-dots M)
Ment AIntl..o time nd cowwoarne the ja cdgmnted variskle to the qpreprinto Wotpt list
(cond ((zerop I\~ atlas-step *plot-step))
(send terminal-io :home-down) (send terulnal-io :clear-rest-of-line)
(format t 'Finding steady state; Current time - -4f=' *time-for-stesdy-state))))
(updte-output-lists)))
(store-steady-stae)
:Storo the stea#~ Nte vduae for repeat kxLs
(setq asteady-state-rn nil
Stime-step 0))
S7VtOD-SI TAD -STAll
(defun store-steady-state (
(east (aref SOMA
voltage$) 30MA e-restS)
(dolist
(DENDRITE-ARRAY (list LUAL-DENOAITE APICAL-SHAFr-DENDRITE APICAL-I-OENDRITE APICAL-2-DENDRITE))
(if (aref DENDRITE-A9JAY 0 INCLUDE-NES
(do ((segment 0 (incf segmet)))
((@ segment (aref DENDUT7E-ARRAY 0 toal-segmi ts$)))
(aset (eref OENMATE-AMRAV sin t voltageS) DENRTE-AMRAV segment a-restS)))))
(defun rue-claW 0)
.his Isthe Medan lon WWic geRPWas the ante Pridae d WNWtee far ein tiMe incPwmaw.
(do
((ism stim-for-stedy-state I(.tim edt))
Ampkeq
traot ofithe a~qud time
M(im 0.0 (*time edt))
*Zm thi stMn lie tMe ts os
epae
(time-step 0 (0 time-step 1)))
:67=4 ?ep
Am~ track of the wirbt cAtumea
(0 apoint-Indox (- *plot-points 1)))
AEnd efdap.
(setq atlas time atias-step timt-step)
(Sotup-stimilus)
:UPdnteIVthe dirre r PWIR
vdtpMfln &
lab" the eueduwlon ltap, oeffduwe the fir qronifmwlen* to she 'tes mngprewasw .daes end
:their Aarbarlw& AWo load in Arnmy vabsfo *aim
xias wOpj
in order to face ild Inoertion. If
vcdse ctanp rma the& both wend so.?i ofimae are at to the aradep-mdsae.
(lod-irt-stmtes)
.-Fr the Pottage donp the mo state re evipd
afuntee ofthe arrwn mme veitege d the pwr wo
ate. F&a
Passw evaep which As tAt the damp voeg Am&AimPS
(coed (avclsm-rwn (setq avetep (or (a time-step 0)
(a time-step (fIxr (1/ at-stim-l edt)))
(a time-step (fixr I// at-stim-2 et)))
(a time-step Mfxr (ist-stiu-3 edt)))
(- time-step (fixr (Uat-stim-4 edt)))))
(set-sam-states-end-v-dot-for-voltge-cl")))
Th i eideI*n leaerfors Mnwr qpromlmatlow to the meoalw NtUNNs a the paun twoe adP
:until the &Ithe iinto
wee Mleb the amwergm wrhur.
(do ((I 1 (incf i)))
((end OP I 1)(tet-mtimates)
1).. If ALL eltmda we within dat (v-eal's 4 *-an?41
Set v-eMa vai~
-0' t9p
to
-u* eMWS8n
wani (Wa).
(if aiclam-rn (store-new-som-eatiate))
(if sinclude-domdrite (store-ne-ddite-atintes))
*SAOWia (trMF. epsin4 SAwe VWlaIM(a -NaeSt. eta. laud 0n vOWLtM OMt(PMet) d
:prws aws(rn-na. r-r-dat. etc.. el theneffftawe P-dat (frl -e)
wooatestinawe
(..r-no&) & Mar r esage antes (v-an) 'a) ang ACL
(if viclam-run (set-som-staets-uid-v-dot-for-current-c1i al))
(if sinclude-deedrite (set-dandrite-stqwe-and-v-dots nilM
lairiffte(trop. apprent.) votae ft-.a2) w~uw -n-de, preWiv voltag (voltag) end the
:;~d
=evas. Z41(POWSag-Ma).
(if aIclav-run (estimate-som-vltage))
(if sinclude-deedrIts (astimt-dendri t-vol togesM)
(store-new-som-voltae")
(if xiclem-rn (store-new-sm-estimta))

Al-V~~ADVD1
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(cond (*include-dendrite (store-new-dendrite-voltages) (store-new-dendrtte-estimates)))

Cdaudae (trap. qpromnj find euinausef ate vaiable;(a-nm tic.) bawed on aeted refa.

value

a8401e)
Cdcuaesaew a deebrtwsd sates (M-m im-mse t tic.)e.
thde
:: s:]g)
ff *I.,e
( e~ n a rent voldtas (valge
- and a.1 .,)
ncare Wgetl(VtZIMd~
the values.

(if
(if

aiclamp-run (set-soma-states-and-v-dot-for-current-cla"
mlnclude-dendrite (set-dendrite-states-and-v-dots M)

7))

*.,Prit smulation tine and cowatenate the )*stcaaaed waimes to the qpqrldte ,jtput LWLu

(cond ((zerop (\ Wtme-step splat-step))
(send terminal-ia :hoee-dowm)(seid terminal-to :clear-rest-of-line)
(format t 'LengthI of simulation * tim for steady state - 4fam Current time
(# atime-for-steady-state 'duration) stime)
(update-output-i ists)
(set4 apoint-index (. 1 *point-index))))))

-04

(defvars *v-start wy- final 'voltage-normals)

..NORMA UZI

(dafun normalize (v-start v-final)
(setq mv-start v-start
mv-final v-final
mvoltage-normals (mapcar # normalize-op mvoltage* )

::NORNAUIZE-OP

(defun normalize-op (voltage)
(I C voltage mv-final)
C-v-start 'v-final)))

(defvars siv-voltagem *iv-current' mvolts*)
.. SOME gawneIw

Abm,e sa
(defvar

ea.eYe8~

to a qhwee
;nrnlmwetart

ama-radius 17.5)

sPheRM AuWFjW areaiIN A-Crn
(defun surf-area (radius)
(2 (// 4.0 3.0) 3.14159 (* radius radius) 1.00-8))
(defvar
(defvar
(defvar
(defvar
(defvar

atemerature 27.0)
'c-na 50.0)
se-ca 110.0)
se-k -85.0)
me-holding -70)

-

argment 1s INMkPIcSIRPSea

:mvolI
)rnpdti

:mvelfs
.ImtS

(defvar ze-l -70.0)
(defvar sed-l -70.0)

xoafnt ketw bdWIRP(M;9

(defvar afaraday 9.648e4)
(do fvar s4 8.314)

.Cwdaombtmok
.Gar commuar - (VdueC~adambs4(Devwu"dvlnrnde)

(defvar sca-conc-extra 1.6)

~
Mactrode

~MN

~

~

:EwroeiitlrCa.. cenrrten ArmOfaer)
:R~e AV* 1.4mMt Cc owt. .0.-? JOM In.
:Segd dad Darb. 1986 u 4.0 muM Cc amt
.die and Ncaff 1982 am 245 mM C out
:faver ad.
A19NKu ACS7 with 3.2$ iMCa
d M~ace, 1911so 2.0 ARMCe
V~e
AutaMO

(defvar si-electrode 10000000.0)

.. somae IVut resfiaua (MOM)
(defvar *&-1 39.0)

..Some mumbre reanca

(defvar 'r-mum 650.0)

(Mm-au-cm)

::.-drtte mem bra roesifla

(defvar ard-rnm 40060.6)

(Am-cm-au)

;:Dendrite aeze
kuresiuara(Mm-au)
Wader ard-tnt 290.0)
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Cdetvar scapd-im

1.0)

.. ripuowetarc ef em(of)
Cdefvar *caps-in 0.150)

*Some Me~mbrane coodum (mikrefaradA4Sffs)

(defvar acapa-m 1.0)
.. rtd cqpestpyefem.. (u)
(defvar acaps)
Cdefvar asome-area)
(defvar a-i)

:Somaaf

ara=-" 0*41 it. AkSWa *ee

...
AWN-oRsx-owRAN-dToNz7

(defvor ac-calc T)
Cdefvar ar-caic T)
(defvar sqtan-imnic 1.5)
(dafun em-for-som-geoetry-and-passiva-comonents C)
(tv:choose-variablo-volues
'(Caioma-radius
'Sonms phere radius Cmicromters]
:nmber)
(*e-) 'Leakage battery [aY]
:mer)
(as-no 'Na reversal potential CENV :nuer)
Cue-k 'K reversal potential CE] ' :number)
Cue-ca "Ca reversal Potential ENV] I :nuer)
(uc-caic 'Calculate C-sa from geometry (yes) or use input capacitance (no)' tbooleen)
('saps-eom
'Memrane capacitance faicroforads/aq-cm]
I nmer)
Cucaps-in -Input capacity (nFJ * :number)
Cur-calc 'Calculate aftS-NEN from geometry (yes) or use input impedance (no)" :booleen)
Curs-mme ONemrane resistance [ola-rn-rn] ' :nuerw)
(4e-1
-input Impedance (NOhm] (used to substitute for sas and dendrite Rin only) ' n~r)
Cuteqiratsre 'Tenieature of experiment (Celsius]' :nAber)
Cuqten *0-10 (Rate Constant Coefficient pe 10 degrees]' :number)
Cuqten-ionic 'Q-10 [Ionic conductance coefficient per 10 degrees]' :number)
Cuinclude-saunt 'Include electrode shunt conductance (if no the g-shunt will be ignored)?* :boolean)
Cor-electrode 'Electrode shunt
:Nha)
Inur)
Cui-constant-injaction 'Constant current Injected (stA]' :nmer))
:1abel
'Passive components')
Csetq asome-area Cs 1Gond (surf-area asam-radius))
ugs-l (if 5r-calc (/ (surf-area aimsa-radius) (* srs-mam I.Oe-G))
J// 1.0 *M-I ))
ug-electrode (//1.0 ar-electrode)
*caps (if ac-calc (*(surf-area aioms-radius) ucq-mom 1.00S) eca-in))
(met ags-l 30RA g-leak%)
(et 100.0 3014A 9-axialS)
;Aamm (Am mA
emmaht.atdl see axaplauml redobiy.
(update-qtons)
Cupdate-gbars))

Cdefun update-qtens C
Csetq sqten-factor-at-25 Wotn-tau-factor 25.0 stamperature vpten)
aqten- factor-at-25-m (qten-tau-factor 25.0 *temperature uqten-m)
'qten-factor-at-32 Cqten-teu-factor 32.0 *tam er sture sqtan)
,CQ kineti
aqten- factor-at- 30 Cqten- tau- factor 30.0 samerAturil aqto)
:DR dod A Imofut
aqtan-foctor-at-27 (qten-tou-factor 27.0 amertare uqten)
sqlan-factor-at-22 (qta-tau-factor 22.0 stamerAture "qe)
uqten-factor-st-24 Cqtan-tau-factor 24.0 8taW erature 5.0)
:Na Murk,.
aqten-g-Z4 (qten-rate-factor 24.0 fteqierhture upten-iomic)
&ofiri.ol cemdwsaw effNa remn.
xpten-S-30 Cqten-rate- factor 30.0 stemperature sqton- ionic)
,Oten for ionic .menctm .1DR aod
aqten-g-32 Cqtan-rate-factor 32.0 2tooeWature sqtent-ionic)
aqta-factor-at-37 Cqten-tau-factor 37.0 stemerture mgtem)
sqtaa-factor-at- 14 (qten-tom-factor 14.0 stompaature soew)))
::.QIZA'TAU-MC7t
~ th,Eate trim ur for ftm
(defun qten-tau-factor (refrnce-tp too qta)
V~ qte
IIC referece-aw top ) 10.0)))

.080 fmr leak Oneit

~Ar (Wtlompe,.

W ofefarrowe&

swl. tM Par draw.

.. ;?XQIZN'-L71-JPAC7R ThAis
eddta
m he pren factor Jh. rot oemnts (watiprwkm. gr to. so &Wn
rte).
(defun qton-rate- factor (reforence-te
taqi qte)
0 qten (//C- tamireference-taqi ) 10.0)))
Cdefvars-w-volue Caqten-g-24 1.0 )C qton-factor-at-27 1.0))
Cdefvara-w-value (aqton-g.30 1.0) Cuqtem- factor-at- 30 1.0))
Cdefvara-w-value Caqten-g-32 1.0)Cuqten-factor-at-32 1.0))
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::L-CTR UNT The lektag atreat.
(defun i-current (v)
(a agp-i (- v se-i)

the leg depeadat rae mu.'ts jrthe Mie brtkr mede whe m
,ALPA~d md RTA Thein "itIs
.vetp at which the foaerd
fer-isrd roe ceaguant an betes tt bcuhmard Poo Constant. OP-df"is Mhe
a:ed backward Poe consants are qad. Note Mt there amra t a~ts of the tson aued~daa
JUN ?we moants. The firt deorivs fru the Fdtqepemodea Ddtzmmn dimrdbt$au V~At
.. yl y cdlaed iln Mo uactions. The mcad arims in alumped teafmter that is striettlya
wfjllem for the 'boo-roe tA is the Paederimed jrau the arigind freei-ewe'g chmatp of the Swting
...
particle. Slat this fato deeadb on eack exrrea. the Utem faror Isam Indmludd hrem btt Inthe time cua
Jmctli jfr each Swinag owI chlc.
...

aLU
the

(detain alpha (voltage v-bait base-rate valence giame)
(iat ((exponent (// (m(- voitage v-half ) 1.Co-3 vaiece faraday gamm)(* At(# *teprature 273.0))
(setq exponent (coed ((> exponent 20.0) 20.0) M( exponent -10.0) -10.0)
(t sxponent)))
(bus-rate (sop exponent)
(detain beta (voltage v-halt bas- rate valence gImm)
(iet ((exponent (//(*(- v-haif voitage) 1.0.-3 valence faraday
(setq exponent (cond (0 exponent 20.0) 20.0)
((( exponent -10.0) -10.0)
(t exponent)))
(2 buse-rata (mm expnent))))

(-1.0

ginm)) (a Rt

m.oeratare 273.0))

IUC-mrrnt*ura888

...
fr no mobe it andermus to the A wremw. eamt tA the C wurent to fAuer nd is deaedo an t
th
kf
.. ocentratin ofooi

i

temwwa

eAM

rrw

(defvar agbar-c 0.40)
(dsfvars-w-vaiue (*v-half-oc -65.0) (saiplha-base-rate-cx 0.007) (avaience-cs 25.0) (sgmm-CX 0.20)
(tv-baif-cy -60.0) (*aipha-buse-rata-cy 0.003) (avalence-cy 20.0) (Sgam-cy 0.2)
(abasa-tcx 0.25)(sbaae-tcy 15))
(defvara-w-value (valpha-c 1.0) ('boe-c 1.0))
(defvars-w-vaiue (Stau-aipha-c 0.0001) (san-beta-c 6.0))
V:-C-WNv -c &satum -dqeadea Swing rariab~efor Cwreu
(defun w-c-tnt (ca't-conc-shell)
Ic-conc-sheli calc-conc-sheil caic-conc-sheli)
(2I(aalpha-c
(. 'bae-c (a sapha-c caic-conc-shell caic-conc-sheii caic-conc-ahell ))

T-V-C

(detain t-w-c (caic-conc-sheli)
(iet Matu (// 1.0 (* 'beta-c (ssaipha-e caic-cone-sheli caic-conc-aheli calc-conc-sheii)))))
(s aqten-tactor-at-27 (if (( tau 0.2) 0.20
tau)
(detain a-s-c (voltage)
(alpha voltage av-haif-aa melpha-buse-rataecs avalence-as egamm-u))
;:; A-I-C
(detum b..s-c (voltage)
(beta voltage av-haif-cxsealpIha-bse-rate-cs svaiece-az agiam-e))
.. A-F-C

(defun a-y-c (voltage)
(beta voltage sv-half-cy Saipha-buse-rata-cy 'valefice-cy agam-Cy))
(defun b-y-c (voltage)
(alpha voltage av-halt-cy salpha-beae-rate-cy avalence-cy agum-cy))
;: -C-IN?
Wmutmvichl
fir COweAt
A-iaf& M&Is
(dsfvar ox-c-Inf-mdetnt 6.6)
(defun s-c-tnt (voltage)
(II(-s-c voltage) (# (a-s-c voltage) (b--c voltage)

"75

Y-C-LNY
p-iaf&s Imantow1e Pwe~ for ecwrrext
(defvar my-c-inf-sidpoint 5.0)
(defun y-c-Inf (voltage)
(/1 (a-y-c voltage) C. Cay-c voltage) (by-c Iotag))
(let ((steepness 2.0))
;Segd ad Jerker: .F.Rgv~t a ie
(I1.0
C.1.0 (exp (I -voltage uy-c-inf-midpoint) steepness))))))
7-47C
(deivar at-rn-C .50)
(defun t.x-c (&optional voltage)
(let ((tx 1// 1.0 C. (a-rn-c voltage) (b-rn-c voltage)))))
C*sqtan-factor-at-27 (it C(trnsbase-tcx) sbase-tcn trn))))

;Cdefun t-rn-c (voltage)

xmirteitwf

(.v

e

(cond ((C voltage -30.0) (520.0 (asp U/ I.voltage 40.0) 18.0)
(tCa 20.0 (OM iiC 40.0 (o Volta"e 0.0)) 10.0)))))

adGrfl

A) (~am)

(defvar at-y-c 1.0)
(defun t-y-c (&optional voltage)
(let CMy (//1.0 C. (a-y-c voltage) Cb-y-c voltage)))))
(a aqtan- factor -at- 27 (if I( ty 'base-tcy) sbese-tcy ty))))
...WNUOR-C-CUJJ#IN
Cdafvar ac-shift 0.0)
(defun meww-for-c-current 0)
Ctvzchoose-varlable-values
*((agbar-c -C-currant conductance (micro-Srl

0n~r

:'X Variable Kinetics
('v-half-cx OV/12 for x1 :number)
*aelplie-baae-rete-cn *Alpha-base value for xnat VI/2 :oembr
*lncreaae makes It faster')
('valence-cs 'Valence :documentation
for X, :nuebr)
(agm-cn "Games for rn':number)
C'base-tcx Olllnimum value for tie constant CWIOJ:nuer)
:"Y Variable Kinetics
(av-halt-cy OV/12 for yl :number)
(lphe-baae-rate-cy *Alpha-base value for y at V1/2* :vmMe
:documentation 'Increase makes It fester*)
(wValence-cy 'Valence for y, :nuer)
('gm-cy *6mm for Ila1 yl tnumer)
(abase-tcy *Ninimum value for time constant (ma]' :nabr)

*WVariable Kinetics
(stau-alpha-c 'Foniard tim constant for Ce..-binding to N particle' :number)
('au-baea-c 'lackeard tin constant for Ce..-binding to N particle' :numer)
(aetq xalpha-c (//1.0 atau-alpha-c)
abea-c (/1 1.0 *tau-beta-c)))
...
C-Cl.PRF Fuue ecteteCpe
(defun c-current (rn-c y-c w-c v)
(5 (g-c sgber-c rn-c y-c w-c)
C- v se-k))

.

(dafun 9-c (gbar-c rn-c y-c v-c)
(if I( rn-c 0.91) (aet4 rn-c
0.0))
(aqbw-c rn-cr-c rn-c
r-c y-e v-c))
;Z-C-IF7. Y-aC.177
(dafun r-c-eff (rn-c)
(if(<Xn-C
0.01) 0.0
C^ Xn-C
4.0)))
Ciefun Y-c-eff CY-C)
(^Y-c 1.0))
::.
C-PLO
(defvara ar-c-Infa 5),-c-inti ar-c-effa sy-c-affa
wt-rn-csa t-y-ca 8g-c-imtfs)
(,.efun c-plot C)
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(menu- for-c-curroflt)
(504q *volts* nilI my-c-imV' nil mX-C-infS nil MY-c-offt nil sX-C-offm nil
St-in-CS nil St-y-cm nil mg-c-infs nil)
(do ((v -100.0 (+v 0.5))
(0)v 50))
(set4
y-c-iot' (ocofic y-c-isf (list (Y-C-Inf v)))
sin-c-ifs Wont sxintfx (list (in-c-in? v)))
myc-off' (ncooc wy -offs (list (Y-c-ofi (y-c-Ini v))))
si-c-offs (ocooc: ox-c-offs (list (in-c-off (in-c-in? v)
at-in-c* (nconc: St_-nc (list (t-x-c v))
Zt-y-cs (nConc 't-y-cs (list (t-Y-C v))
svoltsm (nconc *volts* (list v))
mg-c-iota Coconc ag-c-if (list (9-c 1.0 (x-c-inf v)(y-c-itif v) 1.0 )))
(defvarsawo-c-iota st-w-cs scalconci)
(detun v-c-plot 0)
(menu-for-c-current)
(setq o-c-is nil scalcooc' nil st-v-cm nil)
(do ((ca l.0@-4 (s ca 1.2 MM,(( CA 10.0))
(setq ow-c-lisf (nconc mv-c-infa (list (v-c-in? ci)))
stw-c (nconc xc-v-Cs (list (c-v-c ce)))
scalcoocs (nConc Scalconca (list ca)) ))

,mwrlmk -anxitte X arrot of PalAdins
71#Th
M-CVP.WFT
v)
(defun r-current (in-m
(- v se-W))
0S sgbar-m in-a
-;;N coaweace - 0717 nvrne befwn -70)x r and -SOwa, (akwo-Mm~
(defvar sgber-m .005)
(deftvmrs-w-vsluo
(mv-halt-r -45.0) (SbaSa-rate-an 0.0015) (Svaleace-r 5) (sgin-rn .5))
(o-block 1.0) (abeso-twx 10)
(deivar mqten-m 5.0)

:aripeted by And

;;I-N tooe camwel - 11w. two vdrnI/vOwn by PaI(u
arr carad I
as
As -I 2) An 0 -40 m
Coat
T-Z-Nf
(dofun t-X-m (voltage)
(lots ((b (alpha voltage v-half-mn Sbase-rato-a svalence-ma: mgm-rn))
(a (bets voltage mv-half-rn abase-ritear avalence-rnx agina-rn))
(tn (// qten-factor-at-25 (o a b))
(if(( cx (a aqten-factor-at-Z5 abase-tax)) (amtan-factor-at-Z5 abose-w) tin)))
i-hf is murarlo wimle for M-uvrre
I-.NY
(defun x--u-mt (voltage)
(let ((b (beta voltage. v-half-rn obese-rate-rn svelence-mix agame-rn))
(a (alpha voltage m-hlf-rn: abase-rata-rn svolence-mix agame-rn)))
W/ a (* a b))
AWW-AwR-M-CUZU.NT
(defun menu-for-rn-current 0)
(tv choose-vitiable-volues
I(mbar-m ON-current absoluta conductance (micro-S1l :nuer)
(ft-block 'Block am fraction of absolute conductance [o-I]- :nmer)
*a
am

XYriable Kinetics so

(mv-halt-rn OV12 for N in :ntet)
(abae-rate-rn OAlpka-bas vetoe for N xnat Vur2 iubr)
(mvalence-ox IVelexce for N X, Inuser)
N xI :nhmer)
w 06momefor
= t~w
u Vvu for tine constant [=]a wme
9:
as)

ilabel ON Potassium CurrentO

w~N-or
(defvars sin-ulatin mt-in-m)
(defun rnplot ()
(.mn-for-m-eurreflt)
("et4 ox-u-ot' nil svolt&s nil st-in-us nil)
W( -100.6 (* V 6.5)))
(do
W( V 50.0))
(aetq wx-rnifo (Rconc ox-Infm (list (n-u-lot V))
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St-X-.2 (nconc st-x-.s (list (t-x-m V))
*volts* (list v)) ))
*Volta* (nCOon

Thi

isMhe outword aminuaift

Ref - Sold aasd lar.
...

uriagthAdis

abatodbp ppuingf

ifdhUd and AddamS

Mhe "dt.

I.Q wnwt mw be amind ceadictaxa.
(delvar *0-q -65.0)
Air
k moAwbato (Pint

:About Ja

(delvar tgbar-q .002)
... Q-C US WF
(defum q-current (x-q v)
(* sgbar-q x-q (- v sa-q)))
:::
I-Q-IN
(defun x-q-inf (v)
(/I I (# I (OMp(I.

8.V4.0) 4.0)))))

::T-1-Q
(defun t-x-q (v)

(3sten-factor-at-Z5-a

1.(/C I(s

(4 1200.0

(o (v

PdwmIr#P&-tr9-J*for bah Mad~ckeats to be -$.

85.0) -6.0))))

.1))))

***AWMur.~u~

(defun .enu-for-q-current (0
(tv: choose-vsriab la-values
'((9gbar-q O0-current conductance (micro-35] :nuer)
(se-q IQ current reversal potential CoVO -nmer))))
(dervars txq-inf* 't-x-qs)
(dlelia q-plot ()
(setq ax-q-infs oil avolts nil tt-x-q' nil)
(do
((v -100.0 (# v 0.5)))
(0, v 50.0))
at-x-qs (mcons *t-x-q* (list (t-x-q v))
*volts* (noons 'voltss (list v)) ))

(defvars-w-value
($dr-block 1.0)
(sbase-txdr 0.50) (sbas.-tydr 6.6)
('v-hall-drx -25.0)
(sbase-rata-drx 0.006) (svalense-drx 12) (*gmo-drx .65)

('v-half-dry

-45.0)

(fbase-rate-dry 0.0004) (avalence-dry 9) ('gmm-dry 9.2))
fdofvar 'a-dr -73.50)

:1-DR ,recd Pwad

...
DR COAWORaM (MicrWdhdM)
(delver Sgbr-dr 0.7)

;edes

Y:-DR-ZN?

ogra

"D

.
O

p.4sIinfirimmtlie. mania Ybr DS-awa

(delia. Y-dr-inl (voltage)
(let ((b (alpha voltage 'v-hall-dry abase-rate-dry 'valence-dry agamm-dry))
(a (beta voltage 'v-hall-dry sbase-rate-dry 'veance-dry sgamm-dry)))
(/I a (* a W))
(defu. t-y-dr (voltage)
(lat* ((b (alpha voltage 'v-hall-dry abose-rato-dry 'valence-dry agina-dry))
(a (beta voltg 'v-hal-r abase-rate-dry 'valence-dry agm-dry))
ctr- 3.6 (o a b))))
(ty (I/ sqta
(it (( ty (s "qe-lactor-at-30Mbase-tydr)) (a aqtea-lactor-at-36 sbase-tydr) ty)))
D-v
dd e sat
... .. I.
(delts x-dr-irsl (vol"m)
flet ((a falpha voltage ev-half-drx abasa-rato-drxe'velance-drx agamme-drx))
(b (beta voltage sv-hall-drx sbase-rata-drx 'valence-drx agamm-drz)))
WI
))
C
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;; SegmadJ&rAw 180 ma(

-30mv.6 as ese

(defun t-x-dr (voltage)
(lets ((&(alpha voltage mv-hlf-drx mbase-rato-drx ovalence-drx xmgina-drx))
(b (beta voltage mv-half-drx abase-rate-drx avalence-drx aginme-drx))
(tx (// oqten- factor-at- M (# a W))
(if ((tx (a aqtan-factor-at-30 obase-txdr)) (*mqten-factor-at-30o baae-txr) txc)))
AdEN-POR-DRCURRENr

(defun menu-for-dr-current 0)
(tvzchooae-varieble-voluea

'((agbar-dr *OR-current absolute conductance Cuicro-S]" :nuer)
(adr-block *Block onm fraction of absolute conductance [0-11J

:number)

92mX Variable Kinetica s *
(mv-half-drx IV/l2 for Or xI tnuber)
(abas-rata-drx 'Alpha-base value for Or x at V1120 tnumber)
(vvalence-drx *Valence for Dr xI :fhmber)
(ogama-drx 'Smme for Or x* :nhmber)
(abase-txdr 'Minimu value for tim conatant Eva] :nuer)
* **

V Variable Kinetica ***

(mv-half-dry OV/12 for Dr y* :nlumber)
(Mae-rate-dry *Alpha-baae value for Or y at VIIZI :number)
(aveance-dry 'Valence for Dr yl :nuer)
(agm-dry 6Game for Dr yl :nuer)
(abase-tydr Ininimum value for tim conatant (m]* :number)
:label *Delayed-Rctifier Potaaalu. Current"
...
DR-C URR
(defun dr-curvuit (x-dr y-dr v)
(a (i-dr (aref 30MA gbar-dr$) x-dr y-dr) C-v so-dr)))

-DR

(defun g-dr Cgbr-dr x-dr y-dr)
(a

gbar-dr adr-block
x-dr x-dr x-dr y-dr )

:;:Z:-DR-1rF7, Y-DR-IPP
(defun x-dr-eff (x-dr)
C^ x-dr 3.0))
(defun y-dr-eff (y-dr)
0 y-dr 1.6))

;:DR-PLOT

Cdefvars ox-dr-infx my-dr-info

x-dr-eff* sy-dr-effs

st-x-dr* at-y-dr* ag-dr-info)
(defun dr-plot C)
( menum-for-dr-current)
(setq &volts*nil my-dr-info nil ox-dr-infv nil
Ot-x-dra nil mt-y-drx nil mg-dr-info nil)
(do
((v -100.0 (# v 0.5)))
vV 5))
(aetq

sy-dr-effa nil Ox-dr-eff* nil

my-dr-info (nconc my-dr-info (liat (y-dr-int v)
ax-dr-info (neonc m-dr-info (list (x-dr-Inf v)))
sy-dr-effo (nconc xy-dr-effs (list (y-dr-eff (y-dr-Inf v))))
m-dr-of f* (nconc a-dr-effs (list (x-dr-eff Wadr-imf v0M)
at-x-drs (nconc mt-x-drm (list (t-x-dr v)))
st-y-drm (acmna Ot-y-dra (list (t-y-dr v)))
ovltaa (mmmc avoltam (list v))

ag-dr-info (nconc sg-dr-info (list Cg-dr 1.6 (x-dr-inf v)(y-dr-Inf v)))))))

:::
wig A., two vd:.Wp-dpeaa Imare
I.partiaeS& y ad a. med
:a cdceftu-dowspealag peade. w.
(defun ahp-current (zap y-ahp w-shp v)
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(a (g-ahp *gbar-ahp
(- v aa-k)))

z-ahp y-ahp w-ahp)

;:AID cen~aat Onm
ar.
(defvar agbar-ahp 0.35)

un)

6--A1W - anierto
(defun g-ahp (gbsr-ahp zaclp y-ahp w-ahp)
(a inbr-eip, 1.0 y-ahp y-ahp w-ahp z-ahp))
(defun y-shp-eff (y-aip)
(^y-ehp 2.0))
(defvars salpha-clip ftetea-clp)
(defvars-w-volue (stau-alpha-ehp 1.0e-5) (stau-beta-abp 200.0))
(defvars-w-value (mv-hal f-elipz -72.0) (aalpha-base-raet-lipz 2.0.-4)
(Salmnce-alips 12.0) (weme-aiPz 0)
(av-half-aipy -50.0) (*alplia-base-rate-alipy 0.015)
(avelence-aip 15.0) (mmciy0.6)
(abase-tlip 120.0)(ftase-talipy 2.5))
W-AP-W - to cdckmw-&ea swl., vratWAe jb, W-rens
(defun w-uhp-inf (cale-conc-sliell )
(2I
(S
lplic-ahp calc-conc-shell calc-conc-sliell calc-conc-shell)
(* fteta-aip (8*alpha-clip calc-conc-shell calc-conc-shell calc-conc-shell ))
:T- -AN
(defun t-w-Ghp (calc-conc-sliell)
(let M(au (// 1.0 (* abeta-aip (* nalphe-aip calc-cont-shell cale-conc-shell calc-conc-sliell)))))
(a sgtan-factor-at-27 (if (( tau 0.002) 0.0020
taid)
Y AMWuNJP p-laffinaclwbnslco wi~e far AMP-aerrat
(defun y-ahp-inf (voltage)
(let ((b (alpha voltage av-half-ahpy aalpho-bese-rata-ahpy *valence-ahpy zamin-hpy))
(a (beta voltage av-half-ahpy salphs-basa-rata-chgy 'valence-aipy agam-li)))
(Waa
W ))
...
T--AAW
raw-A W-wureudlcMlrslo) - arns
(defun t-y-ahp (voltage)
(let* M( (alpha voltage xv-half-ahpy aalpha-base-rate-ehpy avalance-al"p saine-ahipy))
(a (beta voltage sv-half-ahpy nalplia-base-rateahlpy 'valence-elipy agam-py))
(if (( ty obaae-tahpy) abase-talipy ty)))
Z-AW-LJF
s;-ilnfstubwrlen wrmb for AW-ia,,.cg
(defum z-alip-inf (voltage)
(let M( (alpha voltage vv-half-clips *alpha-base-rate-.hpz *valence-ahpz *amm-hz)
(a (beta voltage av-half-aipz asaIpha-base- rate-ahpz *valence-shpz a-hpz)))
(U/a a aW))
T-Z-AAP
tmv-AWAUL=srAwfwbalWa- nm
(defun t-z-ahp (voltage)
(lae ((b (alpha voltage ev-half-ahpt gal pha- base- rate-Whp svalenca-ahpzi
-ap)
(a (beta voltage sv-half-ahpi *alpha-base-rat.-ahpz avalence-aipz aginma-ahpz)l
(tz (1/1.0 (#a b))
(if (< tz baae-tahpz) sbase-taipz t)))
:::MNUPOR-AMP-CUMA
(defuu .en-for-ahp-current 0I
(tv:choose-variable-values
'((sphar-ahp 'AN-currant conductance [micro-SJ' -wA6*r)
:'Z Variable Kinetics
(uvhalf-ahp
V/12 for Na I W snmber)
(ealpha-base-rate-ahp OAlpha-baa. value for No I a at VI/2' :number
OIncrease speeds up gating particle*)
(avalence-aip 'Valence :documntation
for Na I aV :number)
(agamea-pz 06am for Na I W tnumber)
(abasa-tali 'Nlinum value of tim constant twac]' :numaer)
T Variable Kinetics
(sv-half-ahpy OV/12 for Ne I It' mnimber)
(aalpha-baae-rate-aWp 'Alpha-bass value for Ne I ft at V1/20 :wumber
idocuuentation *Increase speeds up gating paticle')
(2valence-alipy 'Valence for Na I h-' -numftr)
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(agiamahpy 16amma for Mm1 h, :nuer)
(abase-tahpy Iminimuu value of time constant (inec], -number)
*N Variable Kinetics
(*tau-lphm-mfp 'Forward tim constant for Ca..-binding to M particleO :number)
(saeu-beta-ahp "lSackward time constant for Ca..-binding to W particle":t~r
(setq alpha-ahp (I1.0

*tau-alpho-ahp)

(defvars xz-alip-infa st-z-ahpa sy-ahtp-infa int-y-shpa my-dip-aft.)
(defun dip-plot ()
(setq *t-z-dip' nil *t-y-dip alnl *volts* nil z-dip-inf* nil sy-dip-infa nil sy-dip-offa nil
(f enu -for-ahp-current)
(do ((v -100.0 (0v 0.5)) M( v 50))
(setq szadp-infa (nconc 32-dip-Infa (list ji-dif
v)))
*y-ahp-inta (nconc sy-hp-int: (list ty-shp-int v))
-dip-eff* (nconc ay-ip-etta (list (y-ditp-eff (y-ahp-int v))))
at-i-dipa (nconc 6L.z-aWp (list (t-z-ahp v)))
at-y-ahpa (nconc *t-y-shps (list (t-y-dip v))
avoltsa (nconc *volts* (list v)) ))
IV-A W-LOT
(defvmrs ow-dip-infa at-v-dipxs'calconca)
(defun v-dip-plot ()
(manu- for-dip-current)
(setq aw-dip-itin nil scalconca nil at-v-dip* nil)
(do ((ca 1.Ce-6 (a cm1.2 ))) (0 ca 10.0))
(setq ow-dip-inin (nconc aw-dip-int: (list (v-dip-tnt cml))
*t-v-dihp* (nconc at-v-dip: (list (t-v-dip cal)
scalconca (nconc incalconcx (list cal)l )

::: t and Weight Mrt Mor 1-wa ttues In <dft ad duci Per

::: wrd haired A1,1
(Mas 0-50 to -4&m P (32 AereaiC. Ravem. 4-AP wMAIMO td
MreuS WAAh UPS
;:thuecamua ofa jew Aaaedms in repow to kp erpo~liugpols to -S4mv inda&
diaqpwa when tMe damp to below -54mr, awv thMte tme ceuaa for IsarbtgIm
Is,7,d
Popp
forpteutlair below -34m, L.
Wkre to obm,, an, 4-4 P-anls.
itat arrant. megat to -4,.,intgo thr the 4-AP-amotin trann wama
::: atoa re-7 ri*
upon AkwePr~kol.
ne.'
;:: WN-PO-a-CUJWFM
(defun men-for-a-current 0)
(tv:choose-variable-volues
1((mgbar-a 'a-current conductance Cmicro-S1 :numbe. )
X Variable Kinetics
('v-half-ax OV/lZ for a x (sbo-30zw-40) amnuer )
('bse-rata-ax OAlpha-base value for a x at V1/20 o:nber
('valence-ax "Valence for a x (sb*3. 17.amse. We :mmer)
(89gm-ax *6nn for a xI :nmer)
(obase-txa 'Minimm value for tin constant Cm]* :nsjmer)
:OY Variable Kinetics

6

('v-half-my OV/12 for a y (sb@-70.zwm-55)0 :nuebr)
(abase-rate-ay OAlpha-base value for a y at V11P :nfer)
('valence-ay OValonce for a y (sb@4.28.zw4)0 :nuer)
('ginma-y 06m for a yO tnuer)
(Abae-tys Nfinimum value for tin constant Cm) tAimer)
(def'vers-v-value
(abase-ta 1.0) (abase-tya 24.0)
('v-half-ax -52.8) (Obase-rata-ax 0.2) ('valence-ax 3.5) ('gamm-ax 0.6)
('v-half-my -72.0) (abase-rate-ey 0.0015) ("vlance-my 7) (sgema-ay 1.4))
=~ ~ MMfe
GO&Wn (AmAMMO
(defvar agbar-a .50
.:.-- LN

::

-la)f MONaIsaNe mvah fir 4w,,.' (- mor mAnwsed OMgu

(defun x-e-Inf (voltg)
:Stgd and 5wWha: Lsega.

a

dew
ad lawer - #407.Adf-30
281

;ZUa and Vei - bau..vAdfi-4S
(let ((s C lpha voltage 'v-halt-ax ftase-rate-ax avalence-ax ginam-ax))
(b (beta voltage wv-half-ax abase-rate-ax *valence-ax 'gamm-ax)))
(Ia (#a W))

:; -A-LNP

P-lmf is Imeeteio VHWeI(for A-wureor
(defun y-a-inf (volta
dd 5Rapr - ss.J.vhf..?O
an
.Ses
Barer;S.#ewwj.
(let ((b (alpha voltage av-helf-ay abase-rate-ay 'vmlafice-ay agia-ay))
(a (beta voltage xv-half-ay mbase-rate-sy eveleflce-ay zgamma-my)))
(Ua C. a Wa))
(dei'vara-w-value (at-a-a-l 3.O)(*t-x-a-2 5.0)(st-y-a-1 5.0))
(defun t-x-a (boptional voltagLe)
raw VVft.. ali
x -7O0av to imp oip -.Xn
-Za Aedl
Prbk meofm.effin ac. Ie. 0( l:ws
(lots ((a (alpha voltage wv-hlt-akx sbase-rate-ax avalence-ax 'gamm-ax))
(b (beta voltage wv-hlt-ax abase-rate-ax avalenoe-ax agoma-ax))
(tx (// aqten-factor-at-30 (.a W))
(if((tx (x 'qtan-tactor-at-30 baa-txa)) (*a qten-?actor-at-30 abase-tx.) tx)))

:&egd end Barker: Segd. Rog~edl~r Ne

T-Y-A
defun t-o
et

la

votae --

M

4mr(ms)-3O ans otAhrhar.
Cow~ :t4 bow
v-halt-ay abase-rate-ay avalence-ay swgine-ey))
(a (beta voltage w-halt-ey abase-rate-sy 'valence-my xwgam-my))
(ty (//aqton-factor-at-30 (#a W))
(if (t ty (x xqten-tactor-at-30 abase-tya)) (*a qten-factor-at-30 $base-tya) ty)))
(((ph

(defvars ax-a-Int' ay-a-intsa x-a-etff xy-a-etta
at-xaa st-y-aa ag-a-in?')
(defun a-plot ()
(au -for-a-current)
(satq *volts* nil my-a-In' nil fta-infs nil 'y-a-effs nil ax-a-effa nil
at-a-as nll t-y-as nil ag-a-Int: nil)
(do ((v -100.0 (+ v 0.5)))
M,)v 50))
(satq
my-a-ini's (nconc sy-a-intas (list (y-a-inf v)))
wx-a-inta (nconc xx-a-ints (list (a-a-in? v)))
wy--sf?' (nconc ary-a-ella (list (y-a-eft (y-a-inf v))))
sx-a-eff (oconc ax-a-ott: (list (x-a-ett (x-c-int v)))
at-a-a: (nconc st-x-a: (list (t-x-a v))
at-y-aa (nconc at-y-as (list (t-y-a v))
*Volta* (nconc avolta' (list v))
ag-a-infa (nooc ag-a-infa (list (g-a 1.0 (x-a-inf v)(y-a-int v)))
A-CURPSAT
(detun a-current (a-a y-e v)
(* (g-a (are SONA gbar-aS) a-a y-a) (-v me-k)
C0-A
(detun g-a ( #bar-* x-e y-a)
(a gber-a a-a a-a a-a y-a
...;Z-A-Jr71

I

-A-IF?

(detain X-a-e?? Ua-a)
(^ a-a 3.6))
(defum y-a-ett Cy-a)
(^y-8 1.1))

::At rqeorted by
p Fime
uGe. ]U
:: Fre m

rawfdd

&ft~ww ShWlA&06 mad ON (fJ)

0~
in*

...Acamue d "ti-4x
a
V m r.
(defvar agbar-ap .61)

:A" eom~mamfnljakaf.

oweeunedby Prwminad Gap.

(dai'vera-w-valve (av-hal-nap -49.0) (malpha-base-rato-nap 6.04)
(saeta-base-rate-napx 0.04) (*valence-napx 6.0) (agine-napx 0.302(sbaa.-amap 1.0))
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MfN U-.FOR-NA P-C URRENT
(defun menu-for-NaP-current
(tv: choose-var lable-values
*((:gbar-nap -Persistent Na current conductance [microS]

:number)

X Variable Kinetics
(sv-half-napx IV/l2 far gap xs :number)
(*alpha-base-rate-napx *Alpha/beta-base value for gap x at Vl/VI :number)
(*valence-naps "Valence for Nap x" :number)
(agama-napx *Gamma for Nap sI -number)
(abase-txnap Olase value for tau nap x' :number)))
(setq abeta-base-rate-napx salpha-base-rate-napx)
gbakr-napS))
(aset t*gbar-nap SOMA

... R-AP

(defun gbar-nap (area)
(a agbar-nap-dens area l.0e3)

::O~d ROP-Chda14COOduCt
Y1arffis isAe-CM)

(micra))

(defun s-nap-inf (voltage)
(let ((a (alpha voltage K-half-naps aalpha-base-rata-napx avalence-napx agamm-naps))
(b (beta voltage xv-half-napx salpha-base-rata-napx *valence-naps aginas-napx)))
(Ia C. a W))
:(let ((midpoint -49.0)(slope 4.5))
-midpoint voltage) slope))))))
U/I 1.0 (. 1.0 (esp (I

T--NAP

(defun t-s-nap (voltage)
(let* ((a (alpha voltage sv-half-flapx 2alpha-base-rata-napx *valence-napx agamma-naps))
(b (beta voltage vv-hal f-naps zal pla-base-rato-napx *yal ence-napx 2gam-naps))
(tx (// 1.0 (. a WI))
(if (( tx abase-txnap) abase-txnap tx)))
(cond C>voltage 0.0)
* a qten-factor-at-ZZ 1.0))
MC voltage -24.0)
(a zqtan-factor-at-22 4.0))
*
(t

*

(a aqten- factor- at- Z2 40.0)))) :po.1iSFGfg

NA P-CUR DINT

(defun nap-currant (gbar-nap s-nap v)
(a gbar-nap x-nap (- v s-na)))

PLOM-AP

(defvars as-nap-intl at-s-napS)
(defun plot-nap ()
(menu-for-nap-currant)
(aet4 zs-nap-infa nil avoltsm nil at-s-nap* nil)
(let (Cdv .50))
(do ((v -100.0 C. v dv)))
MC v 50.0))
(setq as-nap-inf* (nconc as-nap-infs (list (x-nap-int v))
at-s-naps (nconc St-s-naps (list (t-s-nap v)))
))
avoltsa (nconc svolts (list v))

:: Ar No-currentavs***
...g nd estim ares for t/he parometers offMe three eonadecore wre derIved frce si Na ody qike reord
(1 Aegrees C) anvile Na onfy reptitiv records (27 degrees C and 32 degres C). ac rens are derived
~rem areferenc of24 degrees C. Goingparfde kirdiks aw a &an of15: cmaecuae 0as r
Cdefvar
(defvar
(defvar
Cdefvar

agbar-nal-dwia
xgbar-na2-dena
agbar-Wa-dens
sgbar-nad-dens

40.0)
1)
35.0)
20.0)

Vookelmat deaft .Rf::(cM-quwd)
mjc-qard
xnAtcede.
xe0aICAin
uW (eaMM
m.&Md&S WMA&Cl
denMj. m '0e
(M-AWe4

(defvars-w-value (ana-choose 3)
(defvara-w-value ('v-half-ml -47.0) (abase-rate-mi 0.3) (*valance-ml 20.0) (agomm-ml 0.50)
(xv-half-hl -54.0) (abase-rata-hi 0.003) Cavalanca-hl 30.0) Cxagmehl 0.2)
(av-half-s2 -5.0) Cabase-rate-m2 0.025) (avalence-m2 8) (agm-W .95)
(tv-half-hZ -47) (sbase-rata-1%2 0.001647) (avalence-h2 6) (agiamehZ 6.2)
Cay-half-in -34.0) (abase-rat-@3 0.6667) (avalance-a) 6.0) agmme3 0.50)
(xv-half-h3 -42.50) (abase-rato-1%3 0.00233)3) (avalenca-h3 30.0) (agamm-h3O.17J
(Abae-tail 0.50)(Obase-thl 2.0) Cabasm-Wa
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S)(abase-th2 3.00) (abase-Wa

0.40)(abase-Wh

3.0))

MJW-JR-NA-CURWff
(defun .enu-for-Ma-current 0)
(tv:choose-variable-valuas
V.0

I* asssx8*SBS222xzxx NA1 CURRENT asaaaaazsswz*-

Csgbar-nal-dens Ifa 1 current conductance density (std .35) (S/sq-CMY

:number)

* N Variable Kinetics I
(arv-half-ml IV/12 for Na 1 a' :number)
(abase-rate-al 'Alphla-base value for Na 1 at Vl/2' :number)
(avalence-ul 'Valence for No I1.':number)
(agam-al %mas for Na 1 ml :number)
(aase-tol ONlnM valua of time constant Cmc] :wer)
*

Variable Kinetics-

('v-half-hi OV/12 for Na I hI :number)
(abaset-rate-hi 'AlpIha-base value for Na I h at Vi/20 :number)
('valence-hi 'Valence for Na 1 h0 znuer)
('gina-hi *6mmm for Me I hO :number)
(abase-ti'l 'Hinimain value of time constant Cmcl :number)
*: *s222xswnxxx*ss
NA2 CURRENT assSZZZS
(agbor-Wa-dans ONa 2 current conductance density (std al) [mS/sq-os]* :number)
* N Variable Kinetics I
('*v-half-m2 OV/i2 for Na 2 na :number)
(abase-rate-aZ 'Alpha-base value for Na 2 a at Vl/2* :nuer)
(zvalence-m2 'Valence for No 2 .W :number)
(sgines-m2 Sia for Na 2 a' :numbe)
(abasa-t.
fllnimua value of tim constant [cec]' :number)
N*Variable KineticsI
(v-half-hZ IV/12 for Na 2 hO :number)
(abase-rate-h 'Alphae-base value for Na 2 h at V1/20 :nuer)
('valence-hZ 'Valence for Na 2 hO :nuer)
(agiam-h2 6Gme for No 2 hO :numer)
(abass-tAZ "Hinimum value of tim constant Cmec:J :number)
* sw*asxxxxszxzs *A 3 CURRENT 52Z5S55*
('gbar-We-dena *No 3 current conductance density (std @3S) CmS/sq-=]* :number)
-

N Variable Kinetics

('vv-half-u) IV/12 for Na 3 &1 :nuer)
(aase-rate-3 *Alpha-base value for Na 3 a at V1/20 :nuer)
('valence-a) "Valence for Na 3 W :nuer)
('gmam3 amas for Na 3 W :number)
('base-t3 *inimm value of tim constant Cmec)O :nuer)
:IN Variable Kinetics
('v-half-h3 'V/12 for Na 3 h' :nuer)
(abase-rate-h3 'Alphla-base value for Na 39, at V1/20 :number)
('valence-h3 'Valance for Na 3 hI :number)
(somma-h3 %osm
for Na 3 hI :nuer)
(abase-t) INimma value of tin constant tecIl MAuer)
':lebel *Stendard-apike A; Nalstrigger. Na~eslow tail. Na)rep.0))

(defun a-ui
(cond ((and
((and
((and

(flag Voltage)
(a flag I)(* 'na-choose M)
(a flag Me('na-choose 3)
(Iflag Me('neoose 3))

idefun b-u-na (flag

voltage)

(cond ((end (a flag Me('am-choose M)
((aid (a flag Me( 'am-choose M)
((mnd (a flag ;)(a 'na-chooee 3))

(a-a-nal-hippo voltage 3
(a--a-hippo voltage )
(a-a-haS-hippo Voltage" )
(b-*-nal-hi~ppo voltage 3
(b-a-rnaZ-hlppo voltag")
(b-w-aO-hippo voltags"
)

A-S NA
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(defuc a-h-ca
(coed ((and
((and
((and

(flag voltage)

(a flag M)a ace-choose 3))

(a-h-cal-hippo voltage )
(&A--a-hippo voltage )
(a-h-Wa-hippo voltage ))

(defun b-h-na
(coed ((and
((and
((and

(flag voltage)
(- flag l)(. ana-choose 3))
(a flag Z)(w a-choose 3)
(a flag 3)(m ane-choose 3)

(b-h-cal-hIppo voltage )
(b-h-na2-hlppo voltage )
(b-h-na3-hlppo voltage ))

(a flag 1)(m am-choose 3)
to flag 2)(a sea-choose 3))

N-NA-DIP
(defun m-na-inf (flag)
(coed ((a I flag)
((a 2 flag)
((a 3 flag)

*I
a-u-cal C. s-rncal ab-a-nal)))
s--naZ ab-rnaZM)
*I
a-u-We ( a-rn-ca 'b-u-na))))

IIaa-m-na(

7-li-NA
(defuc t-rnca (flag)
(let M(a
(coed ((a 1 flag) (// 1.0
(. a-m-nal Sb-rnal)))
((8 2 flog) U/I
1.0
(. a-m-Wa sb-m-caZM)
((w 3 flag) (// 1.0
(o sa-a-na3 *b-r-WaM)))
(aaqtoc-factor-at-2# (coed ((m 1 flag) (if ( m 'base-tel) sbus-tel to))
(a2 flag) (if
a.sbase-t.2) abase-tm2 t.))
to
(a3 flag) (if
to base-Wa) *base-Wt3 m))))
a.
::l-NA-N
(defuc h-na-inf (flog)
(coed ((I flag) (// 'ah-nal (a a-h-cal Sb-h-nal)))
(a2 flag) (I/ aa-h-na2 (o sa-h-c ab-b-na2)))
((a 3 flag) (// ga-h-ca3 (+ gah-ca Sb-h-ca))
(defun t-h-ca (flag)
(let ((h
(coed ((a I flag) (
1.0 (am-h-cal Sb-h-cal)))
((a 2 flag) (I
1.0 (a'a-h-caZ Sb-h-Wa)))
((@ 3 flag) (I
1.0 (a a-h-ca
bhca))
(a 'qtae-factor-at-24 (coed ((a I flag) (if (ath Sbase-thl) 'base-tl at))
((a 2 flag) (if (tt abase-t0l) sbase-tl at))
(a3 flag) (if ((U' base-Mh)
*base-th3 th))))
;:GAR-NA
(defuc gbar-ca (flag area)
lortd e-Chmd CMiWOMinmkeS)
(a aqten-g-24 (coed ((w 1 flag) (xa gbar-cal-dons area 1.003))
((a 2 flag) (*a 'bar-na2-dens area LOWe)
((a 3 flag) (amgbar-Wa-deca area LOWe))))
AR-NAD
(defuc gbar-cad (area)
(* sgbar-nad-dens area l.003))

.iett dookdite &mai Cox"&=me~ATna)

xIPENED) D70 VIES Of GA77AU PA727CLS ALSO MDJAPPROAPhA2TN-MiNDli-I? PC

...
Nil-CUJRRK~ff
(defuc cal-current (gbar-ca a-ca h-ca v)

(* (g-cal gbar-na u-ca h-na)

(-v

se-ca)))

..0-Ni
(defun g-cal (gbar-ca a-ca h-ca) (*gbar-ca

rna h-ca h-ca))

*x
** -7-A 5477-N
(deft.. a-off-cal (a-ca) (I aa 1.0))
(deft.. h-eff-oal (h-ca) (^ h-ca 2.0))
...
A-OJW ~ff
(defuc ma-eurrant (gbar-a a-ca h-ca v)

mG-NAJ

(defun g-cal (gbar-ca rnc h-ca )(a

(a g-cal gbarcA a-c

gbar-ca

h-86)

-v

ft-na)))

a-ca h-ca))

... N-Z17-NA2. 54JrJ-NA2

(defun a-off-caa (a-ca) 0 a-ca 1.0))
(deft.. h-eff-ca (h-as) 0~ h-a 1.0))
(deft.. m3-currett (gbar-na a-cwa h-ca v)

(a (g-ca gbar-ca a-ca h-ca) C-v se-ca)

Ads0Ni

285

ONFS

(datum vnma (gbar-na u-as h-na)

(X gbar-na

u-na a-as h-na h-na h-na )

...
A4?NA$. MMAPPNAS
(dufun r-oft-na (U-na) 0 u-na 2.0))
(datum h-eff-ma (h-na) 0 h-na 3.0))
Gwr No Elmrksc 0800000 Dea fiumtas ow fromn Trb et d.
C;
(deivar se-ref-na 70.0)
I(delver faraday 9.6504)
0os
(dofvar tomperatarel 296.0).
ioKSN
(dsfvar R 8.31)
1WRO
(defun a-w-mal-hippo (voltage)
(alpha voltage 'v-half-ai abase-rate-ai avalence-mi agam-mi))
::: I1-NJ-NM
(detun b-m-nal-hippo (voltage)
(beta voltage av-half-ml abase-rate-mi avalence-ml agaim-m))
...
A-NJR
O
(defun a-h-nal-hippo (voltage)
(beta voltage 'v-half-hi abase-rate-hi avalence-hi sgam-hi))
(datum b-h-nal-hippo (voltage)
(alpha voltage sy-half-hi sbae-rate-hi syalence-hi agm-hi))
..A-N-NA-PO
(datun a-m-na-hippo (voltage)
(alpha voltage av-half-n2 Ase-rato-Q 'valence-n! sgwm-n!))
(datum b-u-na-hippo (voltage)
(beta voltage 'v-half-.! abase-rate-n

avalanca-.! sgm-n!))

...
ANN2-RlPP
(datum a-h-naZ-hippo (voltage)
(beta voltage av-half-hZ abase-rate-h! vvaience-h2 xgmm-hM)
(datun b-h-n&Z-hippo (voltage)
(alpha voltage av-balf-h2 mbase-rat-hZ avalence-hZ sgm-h2))
(datum a-m-na3-hippo (voltage)
(alpha voltage av-half-#a abase-rate-n

wvalgne -rn3 sgam-3))

(datum b-us-a-hippo (voltage)
(bae voltage xv-halt-n) abase-rate-u) avalence-u) spama-a))
;.::A-5-AIO-Rtmo
(fufn a-h-sa-hippo (voltage
(bae voltag vv-haif-h) 'base-rate-h) avalene-h3 agmmo-f))
...
D--AS-RPO
(dafun b-h-me-hippo, (voltage)
(alpha voltage av-aif-h) abase-rate-h) 'valance-h) sgaa-h))

(delvua 96-tail at-his 86-18fna at-ala
010-101 8 at-hia9 Oft-imfa stwal
mulisa s-b al- t"ug.aztuf g-a-tt
ag-eil s 9-e??i
1 of f'at -tfia O a1-eftf~

bo?

(dais. mIl-plot ()I
(wmn-fer-acueT"
(satq ag-tla all at-mis il 'b-tails all at-hi' all ag-ma-itf oil avoltaa nil sb-ofis all ft-effia nil)
Wda
( -111.1 (* v .50))
(6)(11))
(0 V 59.10))
("114 'a-u-eel (a-u-a I v) 'b-a-al ft-u-ia I v)
so-h-mel (a--m I v) 'b-h-Pel (b-h-aa I v)
0 (M-me-lit I) h (h-aulit I)
WMolta (smemo aveltas (list M)
ag-Inila (iMcma-leila (list 9)) shb-tuna (meema sh-iI
(list h))
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mov-afla (nconc sm-affis (list (rn-aft-nil a))) sh-Offl* (nconc sh-aftls (list (h-off-nil hi)))
sg-0al-inti Cnconc ag-nal-infs (list (I-nil 1.0 (a-na-tnt li(h-na-Int 1))))
at-sis (nconc: st-als (list Ct-a-na 1))) at-hls Cnconc St-his (list Ct-h-na 1))))))
(datum na2-plot 0)
Canu-or-no-current)
(sa4 M-10f28 nil at-mis nil sh-inf2* nil at-h28 nil sg-n&2-infs nil *volts* nil sh-efts nil Mo-.ffzs nil)
(do* ((v -100.0 C, v .50))
(m)Ch))
MC v 50.0))
Csetq *a-w-Wa Ca-rn-na 2 v) sb-a-na (b-a-ni 2 v)
s-h-na (i-h-ni 2 v) sb-h-na? (b-h-na 2 v)
a Ca-na-in? 2) h (h-naint 2)
svolts (nconc *volts* (list v))
m-infZs Cnconc en-intZs (list a)) aii-inf2s Cnconc sh-inf2a (list hW
m-ottzs (nconc M-ottzs (list (S-ett-Oa2 a)) %h-ett?'Cnconc 'b-itt?: (list (h-aft-na It)))
2g-na2-ints (nconc ig-na?-ints (list (9-ni? 2.0 Ca-na-inf 2)h-na-inf 2)
wt-a25 (mcnc at-a2* (list Ct-a-na 2))) St-h2s Cnconc st-h?' (list Cth-na 2))))
(datun na-plot C)
(aanu-tor-na-current)
(sotq M-int3* nil wt-mas nil ul-int3s noil at-h3* nil mg-na3-1ota nil 'voltsx nil sb-tt) nil ft-ett): nil)
(don ((v -100.0 C#v .50))
(m)(h))
(0> v 50.0))
Csetq sa-m-nal Ca-a-ni 3 v) sb-a-na (b-a-ni 3 v)
'a-h-Wa (a-h-na 3 v) 'b-h-na) (b-h-na 3 v)
m Ca-na-mtf 3) h (h-na-in? 3)
'volts: (nconc *volts* (list v))
ft-in?)' Cnconc sm-inf32 (list a)) sh-in?): Cnconc uii-inf3a (list hi))
sm-aft)' Cnconc en-etf3s (list Ca-aff-na a)) a'b-at?): (nconc ch-off3* (list (h-itt-na) hi)
29-na3-infa (nconc ag-naS-inf: (list (p-na) 3.0 Ca-na-mtf Si(h-na-inf 3)
at-aS' (ncone at-aS' (list Ct-a-na 3))) St-hIs (nconc at-h): (list (t-h-ne 3))))))
::SOM477C AND MW)fXC-U

Wa

e

(defvar Sgbar-Ca-dans 50.0)
VMcAWSW daOI...54Ot'a-A
04
(detvar abr-Cad-dens 20.0)
Arxdite coe&craem dmt. - V(caa-ard)
Cdefvar abase-tsca 2.0)
(defvar abasi-tica 5.0)
(dei'vars-w-value ('v-halt-s -Z4.0) (8base-rats-$ .10) (i1e,
4.0) ASgMM-s S.1)
('v-halt-v -35.0) ('base-rita-w 0.001) C'valence-w 12.0) (xgmm-v 0.2))
Cdefvar 'gbr-ci)
:'...J-WOR-Ca-CURMN
(defun mnnu-tor-Ce-current 0)
(tv:choose-viriable-vilues
'(xbar-Ca-dana OCa currant conductance density CmS/sq-ml]

snimber)

* Varile Kinetics
('v-half-s OV/1Z for Ca s' :imumb
(sbaaa-rata-s *Alpha-base value for Ca s at V1/20 znuer)
('valance-s 'Valence for Ca $1 : -,er)
('ems-s 06m for Ca a9 :mumer)
(*base-taca flInimn value of activatimn tin constant low]' :nuer
:ON Variable Kinetics
('v-halt-w OV/12 for Ca WO :.er)w

C'bas-rita-v OAlpb-besa value tor Ca W It V112' MA6Or

Sdocainntetian -II ease eako gasting particle futarg)
Covalence-u Vatlance for Ca ws snar)e
(smm-v 06m for Ca vw inuer )
(abasa-bica ONinma value of inactivation tin constant [macI* nuber))
Caet4 Sgr-ca Cuber-ca (surf-area ame-radius)
sI K1I-CA

(datum ki-s-ci (voltage)
(alpha voltage 'v-halt-as bas-rats-s 'valance-s 'gm-a))
:t £2-S-CA
(dtm hZ-s-ce (voltage
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(beta voltage av-half-s abase-rate-a avalence-s agm-s))
A-N-CA
(detain a-w-ce (voltage)
(beta voltage mv-half-v abase-rate-w avalence-w egia-v)
;;;

;;; U-U-CA
(dafun b-v-ca (voltage)
(alpha voltage tv-hal V-v sbase-rate-v evalence-v egia-v)

...
WNJOR-CADCRRWff
(datun menu-for-Cad-current (DENDRXTE-ARRAY segmeat)
(let M(abel (format nil 'Ca current Conductance density In -A segment -2d Em/Iaq-conJ
(aret DENOUITE-AMRAY 0 labels) (. I segment)))
(tv:cboose-vartable-values
,label rnuaber)))
(((agbar-cad-dens
aet (a Caret GENDRITE-AMRAY segment lengths) 3.14159 (aret DENDRXTE-AMY segment dimters)
1.D-8 *gbar-cad-dens)
ENSRITE-ARAV segpet #bar-cal))
(detain gbar-Ce (are)
(* agbar-Ca-dens area LOWI)

.terCOAMiUW madmmt(AskaS)

...
GA-CAD

.ird hdmtt C-chmast conmhc
(detain gbar-Cad (area)
(* agbar-Cad-dens area 1.003))
...
S-CA-M
(datun s-ca-Int Mv
(//(kl-s-ca v) (# Mk-8-ca v)Ck2-S-ca OM))
..7-S-CA
(detain t-a-ca (v
(let ((tau (// 1.0 (*Ckl-a-ca v)(k2-s-ca v)))))
(sa qton-factor-at-32 (if (C asbase-taca) sbase-taca tau))))
...
V-CA-N
(detain v-ca-in! Mv
(//(a-v-ca v) (* (a-v-ca v)(b-v-ca v))))

(microS)

r:-V-CA
(datun t-v-ca (v
(let ((taun (// 1.0 (# (a-v-ca v)(b-v-ca v))
(* *qta-factur-st-32 (if (( tau *base-tvca) abass-tvca tau)

::Cod-CURJWNT

(detain ca-current (gbar-ca s-ca v-ca v)
((g-ca gbar-ca s-ca v-ca)
(v (ca)
;: -Cod
(defun u-ca (gbar-ca s-ca v-ca)
(if(( v-ca 0.001) (satq v-ca 6.0))
(s Oba-Ca s-ca a-ca v-ca v-ca v-ca v-ca))
-:-CA-5fl V-Cd-IF?
(detain s-ca-at! (s-ca)
(it I< s-ca 0.001) 0.0
0~ s-ca 2.0))
(detain v-ca-at! (v-ca)
(it(( v-ca 0.001) 0.0
(^ v-CA 0.6))
.. CA-PLoT

(dtars mo-ca-Inas wo-c-a-lt as-ca-aft fta-ca-effa
at-a-esm at-v-ca.: ag-ca-late)
(datum ea-plot ()I
(manu-fer-ea-ewreat)
(s"tq eWltsalnl s-ca-late nil as-ca-Inte nil mi-cm-ettsalnl ma-ca-aff
at-s-cas nil at-w-cas nil ag-ca-intsalnl)
(do ((v -100.0 (ov 0.5)))
MC V 10))

(504q

s-caft
a-s-lates
s-cm-atta
as-co-ette

(maie a-ca-late (list (v-ca-ia! v))
(Acac as-ca-lna (list (a-es-Ni V))
(ace s-ca-aff (list (v-as-ott (v-ca-ia! V)
(incm as-ca-afta (list (aca-at! (a-ca-tntF OM)

at-a-asf (Boe at_-s-ca (list (t-a-ca v))
at-v-as* (acoac: st-v-ac (list (t-v-ca VM)
avolts* (Boealto Mia
it v))
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ail

ag-cs-infa (nconc ag-ca-inta (list (g-ca 1.0 (a-ca-in? v)(w-ca-Inf v)))))))

PerA'Ma Cchu.ft Owkwa
C&daw atrtar a rqwertd byw
.Mano eaiMis. Old liliS.
::,Irem dAIftla Me. IV Wis of "13MW,it is ietanuisnd that tMb wrest I&hw a-I
wM40MO IF4 Inrd
0rest wish ea Wd Poatssd .aoudOM V. 7ANS it is madw. et htoA
qVei awe msatdlp c""pria th
:;: arrest.4~
w
(dinfvar se-cms 0)
..:. eeehctme In mlr-MO
(delver agbr-Cau .AN)
(dufun t-x-cas (voltage)
(Ignore Voltage)
75.0)
Aath ins~ten Pdre.
....
-WWe"&Stat. are foWjr
(defun x-cas-intf (voltage)
(let ((midpaoint _30.o)(staepnss 3.60))
(// 1.0 (# 1.0 (sip
midpoint voltage) steepnes))))))
... ASCURWTf
(dufun cas-current (x-cas voltage)
(a sar-cas, x-cas (- voltage se-cam))
...
CAS-PLOT*
(defvars ax-cau-infa st-x-cas)
(defufi cms-plot 0)
(Se4q ax-cm-in?. nil avolts nil 5t-x.Ca nil)
(do (Cv -100.0 (+v 6.5)))
((), v 50.0))
(se4q ax-cainf* (nconc X-CM-i"I's (list x-cm-KIw v))
at-i-cm.*(ncoec st-x-casa (list t-i-ces v))
*volt&* (nconc *volts* (list M) ) ))

...
Ca.'sIWLL WImmNJ7.ATONAND Ca.R

Z LPZN

d S

I

xftiaqy we will im a sople iewppdom .1 Ca..mwmWtoI a thin hAxi wShrrawh Me an
n:awuhram. Mhimad, wil Inrdhe #COetlhiSK0 Of the tar,) C&* PwrSt ft' mw ad dow), ad thWis
orer ram ore, afCa..vie as embinatleu of dij'fesio adVw binding tAt Ise&yread wit 'IMixe Pat
constant. MhS treatment ISmeddmled after 7kmh ad lt4m~
...Oew
Mioe. Wih te "Mie

Als

-

I:C..~ a.f~ue~.ern#
(defter sfareday 9.6~.)<&nA
(detvar 2A 8.314)
(del'ver acore-on 50.0-6)
(defver ace-coen-sell-rest, 50.00e-6)
(defver aca-caftc-shell2-rest 50.et-6)
Cdefvers-w-value Mbeell-depth 0.25)
(OFIC6-sml1ell1 2.4410-11)
(spicis-ll -core
1..?
(aalps-shmell 0.901))

((fCa4.efdC.)i2)*ftwwmj
d
Aw m &W (IP'ft

.;=M

kwilmh*(DeveaahtWdSAV)

ANO
'Mmins
:Na~fled Rate in In e egl
bten~l
a
""'aeM
ee~t
e~grd#AWJ
JP~mWM~a~fMM@"'M

.ldelvars-w-value (sabelll-vol
(a asbell-depth 1.33333 3. 1415 1.80-12
*
sseme-radius soee-radius ssbell-shelll-ratio)) MW~rsvjeent
*
*
(sae1l-vol
(5sabtell-depth 1.33333 3.1415 1.60-12
*
~~~seem-radius asam-radius (. 1.1 fthIell-abell-ratte)))jae~~.m
*
(defun ce-cone-abel 1-dt (total -ca-current abel -cisc abelI1-conc)
(a sft (o (// (a -1.6 total-ce-emrrent 1.Se-4)
(a 2.0 stareday
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Abw werft fir ow

~A

*shell-depth l.a-C
'saom-radius 'sm-radtus 1.3333 3.14150 1.0.S 'alpha-shell))
C- shelll-cosc shelll-cocc)
(IC *Cks-shall-Shell
(s'shell-depth 1.0e-C
'am-radius 'sm-radius 1.333 3.14159 1.Ge-S 'alpha-sholl))
icks-shell-core C- score-conec shelll-conc))
(IC
Cs shall-depth 1.0.-O))
(detun ca-conc-shell2-dot (shell-conc: shelll-ccc)
Csfst C. (aC' icks-shell-shell (-shell-cosc shell2-conc )
C' 'shell-depth 1.00
'ama-radius 'som-radius 1.3333 3.14159 1.0.-S C- 1.0 'alpha-shall)))
C/I (* sticks-sholl-core (- acoe-coe shelll-conc))
(a 'shall-depth 1.De-C))))
(defus e-ca 0)
Ca .04299 (. 'tesiperature 273.0) (log C// sca-conc-extra Caret SONA ca-conc-shellt)))))
...
PLOT' V
(dets. plot-tv 0)

CSetq 'tv-currents fil 'tv-voltage' nil)
Cmes-tor-scm-goetry-and-passive-caapom mts)
Cumenu-or-sm-currents)
(do
((voltage -00.0 C. voltage 0.5)))CC> voltage 50.0))
Clot ((voltage-index (.1000 Ctixr (a10 voltage)))))
(setq 'tv-currents
(nconc St v-curret'
(list (if
(Isinclude-dr (dr-current Caret x-dr-inf-arra

vltage-index) 1.0

(it 'tnclude-c (c-currant Caret K-c-tnt-array voltage-index)
Caret y-c-tnf-array voltage-index) voltage) 0)
(if*tncluda-q C' (aref 30MA gbar-qS)Caret x-q-int-array voltaga-Index)C- voltage 'a-k)
0.0)

(it'include-n Cm-currant (aret x-u-tnt-array voltage-Indes) voltage) 0
Cit 'include-a Cacurrant Caret x-a-int-array voltage-index)
Care y-a-int-array voltage-index) voltage) 0)
(it*include-sal (sal-currat (aret IOW gbar-nalS) Carat wnal-tnt-array voltage-index)
Caret h-sal-tnt-array voltage-index)
voltage) 6)
Cit sinclude-na2 (sal-currant Carat 30NA gbar-nalS)(aref r-sa-tnt-array voltage-index)
Caret h-sa-tnt-array voltage-index)
voltage) 0)
(ifstnclude-We (na-currant Caret IOW gbar-WaS)(art im-nal-inf-array voltage-index)
Caref th-se-tnt-array voltage-index)
voltage) 0)
(tt'include-sap (sap-currant Caret 30NA gbar-napl) Caret x-nop-tnt-array voltage-index
Voltage) a
Cit 'include-ca (ca-currant Caret IOW gbar-caS)Caret s-ca-tnt-array voltage-tndex)
Caret v-ca-tnt-array voltage-index) voltage) 0
(it sinclude-cas Ccas-currant Caret x-cms-tnt-array voltage-index) voltage) 0)
Cl-currant voltage)
Cit sinclude-shunt C*ag-electrode voltage) 0)
C- st-constast-Ii-etta)))
'tv-voltw e(anc siv-voltage' (list voltage)))))
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