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Abstract

Biophysically detailed models of single neurons which draw on a wide variety of experimental and theoretical
foundations are increasingly important in the understanding of the functional role of various cellular mech-
anisms. In this paper, such an approach is detailed for pyramidal neurons of the hippocampus. Included
1s a review of the experimental literature, descriptions of biophysical models appropriate for the analysis
of single cell behaviour, a comparative review of several published models, and parameters for an updated
model of this cell type.
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1 Introduction

A neuron model organizes, collates, and directs our expanding electrophysiological and biophysical knowl-
edge. This chapter reviews single neuron models, with hippocampal pyramidal cells (HPCs) as the reference,
emphasizing the integration of electrophysiological data and biophysical theory into a cohesive hypothesis.
We discuss the process of translating data into specific mechanistic hypotheses. We critically review the
parameters and mechanisms that have been used in several models published to date, comparing their pre-
dictions with the data and against each other. A final goal is the description of an updated HPC model that
may be a reference for future refinement and elaboration.

1.1 Neuron Model Evolution - Following Electrophysiology

Single neuron models, inspired by the remarkable success of Hodgkin and Huxley (1952b), have evolved in
fits and starts in parallel with advances in experimentally-based (wet) understanding. Happily, the tools for
both approaches have become more sophisticated and easier to use - consider the widespread use of patch
clamp setups and sophisticated neuronal simulator programs (cf. sharp electrode protocols and SPICE).

Unhappily, while in the experimental realm natural constraints can be relied upon - barring gross mis-
handling of the data, brain tissue sets the rules - the Garbage In Garbage Out maxim in computer science
is a ubiquitous gnat in simulations. Thus, for wet experiments biology sets the “equations”, and the job
of the electrophysiologist is to be clever and careful enough to read the results. With dry experiments, the
experimenter-programmer defines both the input and the black box, exposing the result to a much greater
possibility of error.

The success of the Hodgkin-Huxley model of the squid axon and the associated NaT and KT channels
was due to at least two reasons. First, there was a scientific design in which experiment and theory were
directly intertwined (with good fortune, Hodgkin 1976). Second, the system under scrutiny was relatively
simple and well measured, with two dominant and separable non-linear components and very good space
clamp of a large accessible structure. All the model parameters were taken directly from data (more or less,
in the case of gating particle exponents) and, in retrospect, it is not completely suprising that such a model
reproduces “itself” so well.

On the other hand, applying the Hodgkin-Huxley approach or extensions of it to neurons in which many,
or in fact most, of the parameters are not directly measurable has been more problematic. This difficulty
stems from at least the following factors. First, it is difficult to constrain the free parameters of non-linear
dynamical systems in order to uniquely reconstruct some data set - a minimal data set 1s hard to specify
and there is the possibility of multiple formal solutions. Second, most non-linear modelling is accomplished
with fairly easy to apply, robust numerical methods; thus it is not too hard to get something that “looks”
reasonable, even when bugs linger in the code or understanding.

That being said, detailed, carefully constructed and qualified single cell models can yield useful insights,
suggest testable predictions, and assist in quantitative comparison of data from different sources that describe
the same phenomena (Borg-Graham, 1987¢, Bower and Koch, 1992). The intent of this chapter is to point
out some of the pitfalls as well as useful strategies in this process.

The ultimate utility of these models is for understanding the role of individual cells, particular channel
types, or other mechanisms in brain physiology and pathology. For example, the identification of several
membrane currents as the principle effector of various components of the voltage response of a cell - e.g. Iop
and the fAHP, /4 p and the sAHP - is well-established. Correlations between instrinsic, low-level phenomena
and disease states have been reported, e.g. alteration of various phases of spike repolarization and repetitive
firing characteristics in scrapie-infected mouse HPCs (Johnston et al., 1997). More ambitious proposals
include assigning specific membrane potentials, and by implication their causitive membrane currents, to
cognitive phenomena, e.g. the proposal by Lisman and colleagues as to the role of the sSADP in short-term
memory in hippocampus (Jensen et al., 1996b), or the possible link between lithium-induced spike broadening
and enhanced synaptic transmission (Colino et al. 1998).

Although much progress remains for the predictive success of this level of model (see for example Gold-
stein and Colatsky, 1996 in relation to channel models), given the increasing confluence of experiment and
theory, this is indeed an exciting time for this fundamental component in the evolving field of computational
neuroscience.



1.2 Neuron Model Evaluation - Following the Parameters

In this chapter we shall review both the experimental basis for model parameters and the interpretation of
these parameters in various published models. In the process of analyzing the modelling reports, it became
clear that a significant obstacle was the difficulty of reproduction, independent of any issues associated with
specific interpretations of the electrophysiological data - essentially every model analysed within this review
(including the author’s previous work!) presented various degrees of internal inconsistencies at the parameter
or equation level. In some cases, consultations with the authors resulted in the necessary corrections (e.g.
typographical errors); in others, careful analysis and adjustment of model parameters bore fruit. We believe
that the essential problem is that of reliable communication of the large parameter sets characteristic of
these sorts of models. To this end, the parameters presented here are available on-line in the Surf-Hippo
neuron simulator distribution (Borg-Graham, 1995; see Section 3.5). Readers wishing to use the mechanisms
described in this chapter thus have convenient access to the relevant parameters, with the benefit that
updates to the on-line parameters will be made as warranted by future work or contributions from other
workers.

A recent collection of papers describing single neuron models, including hippocampus (Claiborne et al.,
1992 and Brown et al., 1992), is found in McKenna et al. (1992). Segev (1992) discusses various issues
regarding the level of detail appropriate for single cell models, and a review of models focusing especially on
computations in dendritic trees has been written by Mel (1994).

1.3 Why Hippocampus?

Models of many cell types, and just about every brain region, have appeared in the last decade. Models
of hippocampal cells are of particular interest because the electrophysiological literature on these cells and
the hippocampal region is especially rich - HPCs are among the most studied cell type of the mammalian
brain, and the circuitry of the hippocampus is known to a large degree. While there are certainly functional
physiological differences between cortical cells of different areas, and between cells within the same area
(see Section 2.7 for how this applies to the hippocampus), choosing the HPC as a representative, canonical
cortical pyramidal cell is not unreasonable.

The data and models in this chapter derive mainly from studies of HPCs in the CA1-CA3 regions in
rat and guinea pig. Data from both sharp electrode and patch electrode recordings will be considered and
compared, with the majority of cases being from the in-vitro brain slice preparation. Occasionally, specific
references will be made to data and models of non-pyramidal hippocampal neurons (interneurons, cells of the
dentate gyrus), cortical pyramidal neurons and other neurons - such references are intended to be illustrative,
not definitive.

1.4 Organization of This Chapter

There are several interrelated themes to this chapter:

e Model components - anatomy, linear properties, channel models, concentration dynamics
e Review of HPC electrophysiology
e Review of HPC models

e New model structure and parameters

We focus on a single cell model that reproduces the intrinsic behaviour of a neuron, whose elements
include the linear membrane properties and the variety of voltage and 2nd messenger gated channels which
shape a cell’s response. The discussion is primarily on properties observed from responses to intracellular
current or voltage stimulation, as opposed to synaptic stimulation; occasionally we will mention single neuron
models in the context of network models. Likewise, our view of the neuron here is in the context of relatively
short time scale dynamics, under the assumption that the basic architecture is stable. The resulting model
could serve as a starting point for looking at longer time scale phenomena, such as plasticity.

We start with a review of the electrophysiological methods from which model data is derived, since
parameters relevant to a given mechanism or phenomenom can strongly depend on the experimental protocol.
We then present a discussion of neuron model methodology, the components that go into single cell models,
and what these models may be used for. This is followed by a discussion of the morphological component
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of cell models, and estimates of the linear properties of HPCs. Next, the phenomenological templates that
constrain model mechanisms in HPCs are presented, including the important issue as to what makes some
cells burst and others not. Next, we review some of the published models of HPCs, with emphasis on
single cell models. This is followed by descriptions of various models of channel biophysics and concentration
dynamics, with a review of the data regarding activity driven changes in intracellular Ca?t. We then describe
electrophysiological data and models concerning sodium channels, calcium channels, potassium channels and
other channels of HPCs. We close the chapter with selected examples of model simulations.

At various points in this chapter we will propose parameters and show results for a relatively simple HPC
model, referenced to as the Working model. This model is intended to illustrate some of the issues discussed
in the chapter, and sample simulations will be shown of some key behaviours - all traces in this chapter are
from either this model or examples of more elaborate passive anatomical models.

We assume that the reader has an introductory exposure to cable theory, compartmental modelling
techniques and electrophysiology - throughout the text we shall mention appropriate background references.

2 The Database for Single Neuron Models

A reconstruction of the neuron’s electrical properties is a test of the electrophysiologist’s basic, reductionist
starting position: the total response of a neuron arises from an ensemble of channel types, each of which is
characterized by protocols designed to describe it individually using some combination of electrical (voltage
clamp or current clamp), pharmacological and kinetic isolation. Many mechanisms contribute to particular
characteristics, and it is of considerable interest to understand which of these mechanisms are physiologically
modulated (Kaczmarek and Levitan, 1987). Observed variability of the cell response may have a profound
implications on the computational role of the neuron - one goal of a model may be to determine what
variability 1s “real” and what 1s a function of the experimental setup.

In this section we describe some of the characteristics and limitations of the experimental procedures
from which model parameters are derived. Different experimental techniques can give different values of
model parameters, therefore it is quite important to understand the variety of procedures in order to better
integrate data for different sources. Useful introductions to practical electrophysiological technique can be
found in Kettenmann and Grantyn (1992), The Axon Guide (Sherman-Gold, 1993), and in Sakmann and
Neher (1995).

In reality, isolation of specific mechanisms is rarely, if ever, completely possible, notwithstanding the
issue of the potential lability of channel properties under various recording contexts (in-vivo, slice, culture,
electrode type, etc.). An integrative model, therefore, must incorporate the available data with a certain
flexibility - all the models referenced here base their channel models with varying degrees of fidelity to the
literature. The model parameters that we will develop in this chapter are molded in this context, that is as a
hypothesis of specific mechanisms which may suggest additional tests, and are constructed so that parameter
evolution is as incremental as possible.

2.1 Voltage Clamp Versus Current Clamp

In an ideal electrophysiology world voltage clamp data would supply parameters of voltage-dependent pa-
rameters directly, and the reconstruction of current clamp protocols would follow accordingly. But despite
the necessary working assumption by electrophysiologists that voltage clamp will yield a “purer” picture of
channel behaviour, the direct insertion of voltage clamp data plus assumptions of kinetic mechanisms (in
particular the Hodgkin-Huxley model, Section 8.3) into current clamp simulations typically fails. The reality
is that for all but a very limited set of circumstances, the available voltage clamp data can only provide a
framework for parameter estimation.

There are two reasons for this. The first has to do with limitations inherent in the various types of
voltage clamp preparations, which include intact cells or reduced preparations (cultured or isolated cells).
The major problem with intact cells is that accurate voltage clamp is limited to membrane near the point
of electrode penetration, so that currents arising from distant, poorly clamped membrane may distort the
results. Model-based discussions of these sorts of errors are given by Miiller and Lux (1993), in the context of
voltage-dependent membrane, and Spruston et al. (1993), looking at synaptic events (see also Johnston and
Brown, 1983). On the other hand, in the reduced preparations the control of membrane voltage is better but
the isolation or culturing methods may alter the cellular properties. For example, occasionally reports using
the reduced preparations include representative current clamp behaviours, and the spike characteristics and
firing patterns typically are quite different from what is considered “normal” (e.g. Sah et al., 1988b).
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The second reason derives from the fundamental challenge for any experiment for elucidating phenomeno-
logical mechanisms: the decision as to which are the most important dimensions of the experimental pa-
rameter space. In other words, since usually it is impossible to measure everything, the primary question
in experimental design is how best to place the bet. When electrophysiological mechanisms are analyzed
with voltage clamp methods, the protocols are designed assuming a kinetic model, even implicitly; thus mea-
surements are specifically chosen in order to characterize that model. For measuring membrane currents,
the model is usually the Hodgkin-Huxley model. However, there is increasing evidence from both single
channel data and macroscopic channel modelling that this kinetic model is inadequate for certain currents
(see Section 8). For this reason, and since the system is non-linear, it is quite possible to miss important
characteristics if they are not measured explicitely (the great advantage of linear systems analysis, of course,
lies in the comprehensiveness of the impulse response).

In summary, since our aim is to describe a model that reproduces functional characteristics, we place
an emphasis on the reproduction of properties seen under current clamp. Voltage clamp data is used to
estimate parameters, but not necessarily for direct reproduction, unless that data was obtained under more
or less “normal” conditions.

2.2 Single Channel Versus Macroscopic Currents

In a similar vein, in principle one should be able to record single channel properties; including kinetics and
density, and then apply the results to whole cell models. However, there have been few reports of this
approach to date. One difficulty is that there may be significant alterations in channel behaviour when going
from the single channel recording environment to the “natural” state. We have tried this approach for some
descriptions of Na™ channels (Section 10.2.3) with limited success at reproducing expected macroscopic
current behavior (see also Destexhe et al., 1994). In particular, the limitations of whole cell models based
on measured channel densities (see for example Section 6.9) may reflect, among other things, an inadequate
kinetic description.

2.3 Type of Preparation

Electrophysiological protocols for measuring electrical properties of neurons in toto and specific currents use
a wide variety of preparations, each with its own advantages and disadvantages. Interpretation of data must
take into account how the relevant protocol compares to that corresponding to reproduced behaviour. As
stated at the beginning of the chapter, the assumed standard condition is the slice preparation, using either
sharp or whole cell patch (Sakmann and Neher, 1995) electrodes. Note of course that this standard, dictated
by the primacy of this preparation in the literature, is rather arbitrary if we are eventually interested in
undestanding the “true” state of the cell. Consequently, we can assume that if the slice (Alger et al., 1984)
is the benchmark preparation, then data from, progressively, acutely isolated cells, cultured slice (Thompson
and Ga&hwiler, 1992), and finally cultured cells may require more flexibility in the interpretation. Likewise,
perforated patch! and on-cell (cell-attached) patch recordings (Marty and Neher, 1995) are incrementally
further removed from the control case.? Similar considerations apply to the age of the animal, species, and the
hippocampal subfield in which the HPCs are found (for example, the degree in which properties of CA3 cells
may be definitive of CA1 cells, or vica-versa, may depend on the specific mechanism under consideration).
Additional considerations for interpreting sharp versus patch electrode recordings are discussed in Section 2.8.
A review of the variables implicit in the techniques for slice electrophysiology is given by Reid et al. (1988).

From the point of view of parameter estimation of specific channel properties, the slice preparation
allows recordings of cells with minimum disruption of the membrane properties and morphology, with the
disadvantage of limited access for pharmacological manipulations and poor control of membrane voltage.
Isolated cells, on the other hand, allow better control of the cell’s extracellular environment, and better
voltage clamp due to truncation of the dendritic tree. It follows then that recordings from isolated cells
will tend to emphasize somatic membrane properties, rather than dendrites, an important consideration
when postulating the existence of a given dendritic channel based on isolated cell studies. While cultured
preparations may offer better access and control than intact or isolated preparations, these techniques may
significantly alter the expression of biophysical mechanisms. A further caveat with the culture technique is
that direct identification of pyramidal cells per se is not possible.

'n principle the perforated patch technique may give a better picture of the “true” physiological condition, however it as
yet cannot be considered the standard since the literature using this technique is relatively sparse.

20n the other hand, in theory single channel measurements from the cell-attached configuration should provide the most
unambiguous picture of detailed channel kinetics.



2.4 Kinetic and Pharmacological Dissection

Pharmacological and kinetic techniques are often used to isolate individual non-linear components of the
cell response. Neither method 1s perfect, since both the sensitivities to various drugs or chemicals and the
time scales for activation/inactivation may overlap. In the case of pharmacological studies, it is also quite
important to consider the side-effects of a given “cocktail” in the interpretation of published results.

For example, the choice of the electrode solution is a critical factor in determining which currents will
be observed. Certainly the standard procedure is to include or exclude specific ingredients in the pipette
with this in mind. This situtation is more critical in the case of whole cell patch recordings, because of
dialysis of the intracellular medium by the pipette solution. For example, Zhang et al. (1994) have done
a recent systematic study on the effect of various whole cell pipette solutions on one hallmark of the HPC
response, the slow after-hyperpolarization (sAHP, Section 6.4.4). The authors found that the sAHP (and
associated accommodation) was very similar to classical results when the patch electrodes were filled with
KMeSO,4, whereas other commonly used patch pipette solutions attenuated this response. The KMeSO4
patch recordings were also very similar to KMeSOy-filled sharp electrode recordings presented in the study.

While adding some pharmacological agent or blocking ion, either to the bath or pipette solution, is the
more obvious way of isolating specific currents, manipulation of the effective concentration of a permeant
ion can also be an important part of a given protocol. For antagonist actions, replacement of an ion with
an impermeant one may be used. For example, while extracellular C'st is known to be a specific blocker of
Io/Ig (Section 13.1), recording with an electrode solution whose principal cation is C'sT (“cesium loading”)
has a general K+ channel blocking action, simply because there are no K+ ions to flow out, and KT channels
typically have a low permeability to C'sT.

Increasing the gradient of Kt or Na% is often used to enhance the respective currents, but the already
high gradient of Ca®T requires other strategies. One approach is to replace Ca’t with Ba?t, which has a
higher permeability than C'a?t in many C'a®t channels - in the later discussion on C'a®t channels there will
be references to both measurements made of C'a?* currents and Ba?t currents (via C'a?t channels) for this
reason.

Another factor in the expression of various neuronal properties is the pH of external environment, and
the buffer system used in the preparation. While a modulation in pH per se is linked to various pathological
states in brain tissue, and concomitant changes in firing behaviour, the dependence on buffer system is of
particular relevance to the in-vitro situation, and the subsequent interpretation of reported experiments.
Church (1992) has examined this for rat CA1 pyramidal cells in the slice, and found several properties which
depend on whether an HCO3-COy or HEPES-buffered medium is used. He found that a switch from the
former to the latter system caused a fall in F,.. s, a rise in spike threshold, a reduction in R;,, and a reduction
in rectifying responses around FE,s:. All major phases of after-hyperpolarizations following spikes (fAHP,
mAHP, and sAHP; see Section 6.4) were also reduced, and consistent with these reductions was a reduction
in spike adaptation. The HEPES-buffer also blocked current-evoked bursting activity in those cells that
burst under the HCOZ;-COs-buffer.

2.5 Temperature Dependence

In general the kinetics of biophysical mechanisms are temperature dependent, and this dependency has been
characterised in a variety of theoretical descriptions (see discussions in Tinoco et al., 1978 and Hille, 1992).
A major, and difficult, consideration in integrating data from different sources is taking this dependency
into account, since it is often the case that a model’s data base may include experimental conditions with
temperatures ranging over 10°C.

While a few studies of channel kinetics have included temperature as an experimental variable, in general
the @10 of a mechanism must be postulated (@10~ 3 is a typical assumption). All Working model parameters
presented in this chapter will be nominally adjusted for room temperature, but additional refinement to
account for temperature will be necessary.

One of the few explicit studies on temperature and HPC responses was reported in Thompson et al.
(1985). They describe a strong temperature dependence of R;, (see Table 1), various spike characteristics
(see Table 2), afterpotentials (see Section 6.4.4), and spike adaptation, for temperatures ranging from 27 to
37°C. Briefly, they found that E,.s; and the amplitude of the initial spike in response to a current step was
not significantly changed by the temperature, but that reducing the temperature increased both the sAHP
and the adaptation of spike trains, and reduced the spike amplitude for spikes after the first spike in a train.
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2.6 Age Dependence

Various cell properties depend on the age of the preparation, in particular at early developmental stages
(e.g. see work on the characterization of KT currents with early development by Spigelman et al., 1992), or
very old animals (e.g. see Landfield and Pitler, 1984; Thibault and Landfield, 1996; Campbell et al., 1996).

There is a somewhat implicit correlation between properties recorded with patch electrodes and the age
of the animal, since in general patch recordings are done on younger animals (before P25 in rat), whereas
sharp electrode recordings are done at essentially any age.

2.7 Hippocampal Subfield Dependence

Are there fundamental differences in the electrophysiology between pyramidal cells in the various hip-
pocampal subfields? The traditional view is that certain basic firing types correlate with subfield: regular-
spiking cells predominate in CA1 (Schwartzkroin, 1977), and bursting cells are mainly in CA3 (Bilkey and
Schwartzkroin, 1990). A more refined view from Masukawa et al. (1982) was that bursters are found in both
subfields, but primarily on their lateral borders (CAla, CAlc, CA3a, and CA3c), while the medial parts
(CA1b, CA3b) showed regular spiking responses.

Clearly there are (sub)regional specializations, but whether these imply fundamental differences in the
cells” intrinsic mechanisms is still open to question. The recent result of Jensen and colleagues (Jensen et
al., 1994; see Section 6.7) that an apparently normal looking regular spiking cell can be induced to look
like a bursting cell by (among other things) lowering [K*], is an indication that the differences are more
quantitative than qualitative. Along these lines are the demonstrations by models of Traub et al. (1991)
and Migliore et al. (1995) showing how non-drastic quantitative modifications in the distributions of non-
linearities in the same basic structure could account for the various electrophysiological types.

2.8 Differences in Firing Properties Between Sharp vs. Patch Recordings

In Section 5.2.1 we will discuss the different “passive” properties of HPCs recorded with sharp microelectrodes
versus whole cell patch electrodes. It is also important to consider whether or not there is a difference in
firing properties between the two techniques. To date this question has not been specifically addressed in
the literature, other than the paper by Zhang et al. (1994) discussed above.

A very basic and perhaps obvious point to keep in mind is that the size of stimulus currents used for
whole cell patch recordings is typically on the order of a fifth of that used in sharp electrodes, because input
resistances with patch electrodes tend to be higher than that for sharp electrode recordings (Section 5.2.1).
Thus, for example, current clamp recordings using sharp electrodes will typically use stimuli on the order of
0.5 to 2.0 nA to elicit spike trains, while with patch electrodes similar responses are evoked with typically
0.1 to 0.5 nA.

In the perforated patch recordings by Spruston and Johnston (1992) the examples shown of firing patterns
for the pyramidal cells deviate from the classical pattern. Spikes were followed be strong hyperpolarizations
that are more reminiscent of interneurons (see discussion of PHPs in Section 6.1.2) and thus look very “non-
pyramidal”. Since these trajectories reflect activation of significant conductances, and can have a strong
effect on various firing properties, this discrepancy may be more than anecdotal. For this reason it may be
of interest to examine in more detail particular characteristics of perforated patch recordings (this pattern
can be seen in sharp recordings, however, e.g. Deuchars and Thomson, 1996).

A careful analysis of current clamp artifacts intrinsic to the design of several popular patch-clamp ampli-
fiers has been presented recently by Magistretti et al. (1996). They show that the additional feedback loop
in these circuits introduces significant distortions of fast events, in particular action potentials, including
overestimation of spike amplitude and after-hyperpolarizations. Interestingly, due to the simpler input stage
design of the classical “bridge-mode” amplifiers of the sort typically used with sharp microelectrodes, a prac-
tical result is that these signals are more faithfully recorded using the “older” amplifier design (note that
the study of Spruston and Johnston, 1992, used an AxoClamp amplifier, which is a “bridge-mode” design).

Magistretti et al. proposed a modification to the patch clamp amplifier circuit to circumvent this problem.
In summary, quantitative analysis of current clamp patch electrode recordings must take into account the
hardware used to a greater extent considering that this issue was probably somewhat taken for granted
previously. For the purposes of this chapter, with respect to quantitative parameters of spikes we shall place
more emphasis on data made with sharp recordings.
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2.9 The Measured Voltage

A final consideration in reviewing electrophysiological data is the accuracy of measured voltages in light of
two main types of artifacts. The first 1s the presence of a tip potential which derives from the different
ionic composition of the intracellular milieu and the electrode solution, which may or may not be correctly
estimated. The second artifact arises from the resistance of the electrode generating a voltage drop when
current 1s passed. This property may be compensated for by either bridge circuits or by switched clamp
protocols, but perfect compensation is difficult especially when the currents are large. In sum, these artifacts
can generate errors on the order of a few millivolts, depending on the experiment, and should be considered
in the quantitative evaluation of measured cell properties.

3 Strategies for Single Neuron Models

Single cell behaviours that we may choose to model form a large dimensional space, considering the possible
variables which define the context of the model (form of the input, chemical /pharmacological milieu, tem-
perature, species, cell type, etc.). Basic subsets of the model behaviour include the linear or quasi-linear
properties of the cell and the basic firing patterns observed in the slice preparation in response to intracellular
current injection or activation of extrinsic (afferent or orthodromic) pathways. As mentioned earlier, in this
chapter we shall primarily, but not exclusively, consider intrinsic stimulation.

3.1 Building the Model

If we assume that the mechanisms that determine single spike characteristics are shared to some degree with
those that determine repetitive firing, then a resonable strategy is to start small and work up. Thus, in
constructing a single cell model a first step can be to reproduce a single, isolated spike, and then extend the
description to match various repetitive firing characteristics. Tractability encourages this initial hierarchy,
especially since it is quite common for the set of model parameters that satisfy one behaviour to be disjoint
from that which reproduce another. In particular, since parameters that work well at one time scale may
fail on another time scale, the process of parameter fitting is profoundly iterative.

Concentrating on reproducing responses to current stimulation assumes that derived mechanisms will
respond correctly to properly characterized synaptic input. Thus we assume that dividing the modelling
effort into two distinct parts - synaptic versus non-synaptic mechanisms - is a reasonable strategy, despite
the obvious direct overlaps between the two (e.g. synaptic channels with voltage dependencies).

Often an additional assumption for single cell models is that many channel properties can be reproduced
to a good first approximation by neglecting dendritic channel distributions and placing all non-linearities at
the soma (see Section 4). A related issue, when considering synaptic input, is the non-linear effect of the
dendritic tree on synaptic integration (see Section 5.5).

3.1.1 The Relevance of Accurate Conductance Models

It is important to emphasize that these considerations imply that models built with reduced representations
of input/output mechanisms - e.g. at one extreme integrate-and-fire models, with perhaps simple adaptive
mechanisms - may neglect crucial elements. This 1s a difficult question, since large network models require
some simplification in order to be testable in any practical way.

A challenge of formulating a neuron model is that such models are often underconstrained: at one
extreme, a wide variety of kinetic descriptions can give rise to a stereotypical action potential. As will be
pointed out later, various published HPC models use quite different kinetic parameters for the membrane
channels, for example in characterizing the Na%t current (Section 10).

However, the detailed dynamics of a neuron’s conductance state that arise from intrinsic properties may
be quite important for understanding the interaction between synaptic (that is, conductance-based) input and
the action potential output. Simplifications that decouple input integration and firing properties may neglect
or misconstrue important effects (Holt, 1998), especially since the conductance changes of functional synaptic
input can be several times the cell’s resting conductance (Borg-Graham et al., 1998). Tt is not sufficient to
assume that a model which generates a realistic-looking voltage trace under some limited stimulus conditions
can adequately predict neuron output in response to synaptic activation.

In summary, the development of reduced models, appropriate for network models, should derive from a
careful analysis of the more complete type of model described here, with as full an understanding as possible
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of what may be lost by the simplification.

3.2 Parameter Searching

As alluded to earlier, a non-linear system of many parameters is likely to have many local error minima
with respect to the reproduction of a given behaviour. At some point it becomes important to decide
(usually implicitly) which minimum is closet to the “best” solution. To my knowledge no formal method for
avoiding this problem exists (but there are attempts - see Bhalla and Bower, 1993, also Foster et al., 1993).
Therefore a specific choice of parameters for these models should be considered as a possible solution, open
to the possibility of further refinement. Indeed, as will be demonstrated in this chapter, the parameters of
published models tend to be quite distinct from one another, and tend to work only in a limited testing
domain.

Of course, the very notion of an “error” in the output of a simulation implies that there is some specific
data that we are trying to reproduce. One of the goals of this chapter is to present the quantitative variation
of a few aspects of HPC output, at least to provide a neighborhood of behaviours for which single cell models
may be designed to match. Certainly this list is incomplete, and it is difficult to say a prior: whether or not
these aspects are crucial for what a neuron is really doing.

3.3 Model Robustness and Validation - As Robust As Nature?

Assuming that we have chosen something to reproduce, quantitative fitting of cell models to data is hampered
by the fact that first, biology is probably quite variable and second, biological measurements are definitely
variable. This situation is often exacerbated by the experimental design and/or presentation of data in the
literature, which may not be well matched for the derivation of model parameters (Bower and Koch, 1992,
Foster et al., 1993).

For example, quantitative parameters are almost always presented as averages (+s.d.) over a group of
cells. However, these statistics say nothing about the intrinsic variability of each cell. This information
may be even more important when more than one parameter, say A and B, is measured: model parameter
estimation may be very different if there is a significant covariance between A and B.

A related issue is parameter sensitivity, or fragility, of a given model. In some respect the biology of
neurons is not very fragile, in that many basic behaviors at the cellular level are maintained over some
non-zero range of parameters (e.g. temperature, extracellular constituents, measurement techniques). The
problem is to predict the relationship between the sensitivity of neuronal phenomena to that of experimental
parameters, and the sensitivity of model behaviour to that of model parameters.

In our work we use the following ad hoc criteria with respect to parameter precision (and by implication
set a criteria for robustness): every model parameter is constrained to at most 3 significant figures, with the
majority having only one or two significant figures. This is a bit more conservative than allowing the unit
step of a given parameter correspond to the likely range of the parameter divided by 30 to 300 (Sokal and
Rohlf, 1981).3

Another test of model design is the consistency of parameter precision for a particular mechanism.
Different mechanisms may have different intrinsic precisions, thus it may be reasonable for a cell model
to have components defined with single digit precision (e.g. Ry, or Cp,), with others defined with higher
precision, especially sensitive non-linear mechanisms. This is related to the fact that neuron models represent
stiff systems, that is they display dynamics on a very wide range of time scales (Mascagni and Sherman,
1998). In any event, the free parameters that define a specific mechanism should have more or less the
same precision. For example, some of the reviewed models include mechanisms in which the precision of the
parameters of a single mechanism ranges from one to five significant digits (e.g. “10” and “18.975” in the
definition of I kinetics in Traub et al., 1991 - see Section 7.1.1). This range suggests a parameter sensitivity
that may be unrealistic, and perhaps a choice of an unlikely mechanism.

3For example, if we are specifying the reversal potential of a current, then the range of values from first principles is roughly
100mV. This implies that the precision of this parameter should be on the order of .3 to 3 mV - e.g. a value of -72 is reasonable,
but -72.25 is probably over-specified. If the test behaviour is significantly affected by a change from -72 to -72.2, this may
indicate that some part of the model (hopefully related to this parameter in an obvious way) is poorly constructed.

The relevant precision of a given model parameter is also indicated by the error in any reported measurements; more
specifically, the measurement gives a lower bound on the likely biological, true precision. For example, if the reversal potential
in the example above was reported as -72.3+0.1mV, we might consider that this parameter is quite fixed in the real system.
On the other hand, a reported value of -72.3£4.2mV could mean either that there is a lot of variation in the fundamental
mechanism or there is a large variation inherent in the measurement technique.
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3.4 The Purpose of Modelling - Testing Speculations

At minimum, a neuron model should reproduce the data base from which it was built, that is the templates
used for determining model parameters. It is at this step that the original model of Hodgkin and Huxley
succeeded brilliantly, and in doing so showed the plausibility of their speculations on channel kinetics. Next,
the generalizability of the model should be tested against other, independent sets of data. Such tests have
led to various and sometimes drastic revisions to the Hodgkin-Huxley squid axon model (e.g. Patlak, 1991;
see also Pallotta and Wagoner, 1992); the success of the published HPC models at this stage is spotty. If a
model does not pass this stage, then the raison d’étre of models, generating testable predictions, becomes
barely tenable - at best the flawed theory encapsulated in such models may still yield intriguing predictions.

3.5 Tools for Compartmental Models

Both analytical and numerical techniques have been applied in the analysis of neuron models. Analytical
approaches are more commmonly used for the analysis of linear mechanisms (discussed in Section 5.3 and
elsewhere), although some work has been done for non-linear mechanisms (see Jack et al., 1983). Numerical
techniques are much more common, due to their applicability to a variety of non-linear mechanisms, and
their overall ease of use. These techniques are exemplified by compartmental models of neurons (see review
in Segev et al., 1998), in which the branching cable structure of the cell is approximated by a series of
isopotential compartments interconnected with resistors. All of the single cell models that we discuss in this
chapter are of this type.

The descriptions by Hines (1984) of O(n) integration of tree circuit topologies, as naturally found in
individual neurons, and mid-step solving of time-dependent non-linear elements (e.g. voltage-dependent
gating particles) are exploited by most modern simulators, and have been vital contributions in making
simulations of detailed anatomies practical. Hines and Carnevale (1994) have written a short review of
numerical methods appropriate for neuronal modelling; a more detailed discussion may be found in Mascagni
and Sherman (1998).

There are now several compartmental model simulation packages in the public domain designed for the
computational neuroscience community, including NEURON (Hines, 1992), GENESIS (Bower and Beeman,
1994), and the program used for the simulations presented in this chapter, Surf-Hippo (Borg-Graham, 1995).
Each of these progams, which can handle both single neuron models and networks, runs on Unix workstations
and x86 boxes (PCs). A recent survey of tools is given by De Schutter (1992), although current availibility
of public domain tools is better found using the WWW.

As mentioned earlier, the necessity for numerical methods has one major drawback: formal verification
of even moderately complicated neuron models is not possible. One approach to verification is by the
cross-validation of models using independent tools, possibly written in different languages and with major
or minor differences in algorithms. This becomes practical with the increasing availability of sophisticated
public domain packages.

For example, GENESIS allows various numerical integration methods, which may point out particular
instabilities in a given formulation. Surf-Hippo is one of the few complete packages written in Lisp, as
opposed to C. Lisp has the advantage that the user is communicating directly with the Lisp interpreter
environment, and thus has complete access to all components of a simulation. Simulation scripts, a necessity
for serious parameter searching, are also written in Lisp, whose flexible and powerful syntax is arguably more
transparent than most other languages. Surf-Hippo allows both fixed and adaptive time step integration
- using an adaptive time step can give much faster run times for typical simulations, with the option of
verifying selected results using the more conservative fixed time step integration. Surf-Hippo can simulate
both non-ideal and ideal voltage clamp, in the latter case by effectively dividing the circuit into two parts
around the clamped node. The ideal voltage clamp algorithm not only allows analysis of voltage clamp
protocols without the complications of a finite source series resistance, but because the method is very stable
it also makes for much faster simulations. Both GENESIS and Surf-Hippo can simulate recordings from
extracellular electrodes, that is measurement of the field potential, assuming a purely resistive, homogeneous
extracellular medium.

Recently, a set of benchmarks (“Rallpacks”, after Wilfrid Rall) have been proposed that are specifically
tailored for neuron simulations (Bhalla et al., 1992). These include benchmarks for which analytical solutions
are available (signal propagation in linear dendritic trees), and non-linear structures based on the “canonical”
Hodgkin-Huxley Nat and KT channel equations. This last test is an example of the technique of cross-
validation mentioned above, where solutions (waveforms) have been published for comparison. The results
of the Rallpack benchmarks for NEURON, GENESIS, and Surf-Hippo are comparable.
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The graphical user interfaces for NEURON, GENESIS, and Surf-Hippo are quite sophisticated, an impor-
tant point for practical work. For example, Surf-Hippo allows automatic saving of edited model parameters
into files which are both loadable and human readable. This feature helps to avoid errors in saving results
at any time during a simulation session. “Point-and-click” histology rendering in these packages (with 3D
anatomical representations in NEURON and Surf-Hippo) allow easy modification of cell models.

4 Anatomy and the Model: Data and Methods

The circuit topology of the single cell model - the mapping of the cell anatomy to a compartmental model
- can have a range of complexity, depending on the question being addressed. As illustrated in Figure 1,
this complexity may range from a few compartments to a circuit with several thousand compartments,
corresponding to the level of detail typically found in anatomical studies (for a general discussion see Turner
and Schwartzkroin 1984).

There are essentially two stages of the mapping. The first concerns the representation of the branching
structure of the dendritic (and possibly axonal) tree, and may be described in terms of cable sections
(regular or tapering cylinders). The second stage translates the connected cables into connected isopotential
compartments.

4.1 Reducing Branching Cable Structures and the Placement of Channels

The classical work of Rall (reviewed in Rall et al., 1992) on the analysis of linear dendritic trees included
the derivation of his “3/2” rule for the collapsing of a set of daughter branches and their parent branch into
a single cylinder with the same proximal input impedance.* Unfortunately, HPC anatomy does not appear
to conform to these restrictions: for example, Turner et al. (1995) quote a range of average values for d?/z
in CA3 HPCs between 1.25 to 3.36 (Turner and Schwartzkroin, 1980, reported similar results for CA1). Tt
must also be emphasized that this technique is based on linear structures.

Nonetheless, 1t is often reasonable to reconstruct basic cell properties using soma-centric models with
simplified dendritic trees, for example a soma/short-cable model consisting of a single compartment soma
with one or two unbranched dendritic cables. Under some conditions it may even be reasonable to estimate
parameters using a single compartment model.

On a practical level estimating parameters of distributed non-linearities is much more difficult than when
a point-distribution 1s assumed - a first approximation of somatic responses to somatic stimuli restricts non-
linearities to the soma. Here the dendritic tree is a linear load for the soma, and as such a simple cable (with
on the order of five compartments, Borg-Graham, 1987b) can be constructed whose linear input impedance
approximates the full tree very well (Turner, 1984b).

In addition, until recently almost all quantitative measurements of electrical properties were derived from
somatic impalements (early exceptions in hippocampus include Wong et al., 1979, Benardo et al.; 1982 and
Masukawa and Prince, 1984). Such measurements suggest a first interpretation with a soma/short-cable
model.

However, simulated responses to dendritic input using models with vastly simplified dendritic trees must
be interpreted very carefully. Simulating non-somatic input by stimulating the “dendrite” in these sorts of
structures (e.g. Traub et al., 1991) in the best case assumes a linear response to simultaneous stimulation
at a set of locations with a fixed electrotonic distance from the soma, an unrealistic experimental situation.
In the more realistic case, the contribution of the local dendritic non-linearities would be highly dependent
on the local input impedance at the site or sites of stimulation. Thus, even if experimental simultaneous
stimulation at equidistant sites could be assumed, their composite response could not be lumped together in
a model by stimulation of a single location in a short cable geometry. A compromise approach is to model
a local patch of dendrite in fine detail, while representing the rest of the tree in a much more schematic
fashion. An example of this approach is given by Holmes and Levy (1990) in a model of synaptic interaction
with internal Ca?t in a dentate granule cell.

In summary, the short cable representation of the dendritic tree can at least represent the dendritic linear
impedance load on the soma, and at most, with careful interpretation, may provide a substrate for a first

4 An equivalent cylinder is possible if the electrotonic length of all the daughter branches are the same and they have identical

terminations, and if the ratio, di/2, of the sum of the daughter diameters, each raised to the 3/2 power, to the parent branch
diameter raised to the 3/2 power, is equal to one.
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approximation of the somatic view of intrinsic dendritic non-linear mechanisms, and possibly the integration
of synaptic input.

4.2 Dendritic Tree Reduction from the Raw Anatomy

Assuming a defined branching structure, various algorithms may be employed to transform anatomical
coordinate data into a compartmental model (e.g. Stockley et al., 1993, Henze et al.; 1996). The simplest
approach, of course, is a one-to-one mapping, where there is one compartment (dendritic segment) for each
anatomical location, with the location and dimensions of that compartment taken as some function of the
assoclated anatomical point and either one or two adjacent points.

For most practical simulations this produces an over-detailed representation since typical anatomical
studies include on the order of thousands of dendritic locations and associated diameters. Here we describe
one method for reducing such a description into fewer compartments, with the minimum number given by
twice the number of branch points in the dendritic tree, plus the number of dendritic trunks. The motivation
for this method is to preserve both the 3-dimensional shape of the neuron and the electrotonic properties of
the tree as best as possible.

The reduction is iterative and operates on a pair of segments at a time. Starting from the soma and
working down each proximal trunk, two consecutive segments, call them A and B, are combined into one if
there is no other segment common to both (i.e. the connection is not a branch point) and if the electrotonic
length of the candidate replacement segment is less than that set by some a-priori criteria (i.e. a parameter
Lmaz). The process continues distally - if A and B were combined in the previous step into a segment AB,
the next pair consists of AB and the segment distal to the original segment B (call it C'). Otherwise, the next
pair to be considered is B and C. Figure 2 illustrates the procedure on a short chain of dendritic segments.

The parameters of the replacement segment are derived according to the following constraints:

1. The total axial series resistivity of the two original segments is conserved.
2. The total membrane impedance (area) of the two original segments is conserved.

3. The end points of the new segment correspond to the non-common end points of the original two
segments.

In order to meet these constraints an additional parameter for each segment must be introduced, which we
are choosing to be a coefficient, a, of the cytoplasmic resistivity that is used when determining the segment
intracellular axial resistance (the default value for a is 1). This coefficient and the dimensions of the new
segment are calculated as follows. Let [; be the segment length, d; the segment diameter, and a; the coefficient
for the segment axial resistivity, where ¢ is p, d, or n for the proximal, distal, or new segment, respectively.
As stated above, the length of the new segment, [, is fixed by the far endpoints of the original proximal
and distal segments. Conservation of membrane area (that is, conservation of membrane capacitance and
resistance) gives:

(lp x dp) + (la x da)

d, =
ln

Conservation of axial resistance gives:

(p x ap)/dy + (la x aq)/d]
ln/d3,

This technique yields a new segment whose cable parameters are similar to the concatenation of the two
parents. However, the actual proximal input impedance of the new segment will always be greater than or
equal to the input impedance of the former segment pair, since the membrane impedance is now farther
away electrically from the proximal end of the new segment, relative to the membrane impedances of the
original pair. Thus, the input impedance of a transformed (consolidated) tree will always be greater than or
equal to the original tree, and the difference in the impedances will be greater the larger the consolidation
(equivalently, the larger the Lyqz).

This algorithm is implemented in the Surf-Hippo simulator (Borg-Graham, 1995). An example is il-
lustrated in Figures 1 and 3, where a CA1 cell anatomy description with 3205 points is reduced to a 193
compartment model. Somatic and dendritic responses for the two models to current stimulation at each soma
and similar positions in the dendritic tree are compared in Figure 4. This figure shows that both centripetal
and centrifugal passive propagation, and local input impedance, are very similar for the two models.

an =
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4.3 Accounting for Dendritic Spines

HPCs are covered with thousands of dendritic spines. Depending on the question being addressed, spines
may be incorporated in a compartmental model with either explicit representations (e.g. a few compartments
per spine, Zador et al., 1990, Schiegg et al., 1995), mixed implicit and explicit representations, where a subset
of spines (e.g. for which synaptic input is applied) have detailed representions, with the membrane properties
of the remainder of the tree adjusted for spine membrane area (Holmes and Levy, 1990), or purely implicit
spine representation via membrane parameter adjustment (see Major et al., 1994). On the other hand, it
i1s not uncommon for single cell models with partial or full anatomical representations to omit spines all
together (e.g. the model of Jaffe et al., 1994, Section 7.1), even when synaptic input is an explicit part of
the model (e.g. the models of Traub et al., 1994, Wathey et al., 1992, and Migliore et al., 1995, Section 7.1).

As mentioned, a simple method for incorporating the centrifugal view of dendritic spines, while main-
taining the overall geometry of the dendritic tree, is to adjust R,, and C,, to account for the membrane area
of the spines (Holmes and Levy, 1990; see also discussion in Holmes and Rall, 1992b). This method assumes
that the voltage drop across the spine neck is negligible (for non-stimulated spines).

For example, in a study of the electrotonic properties of rat CA1 HPCs, Mainen et al. (1996) estimated
an average cumulative spine area of 2.85um?/um of dendritic length (Harris et al., 1992). For the cells
analyzed in this study, this constant factor resulted in an average 52% increase in the total membrane area
of the cell.® Similar parameters for spine incorporation were used in the analysis of CA3 HPCs by Major et

al. (1994).

4.4 Modelling the Axon

Axon modelling is all the more difficult since data on their non-linear structure is scant, probably less than
that for dendrites. Of course, the original Hodgkin-Huxley model was of an axon, and the first application of
non-linear compartmental models was applied to the Hodgkin-Huxley squid axon model (Cooley and Dodge,
1966) . Unfortunately, there is much less quantitative data for mammalian axons for which to build similar
models (see discussion in Segev et al., 1992).

Another obstacle to realistic axon modelling in the case of HPCs is that axon morphologies are often
not included in the available anatomical data. One exception is the study by Major et al. (1994), where the
axon arborization was traced with the same fidelity as the dendritic tree (the CA3 32da cell in Figure 1).

We can use this anatomy to estimate the contribution of the axonal arbor to a linear model of the cell.
As given in this study, assuming a homogeneous membrane resistivity R, of 200KQcm? and an intracellular
resitivity R; of 270Qcm, the somatic input resistance is 267M£2. The total dendritic/axonal tree resistance
18 277M€Q, and the input resistance of the axon alone 1s 1,555M€2. Thus, in this particular cell if the axon is
ignored the somatic input resistance becomes 321M£2, a 20% increase. We may note that this difference may
be an upper bound, since any myelination of the axon would be expected to greatly increase the appropriate
Ry, (this possibility may also mean that the estimated “overall” R,, in this study may be an overestimate).

Most published single cell models ignore the axon completely; a few reproduce the contribution to the cell
response by a simplified version of an axon, including I, and Ig for somewhat schematic action potentials
(e.g. the models of Traub et al., 1994, and Pongracz et al., 1992, Section 7.1).

In summary, for the linear model, neglecting the axon may not be wholly unreasonable. For the full
non-linear model, on the other hand, the validity of this assumption remains an open question. For example,
it has been proposed that inhomogenous densities of Nat channels and/or different, types of Nat channels
with respect to the soma, dendrites, and axon, can account for details of the location of spike initiation
and threshold; we will return to this point in Section 6.3. The default assumption is that the contribution
of axon non-linearities to the somatic response can be approximated by “moving” those non-linearities to
the soma, essentially the same approximation that may be made with respect to dendritic non-linearities as
above.

4.5 Anatomy of the Working Model

The anatomy of the Working model is that used in the earlier soma/short-cable model by the author (Borg-
Graham, 1987; Section 7.1.2, see in Figure 1 as the BG87 model). The parameters of this structure are a
soma diameter of 35um, a dendrite length of 1200um, and a dendrite diameter of 12pm.

5However, some of the interpretations in this paper may be problematic since the authors do not take into account the effect
of a soma shunt from sharp microelectrodes, as described in Section 5.2.1.
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5 The Linear Model: Data and Methods

In this section we summarize the basic data on the linear properties of HPCs, and discuss various reports
and interpretations of these properties.

5.1 Reproduction of Linear Properties

Perhaps the most basic properties of neurons are those that characterize the resting state of the cell, that is
the somatic input resistance R;,, the main time constant 7, and the resting potential E,.;;. The first two
parameters implicitly assume linear characterizations of what is, of course, a profoundly non-linear system
(see Section 4). TFor practical purposes, unless specifically defined otherwise, R;, is taken from the small
signal response around rest (within about 5 millivolts), and 7y is the slowest time constant characterizing
the small signal impulse response.

The R;,, 75 and FE,.s¢ of a cell model are determined by the model geometry, the specific membrane
resistivity R,,, the reversal potential Ej.qi associated with R,,, the cytoplasmic resistivity R;, the specific
membrane capacitance C,,, and membrane conductances activated at rest which can change the effective
membrane resistance and reversal potential. For a given model R; and C), are typically time-invariant and
assumed constant over the entire cell (for exceptions, see model discussions in Sections 7.1.1,7.1.4, and 7.1.5).
On the other hand the effective R, and Ej.q; of the linear model may deviate from the intrinsic values of
these parameters by consideration of an electrode shunt, which we will discuss shortly, and activated channels
or synapses. Thus the modulation of one of the many identified non- or weakly voltage-dependent channels
found in neurons, in particular those modulated via 2nd messenger pathways over time scales that are long
(tens of seconds) compared to intrinsic firing patterns can change the effective R, and Ejeq,. Although we
will not model these channels explicitly, examples of this type of channel in HPCs will be mentioned in the
chapter. Synaptic effects, more relevant when reproducing the in-vivo state, can include that of tonic, or
“background” synaptic activity (recent in-vivo data on this point in visual cortex is given in Borg-Graham
et al., 1996; a model-based study of this question for neocortical cells may be found in Bernander et al.,
1991). For all of these mechanisms - shunts, non-voltage-dependent channels and background synapses -
the functional sequale may be captured by a static modulation of R,, and Ej..;. In other words, these
factors need not be considered in the dynamic structure of the model circuit. The participation of explicitely
modelled channels that are open around the resting potential will also, certainly, influence the final value of
FErest, but these effects are not lumped into the linear model parameters.

A linear system approximation of the dendritic tree has been quite productive: linear cable theory has
been applied in great detail to neurons (review in Rall et al.; 1992). For example, as we discussed in Section
4, a first approximation to the distribution of non-linearities in a single neuron model places them on the
soma, with the dendrites being linear (and ignoring the axon). This is an especially attractive strategy for
evaluating dendritic tree properties given the elegance of linear systems theory. Thus in a practical sense
it 1s useful to assume that the electrical properties of dendritic membrane can be thought of as a set of
non-linearites on a linear substrate, where the linear portion is the dominant current path near rest (but see
discussion in Section 5.5).

5.2 Measured Properties of the Resting State

In Table 1 measured values of F,.s;, Rin, and 7 are listed from various reports, including data from both
CA1 and CA3 HPCs, as well as dentate granule cells for comparison. This table illustrates a key difference
between recordings made with fine-tipped, or “sharp” microelectrodes, and those made with whole-cell patch
electrodes, specifically that the latter gives significantly higher estimates for Ry and 7y than the former. On
the other hand, the resting potential does not seem to depend much on the recording technique.

5.2.1 Considering A Somatic Shunt

A parsimonious explanation for the difference in R;,, and 7y is that the sharp electrode introduces a shunt,
or leak, at the recording site (see analysis in Staley et al., 1992). The whole-cell patch technique is thought
to give a more accurate picture of the cell impedance because the gigaseal prevents an electrical shunt.
While patch electrodes may vary certain membrane properties due to fast dialysis of the cell interior with
the electrode solution, the high resistance is stable from the beginning of the recording (Borg-Graham,
unpublished data from in-vitro turtle retina and in-vivo cat visual cortex). Similar high impedances are
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also seen with perforated patch electrodes which preclude dialysis (Spruston and Johnston, 1992, Marty and
Neher, 1995).

When appropriate, a somatic shunt must be considered in deriving various linear parameters from impulse
or step responses, that is by including it in the somatic membrane resistance. An example of how the
assumption of a homogeneous R, (i.e. neglecting the local shunt) can result in incorrect parameter estimation
is given below in Section 5.3.2.

The problem still remains, however, for how to account biophysically for the cell’s apparent resistance to
the assumed non-specific permeability of a sharp electrode shunt. Typical values of the shunt are estimated
on the order of 50MQ, which is in the neighborhood of the cell’s “intrinsic” impedance. A simple voltage
divider analysis would predict that a non-specific shunt would reduce the cell resting potential by about
half, yet this is not observed. Various candidate mechanisms have been proposed for the apparent paradox,
including the up-regulation of either membrane-bound ion pumps or KT channels with reversal potentials
below rest (Jones, 1989; Staley et al., 1992).

5.3 Analytical Methods and Results

The extensive literature of Rall laid the foundation for methodologies of cable analysis which are specifically
appropriate for linear properties of dendritic trees (for a review see Rall, 1989 and Rall et al., 1992; also Jack
et al., 1983). Turner and colleagues have presented extensive studies on the electrotonic analysis specifically
on hippocampal dendritic trees, both under normal conditions (Turner and Schwartzkroin, 1980 and 1984,
Turner 1984a and 1984b, and Turner et al., 1995) and pathological conditions (Pyapali and Turner, 1994).

5.3.1 Analysis of Dendritic Transients

Classically, closed form solutions for the behavior of transient signals in linear dendrites, for example the
speed of a signal, have been difficult to obtain. Recognizing that the major obstacle arose from the definition
of the quantity of interest, Agmon-Snir and collegues (Agmon-Snir and Segev, 1993, Agmon-Snir, 1995, Zador
et al., 1995) observed that when a given parameter was described as a linear measure (specifically, in terms of
moments of the waveform), the analysis was greatly facilitated. For example, the usual definition of “speed”
is the time it takes for the peak of signal to get from point A to point B. However, the peak is a non-linear
measurement; in this report the landmark for measuring speed was the center of gravity of the waveform
(the ratio of the first and zeroth moments), a linear measure.

5.3.2 Pitfalls Evaluating Linear Parameters Derived from Intracellular Measurements

Assumption of a homogeneous R,,, for example when using the Rall model of equivalent cylinders, has in
the past given erroneous estimates of cell properties. This can be illlustrated by examining the often cited
report of Brown et al. (1981). In this paper analysis of the somatic current step response was based on the
critical assumption that the cell could be approximated by the soma/short-cable model with a homogeneous
membrane time constant. FEssentially three parameters were derived from hyperpolarizing current steps
(responses assumed linear) of hippocampal pyramidal cells: a homogeneous Ry,, L (the electrotonic length
of the short cable approximation) and p (ratio of dendritic and somatic conductance). The response to a
current step at the soma of this structure can be represented by a linear combination of exponential terms:

Vi—-V= Z Ciexp(—t/m)

i=0,00

where V' is the response at the soma relative to rest, V; is the steady-state soma voltage, 7 is the membrane
time constant (75 = Ry Chpy), and the remaining 7;’s are shorter time constants due to charge redistribution
down the dendrite cable. Standard exponential peeling techniques were used to estimate the first few terms
of this expression, which were then used in three different methods to estimate the cable model parameters.
Measured somatic R;, averaged about 39MQ, and 7, about 19 milliseconds (means from CA3 cells). R,
was then derived from the measured m: since C), was taken to be l.OpF/cmz, this immediately gives R,,
equal to 19KQ cm?. With R; assumed to be 758 ¢m, these techniques resulted in average values of p as 1.2
and L as 0.93.

To see how well this procedure works, it is straightforward to “reverse-engineer” a soma/short-cable
geometry based on the above parameters. For this we need to derive the the radius of the soma, asomq, the
radius of the dendrite, a, and the length of the dendrite, I. The first step is to derive asomg. Gsoma 18 glven
by p and R;, - since
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_ Gdendrite
p= —/———

Gsoma
and
Gdendrite + Gsoma = Rin
then )
Gsoma = 5 1
Rin(1+p)

This gives Gsomq = 11.70S. The radius of the soma is then calculated from Gy and Ryy,:

RmGsoma

Asoma = dn

This results in agomq = 42 pm. With A as the electrotonic space constant of the cable, R;, is a function of
Gsoma, ! and a, given by:

1 -1
Rin = (ra/\ tanh(L) + Gsoma) (1)

where the first term on the right is the input resistance of a finite cable with an open circuit termination
(e.g. Equation 4.11 in Jack et al., 1983), and where

L=1/)

and

Ra
2R;

A=

Estimates for [ and @ may be obtained by calculating R;,, L, and p, over a range of [ and a with Equation 1,
and finding the best fit to the experimentally derived values for R;,, L, and p. This procedure gives
[ = 1800pm and a ~ 3um. The resulting geometry is shown in Figure 1, compared against other model
geometries and actual cell anatomies. The most striking feature of the geometry derived from this report is
the estimated soma radius of 42 ym, whereas a more realistic value is on the order of 15 gm (this difference
gives about a eight-fold difference in soma surface area). Clearly the parameters reported in this paper
cannot correspond to the actual cell properties, stemming from the non-consideration of the somatic shunt.

Holmes and colleagues present a more theoretical analysis of the sorts of errors illustrated by the above
example (Holmes et al., 1992, Holmes and Rall, 1992a). In another paper of this series, Holmes and Rall
(1992c) develop a general approach for estimating electrotonic dendritic structure, that does not rely on
equivalent cylinder approximations.

5.3.3 Combined Experimental and Modelling Results

Using different analytical approaches, two recent studies (Spruston and Johnston, 1992, Major et al., 1994)
carefully estimated linear membrane properties of hippocampal cells from patch clamp recordings.

Spruston and Johnston (1992) used the perforated path technique on CA1 HPCs, CA3 HPCs and dentate
gyrus cells. In this paper it was assumed that the perforated patch recordings precluded a somatic shunt,
and therefore R,, could be estimated directly from 75. Assuming a value of 1.0uF/cm? for C,,, this gave an
R,, of 28 and 66kQ cm? for CA1 and CA3 HPCs, respectively.

One interesting finding from this study concerned the prediction that with a somatic shunt the longest
time constant of a step response is less than the intrinsic membrane time constant. Estimates for parameters
of a soma/short-cable model were evaluated from the data using analytical techniques similar to those of
Brown et al. (1981), as discussed earlier, but with an explicit consideration of a somatic shunt term. These
results were checked against independent estimates derived from numerical simulations of a soma/short-cable
model. Spruston and Johnston showed that realistic values for the soma/short-cable model parameters,
constrained by their experimental measurements, quantitatively supported the role of a soma shunt in the
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apparent discrepancy in the relationships between 7, and Ry in sharp versus whole-cell recordings. The
estimates presented in this paper were consistent with predictions shown in a linear model by Borg-Graham
(1987b). In this study the benchmark 5 (from Brown et al.) was taken to be 19 milliseconds - allowing
an inhomogeneous R,, gave an (non-unique) estimate of 40 and 2.5 KQ em? for the dendritic and somatic
regions, respectively; thus the measured 75 of 19 milliseconds underestimated the 40 millisecond 7, of the
dendrites (Cy, was taken as 1.0puF/em?).

Major and colleagues have derived analytical expressions for the analysis of arbitrary characterized,
linear dendritic trees (Evans et al., 1992)°. Major et al. (1994) applied these methods to their data from
CA3 HPCs, and used an optimization procedure to match responses to short current pulses from specific cells
to the their anatomies by varying R,,, C,, and R;, taking into account estimates for the pipette contribution
to the response. This resulted in estimates for R,, of 150-200KQcm?, R; of 170-340 Qcm, and C,, of 0.7-0.8
pF /em?.

Since this study was constrained by quantitative anatomy, as opposed to an assumption of the equivalent
cylinder implicit in the soma/short-cable model, and since the recordings were made with whole cell patch
electrodes, thus minimizing the somatic shunt, these estimates may represent the best picture to date of the
resting properties of the HPC electrotonic structure. It is interesting, then, to note that the estimates for
R,, and R; are significantly higher, and for C), significantly lower, than those used in most previous studies.
One caveat may be that the techniques used in this paper required fairly long recording times (around 30
minutes, for reduction of noise) and thus washout effects, as mentioned in the paper, may have biased the
cell properties.

5.4 Numerical Methods: Morphoelectrotonic Analysis of Dendritic Trees

Zador and Brown and their colleagues (Zador, 1993, Zador et al., 1995, Tsai et al., 1994, Carnevale et al.,
1995) have developed a numerical technique known as the morphoelectrotonic transform. This results in
a vivid anatomical rendering of the dendritic tree based on the frequency dependent transfer impedance
between each point in the tree and a fixed reference point. This visualization emphasizes the point that
steady-state electrotonic signal transfer is much larger than that for signal frequencies typical of synaptic
events. The major limitation of this linear transform is that it is applicable for current, not conductance
inputs, and thus is difficult to apply to synaptic integration under more realistic conditions.

5.5 How Far Can We Take Linear Dendritic Models?

As the ubiquity of voltage-dependent properties in dendrites becomes more apparent (Johnston et al., 1996),
it is not obvious how much we can safely extrapolate from purely linear representations of dendritic structure.
For example, even a small-signal linear approximation must consider the evidence for voltage-dependent
mechanisms that are activated near rest, serving to “clamp” the resting potential (see Section 6.1, and later
discussions of Ip, Iy, lamgp, 1g/1x and Icyv)).

In addition, even if the dendritic membrane is reasonably voltage-independent for small signals (on the
order of several millivolts), analyzing the integration and transmission of synaptic signals requires consider-
ation of the non-linear interactions between synapses since they are modulated conductances (Koch et al.,
1983), and it is hard to imagine synapses being activated alone in a functional context. Specifically, the
expected interactions between synapses put a severe restriction on the transmission properties predicted by
purely linear methods (e.g. with the use of linear moments and the morphoelectrotonic models, discussed
earlier). In summary, it is quite important to determine whether functionally relevant synaptic input ever
operates in a linear regime.

Nonetheless, despite 1ts limitations the linear model forms the necessary backbone for the estimation of
non-linear properties.

5.6 Model Linear Parameters

The following summarizes typical default values for linear parameters, both measured and derived, with the
parameters of the Working model in parentheses:

e Resting potential: -65mV (Ejeqr = —65mV, E..5r = —65.7mV)

6Note that in formulations of the simple soma/short-cable model, the dimensions of model are some of the parameters
estimated from analysis the voltage response (refer to the reverse-engineered model presented earlier).
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Input resistance Ry: 40M$Q (sharp recordings) to 200MQ (patch recordings) (39M€)
e Time constant 7p: 20ms (sharp recordings) to 100ms (patch recordings) (14.4ms)

e Estimated membrane capacitance Cy,: 0.7 pF'/em? (0.7 pF/em?)

Estimated membrane resistivity R,: 150 to 200kQ2 em? (dendrite: 40kQ em?, soma: 25009 cm?)

e Estimated cytoplasmic resistivity R;: 150 to 250 £ cm (200  cm)

The small signal step response of the Working model is shown in Figure 5. The value for the dendritic
R,, in the Working model is probably an underestimate, and the low somatic R,, reflects a somatic shunt
from a sharp recording. This value also results in a slightly low 7.

In all the simulations presented in this chapter, simulations start from a holding potential of -65mV,
corresponding to the value assigned to Fjeqi (an exception is the demonstration of Ip shown in Figure 16).
Simulation of the “true” F,.s in the Working model by letting the system relax (over about 20 seconds)
to steady-state from the holding potential of -65mV gives E, 5 equal to -65.7mV, primarily due to a small
activation of ¢4, which in turn raises the resting level of [C’az‘l']m enough to slightly activate Iagp.

6 Phenomenological Templates

The shapes of action potentials, the trajectories of the membrane voltage prior to and after the spike, and the
responses of a neuron to long-lasting inputs, are complex, variable, and vary significantly between different
types of cells. In contrast to the modulation of non- or weakly voltage-dependent channels, or assumptions
of tonic synaptic activation, mechanisms with a strong voltage or C'a?t dependence and fast kinetics need
to be explicitly considered in the model.

This section describes the main properties of HPC responses, generally under control conditions, that
are relevant to single cell models, and issues concerning dendritic channels. Experimental manipulations of
these properties, in particular as used to isolate specific membrane currents, will be discussed here and in
later sections detailing the different currents.

We start with a quantitative review of the various potentials that precede and follow the individual
spike, illustrated in Figure 6. We then discuss the site of spike initiation in the cell, the differences in firing
patterns of various cell types, the characteristics of repetitive firing in regular spiking (non-bursting) cells,
the characteristics and mechanisms for bursting, and so-called “D” spikes. We conclude this section with a
short discussion on dendritic channel properties.

6.1 Morphology of the Potentials Preceeding the Spike

In this section we discuss the responses to current steps that precede spikes, both starting from the resting
state and the voltage trajectories between spikes during repetitive firing.

6.1.1 Rectification Around the Resting Potential

Subthreshold inputs which change the membrane potential by more than plus or minus several millivolts begin
to activate a variety of time-dependent non-linearities. For hyperpolarizing current steps, this is manifested
as a depolarizing sag due to a slowly-developing (typically about 100 millisecond time constant) inward
rectification. For depolarizing current steps, depending on the conditions, there may be either an inward
rectification (so that the apparent input resistance becomes larger, e.g. Hotson et al., 1979) or an outward
rectification (e.g. Storm, 1988b). Hyperpolarization-activated inward rectification (see Section 13.1) and
depolarization-activated outward rectification (see Sections 12.1, 12.3 and 12.7) serve to stabilize the resting
potential; in addition, time dependent inactivation of depolarization-activated outward rectification may act
to integrate excitatory synaptic input over time. For depolarizing current steps in particular, the holding
potential (or equivalently, the effective resting potential) of the neuron will to some degree determine which
membrane currents will be available for shaping the subthreshold response; however, it is not always clear
from the literature what determines the dominant mechanism (e.g. inward or outward rectification) in a
given experiment.
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6.1.2 The Pre-Hyperpolarization between Repetitive Spikes

For i1solated single spikes, the next characteristic of interest 1s the spike threshold, discussed in the next sec-
tion. For repetitive firing another important characteristic is the lowest voltage that precedes a spike, which
we will refer to as the pre-hyperpolarization (PHP). PHPs are usually referred to as after-hyperpolarizations
- we use the term PHP to emphasize the constraints imposed by this potential on the firing mechanisms
for subsequent spikes, in particular the removal of Iy, inactivation, which we discuss in Section 10.1.8. In
essence, 1t may be better to view this potential not so much as the spike’s aftermath but rather as its
overture.

A conspicuous difference between the firing of HPCs (and typically cortical pyramidal cells) and other
neurons is that in pyramidal cells the difference between PHPs and spike threshold is typically less than 10
millivolts, while in other cells this difference is usually at least 10 to 20 millivolts, a classical example being
the spike train of the squid axon. Hippocampal and cortical interneurons exhibit a similar large differences
between the PHP and threshold. During pyramidal cell bursts, the PHP may be almost eliminated, with
little difference between the apex of the repolarization and the threshold for the subsequent spike, but for
our purposes we will concentrate on the PHP characteristics during the repetitive spikes of regular firing
cells.

A further characteristic of pyramidal cells is that the threshold of the first spike of a spike train is often
below subsequent PHPs, whereas in non-pyramidal cells the combination of a generally deeper PHP and a
generally smaller threshold difference between initial and later spikes in a train result in PHP profiles that are
more hyperpolarized than the thresholds of all the spikes in the train. We also note that there are exceptions
to these characteristics of PHPs in HPCs (see Section 2.8), but otherwise this means that recovery of spike
current inactivation can occur at potentials above the lowest spike threshold. A general discussion regarding
differences in firing properties between pyramidal (specifically, spiny) cells and interneurons (specifically,
non-spiny) cells in the hippocampus may be found in Scharfman (1993).

In the study by Lanthorn et al. (1984), various characteristics of repetitive firing in CA1 HPCs were
reported. This study described “slow prepotentials”, a depolarizing ramp between spikes whose starting
point is the PHP. Interestingly, the difference between the PHP and the spike threshold during steady-state
repetitive firing was quite stable (about 6.7 millivolts), whereas the difference between the peak of the fAHP
(see below) and the spike threshold became larger with higher spike rates (roughly bmV with 400 millisecond
interspike interval, and about 10mV for a 100 millisecond interspike interval; refer to Figure 4 in Lanthorn
et al., 1984). If the peak of the fAHP is relatively fixed in absolute terms (Jensen et al., 1996, discussed
later), then this suggests that there is a fixed relationship between the PHP and the spike threshold over
some voltage range. Such a relationship is consistent with a NaT channel whose kinetics provide a variable
threshold which is a function of the previous repolarization (see Section 10.1.8).

The PHPs of faster spike trains can be compared in the paper by Thompson et al. (1985). In Figure 6
of this report, spike trains with steady state interspike intervals of 19 milliseconds (elicited at 37°C) and 27
milliseconds (elicited at 27°C) had steady-state PHP to spike threshold differences of 7.5 millivolts. Again,
the difference between PHP and subsequent appears stable in a given cell, in this case with respect to both
temperature and firing rate.

6.2 Morphology of the Action Potential

Here we shall discuss quantitative parameters for action potentials including voltage threshold, rate of rise
and fall, and the spike amplitude and duration. Table 2 summarizes these parameters from various references.

6.2.1 Action Potential Threshold: Absolute and Relative to Holding Potential

The reporting of threshold values is problematic since there is rarely a precise definition given in the literature
- indeed, there 1s no such thing as a definite threshold that can be interpreted out of context, for example
without specifying the current stimulus level or firing mode. Unambiguous definitions of the threshold include
the point at which the slope of the voltage trace exceeds some ad hoc value (e.g. 50mV/ms, Andersen et al.,
1986), or the point corresonding to the maximum of the second derivative (e.g. Mainen et al., 1995). The
thresholds listed in Table 2, measured from either isolated spikes or the initial spikes in spike trains, range
from about -55 to -45 millivolts. Most of these values are estimated “by eye”. From this table we can see
that the difference between the holding potential and single spike threshold is also variable, ranging from
about five to 15 millivolts.
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The threshold for firing in HPCs tends to be more abrupt relative to non-pyramidal neurons. Quanti-
tative data on this characteristic, such as the time course of the second derivative, would be useful for the
determination of model parameters (in particular Iy, kinetics), but for the moment this data is lacking in
the literature. In some reports (e.g. Storm 1987a), the sharpness of the threshold can be appreciated by the
almost passive character of just-subthreshold current step responses, however, this phenomena is not always
observed (see Section 6.4.2).

Another observation that may be made concerning spike threshold is that typically the threshold for the
initial spike of a train from a regular firing cell is several millivolts less than later spikes, with a total span
of 5 to 10 mV (Andersen et al.; 1986). Of course the thresholds for spikes within a burst span even a greater
range (on the order of 20mV). All of these characteristics are most directly related to the voltage dependence
for the activation of fast Na® channels, and to a lesser (but important) extent to the inactivation properties
of these channels.

Action potential threshold i1s a function of where in the cell the excitatory stimulus occurs. Andersen
et al. (1986) reported that the thresholds of somatic spikes evoked by either somatic current injection or
stimulation of synaptic inputs on the proximal apical dendrite were about three millivolts higher (around
15mV above the resting potential) as compared to those evoked by stimulation of inputs to the distal
apical dendrite (around 12mV above the resting potential). These results were interpreted as evidence for
regenerative properties of the HPC dendrite.

6.2.2 Action Potential Rate of Rise and Fall

Rates of rise and fall may be taken as the maxima or the average slope between the relative positions (e.g.
10 — 90%) of the spike; of course the latter measure depends on the definition of threshold. The dV/d¢
for the spike upstroke is a good indicator of the minimum magnitude of the inward currents (i.e. without
taking into account opposing outward currents), estimated from the effective capacitive load that must be
charged. The effective capacitance arises from the somatic capacitance plus the capacitive component of
the dendritic tree’s input impedance as seen from the soma. On the other hand, the rate of fall for the
spike gives a somewhat weaker estimate of the magnitude of the outward currents during repolarization -
this is more complicated than the estimation of depolarizing current since there is more likely to be residual
inward currents active, and the slower rate of fall means that the cell conductance has to be considered more
carefully (see discussion in Storm, 1987a). Unfortunately, the dV/dt for the spike is not readily available in
the literature for later spikes during repetitive firing, information which would be useful in reconstructing
the kinetics of Iy, for repetitive firing.

In Table 2 the values for the rate of rise range from about 200 to 400 mV/ms, and for the rate of fall
from about 40 to 100 mV/ms.

6.2.3 Action Potential Amplitude and Duration

Spike amplitude is usually measured from the spike threshold, and sometimes from the resting potential -
obviously the former measure can be more problematic due the ambiguity of threshold. As seen in Table 2
the peak of the spike under control conditions can reach from about +20 to +35mV; assuming a typical
value of En, as around +60mV (Hille 1992) this large range suggests that spike amplitude is determined
mainly by inactivation properties of I, in addition to the activation properties of the repolarizing currents,
rather than Epy,.

Spike duration, as reported in the literature, may be taken from either the threshold-crossing to when
the voltage recrosses the threshold (the “base” of the spike), or the width at half-amplitude. Using the latter
measure, which is less sensitive to firing mode, spike duration varies from about 0.5 to 1.5 milliseconds.

Figenschou et al. (1996) describe C'a?’T-dependent cholinergic overall depression of the spike waveform
(including increase of threshold, slower rise, slower repolarization, spike broadening, and amplitude reduc-
tion) which are not readily attributed to modulation of Ca®* currents or the slow C'a?t-dependent KT
current Tagp. The authors postulate that the effect may be due to activation of a pathway involving PKC
that in turns modulates either Ca?T channels, Nat channels, or both.

6.3 Where Does the Spike Start?

The precise location of spike initiation is classically taken as the axon hillock, or initial segment. There has
been increasing interest in the spike generating properties of dendrites (e.g. Benardo et al., 1982, Stuart and
Sakmann, 1994, Andreason and Lambert, 1995; see review in Stuart et al. 1997). Under various conditions
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“ectopic” spikes (those arising from other locations) may occur, for example in certain in-vitro models of
epileptogenesis (Stasheff et al., 1993), or with certain strengths of synaptic input to the apical dendritic tree
(Turner et al., 1991). The report by Stasheff et al., in particular, combined electrophysiological measurements
with simulations to show that under their conditions the ectopic spikes were arising from axon terminals.
Other modelling studies have examined this question (Moore et al.; 1983, motorneurons; Mainen et al., 1995
and Rapp et al., 1996, neocortical pyramidal cells) with the general conclusion that excitable dendrites under
certain conditions can start the spike.

It may be that the relationships between the PHP and spike threshold, among others, can be explained
in part by the spiking behaviour of structures with distributed channels, for example the consequence of a
higher density of Na™ channels in the initial segment that is electrically decoupled from the soma (Mainen
et al., 1995 and Rapp et al., 1996). Experimental data to date for HPCs, though, does not support such a
hot spot (Colbert and Johnston, 1996). In the Working model we shall interpret the data in the context of a
somatic channel model, and therefore apply these constraints solely to the determination of channel kinetics.

6.4 Morphology of the After-Potentials

The trajectory of the voltage after the spike has several prominent features, all of which vary under different
conditions, in particular whether the spike is 1solated or part of a repetitive train.

6.4.1 The Fast After-Hyperpolarization

The first one or two milliseconds of spike repolarization under control conditions has a distinct fast phase fol-
lowed by an abrupt transition that can preceed either a slower repolarization or a depolarization. Classically,
when the transition leads to a depolarization, the transition is referred to as the fast after-hyperpolarization
(fAHP), with the peak of the fAHP assigned to the voltage of the transition. This peak can vary in relation
to other landmarks such as the holding potential and the spike threshold. Although there is some variability
between different references, it is important to consider quantitative measurements of the fAHP since the
speed of the event (indicative of a large current) suggests that the underlying mechanism has a significant
role in shaping the cell’s overall response.

Two of the earlier studies focusing on the fAHP were that of Storm (1987a) and Lancaster and Nicoll
(1987), both done on rat CA1 cells in the slice, demonstrating the C'a®>* dependence of the fAHP. In an
example trace under control conditions Storm showed a peak of the fAHP (-67mV) which was quite a bit
below both the spike threshold (-45mV) and the resting potential (-62mV); this paper reports an overall
range of -60 to -6bmV for the fAHP peak. Similar values are seen in an example shown in Lancaster and
Nicoll (fAHP peak of -67mV, threshold -55mV, and resting potential -63 mV).

The values in these studies are in contrast with pooled data for regular-firing cells in rat CA1 slice in a
more recent study (M.S. Jensen et al., 1996). Here, with a resting potential of about -63 mV, the peak of
the fAHP (about -53mV) was higher than the spike threshold (about -56mV). This paper also reported the
point of maximum repolarization after the initial spike in bursting cells and called this an fAHP. Although
this term is more typically used in the context of regular firing cells, it 1s interesting that Jensen et al. found
no significant difference between this measure and the regular firing cell’s fAHP.

This variance in the peak fAHP relative to the spike threshold may be seen in traces of many papers, and
applies to both single spikes and the initial spikes during repetitive firing (e.g. see Deuchars and Thompson,
1996 for both types). A more consistent characteristic is that during repetitive firing the fAHP is only seen
in the first one or two spikes, with occasional smaller fAHPs showing up later in the train. This diminution
of the fAHP during repetitive firing is not simply a result of the higher baseline voltage for the later spikes,
since M.S. Jensen et al. (1996) show that the peak of the fAHP of single spikes is remarkably insensitive to
the holding potential (up to +8mV around the true resting potential). Spigelman et al. (1992), however,
show such a dependence in rat P26 CA1 HPCs.

We may note that although not mentioned in the paper, a figure in Thompson et al. (1985, ref. Figure
5) showed a possible strong dependence on fAHP inactivation with temperature - a prominent fAHP was
evident throughout a spike train at 37°C, whereas the more typical diminution of the fAHP was seen in a
spike train recorded at 29°C. Although the experiments of Storm (1987a) were done over a wide range of
temperatures (28-33°C), there was no mention of an fAHP temperature dependence. The experiments of
Lancaster and Nicoll (1987) were done at 29-31°C.
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6.4.2 The After-Depolarization

After single evoked spikes, the shift in trajectory after the fAHP has been designated the after-depolarization
(ADP) or the depolarizing after potential (DAP). Probably the first term is more useful since this phase
may be either a continuation of the spike repolarization consisting of a simple “passive” decay down to the
resting potential, or a distinct “active” positive-going depolarization of several millivolts, which may then
decay to rest or be immediately followed by either addtional spikes or a full-fledged burst. We will make the
distinction that the ADP is that portion of the voltage trajectory after a single spike which is simply above
resting potential, and that a depolarizing ADP (DADP) includes a positive going component.

The issue of whether the ADP is passive or active has been the subject of some interest, in particular as
the ADP leads to further spikes for bursting cells. Several studies (e.g. Traub, 1982 and Storm et al., 1987
in hippocampus) have pointed out that the distributed capacitance of the dendritic tree would contribute a
small passive inward current to the soma after a fast and local spike repolarization. The parameters of the
Working model predict such a current for at least a small fast DADP (Figure 7). However, the time course
of the passive contribution is on the order of a few milliseconds, appropriate for some depolarizing effect at
the beginning phase of the DADP, but too fast for the longer DADPs (10-20 milliseconds) often seen in the
literature. More prominent DADPs probably reflect the activation of various somatic conductances during
this phase, which would further limit the effect of the passive dendritic current. Finally, the concurrent acti-
vation of channels present in the proximal dendrite (Johnston et al., 1996) would argue against a significant
capacitive (passive or linear) component. This possibility is not considered in the Working model prediction
since here the dendrite is linear.

An active ADP in some CA1 HPCs (those which tend to burst, see below) has been identified as due to
a TTX-sensitive Nat current (M.S. Jensen et al., 1996 and Azouz et al., 1996). This ADP was seen both
after single spikes and as a prolonged decay after subthreshold current pulses.

6.4.3 The Medium After-Hyperpolarization

At the end of a stimulus that elicits one or more spikes there is a medium after-hyperpolarization, or mAHP,
which increases with the number of spikes and lasts on the order of one hundred milliseconds. Storm (1989)
described the properties of the mAHP in detail, showing that the size of the mAHP grows roughly linearly
with the number of spikes in a train, increasing from about one millivolt with a single spike to about five
millivolts with seven spikes.

The mAHP is attenuated by cholinergic agents (Storm, 1989), and both Storm and a later study by
Williamson and Alger (1990) showed that when a train of action potentials were elicited from a cell depo-
larized from rest, the mAHP had a substantial C'a?t-dependent component. For example, when cells were
held between -49 to -57mV, the amplitude of the mAHP with control saline was about four millivolts. When
Ca?*-blockers (nifedipine or Cd**) were added, or external [C'a®t] was reduced, the amplitude decreased to
around two millivolts. Manipulations that increase C'a?*-influx (addition of BAY K 8644, raising external
[C'a®*]) increased the amplitude of the mAHP to about six millivolts. Conversely, spike trains evoked from
hyperpolarized levels ended in an mAHP that was antagonized by Cs™.

It is not unusual for the peak of the fAHP to be within millivolts of the peak of the mAHP for single
evoked spikes. For repetitive firing, a similar relation is observed between the fAHP and the minimum
voltage between spikes - that is the PHP described earlier;, which might be considered the analogue to the
mAHP for repetitive firing (ref. Figure 2B in Deuchars and Thomson, 1996).

6.4.4 The Slow After-Hyperpolarization

The slow after-hyperpolarization (sAHP) is a C'a®*T-dependent after-potential classically seen after a train
of current-induced action potentials. As described by Hotson and Prince (1980) the SAHP has a magnitude
of up to several millivolts below the resting potential, may peak with a delay up to 500 milliseconds after
the spike train, and can last over a second. These authors also showed that the magnitude of the sAHP
saturates abruptly when measured as a function of either current stimulus duration or amplitude (e.g. sSAHP
saturation with a 125 millisecond 0.5nA current stimulus). The magnitude of the sSAHP is also strongly
dependent on the resting potential - in this paper the amplitude of the sSAHP of cells with a resting potential
between -65 and -70mV was increased by up to five millivolts when the cells were depolarized five to ten
millivolts. In some cells with a low resting potential of around -70mV no sAHP was observed unless a steady
depolarizing current was applied.
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Although the sAHP is typically discussed in terms of firing accommodation after several spikes, the sAHP
is present after a single action potential. For example, Storm (1987a) showed a single spike evoked sAHP
which peaked at about 1.5mV below an imposed resting potential of -65mV. Another example from Storm
(1987b) showed a five millivolt SAHP after five spikes (resting potential not given). Another quantitative
analysis of the sSAHP by Storm (1989) included the dependence of the SAHP amplitude with the number of
spikes, showing, as with the mAHP, a roughly linear relationship from about 0.5mV after one spike to a little
over three millivolts with seven spikes (resting potential not given). In this paper the sAHP was also studied
with a hybrid clamp protocol, in which voltage clamp was imposed immediately after current clamp evoked
spikes (Lancaster and Adams, 1986). This technique showed a rectification of the sAHP current, possibly
consistent with the GHK permeation model (Section 8.2), as the voltage clamp potential approached the
reversal potential of about -100mV. The linear portion of the IV characteristic intersected the voltage axis
at an effective reversal potential of about -85mV. Similar results were reported by Lancaster and Adams
(1986).

As mentioned earlier, Thompson et al. (1985) reported that a reduction in temperature increased the
sAHP; in one example the sSAHP peak amplitude after a train of six spikes increased from about two millivolts
at 36°C to about four millivolts at 32°C (resting potential apparently -57mV). The authors suggested that
a facilitation of a C'a®t-dependent KT current could account for the changes, caused by both an increase of
Ca’t-entry per spike and a slowing down of the removal of intracellular C'a?*.

An increase in Ca?t entry could be a result of a broader spike (giving more time for C'a?T channel
activation), while a decrease in C'a’* removal may be a function of a temperature dependence on a C'a®*
pump. However, if a slowing down of channel kinetics (e.g. Iy, inactivation and/or repolarizing K+ channel
activation) can account for the broadening of the spike, then it remains to be demonstrated whether any
expected concomitant slowing of the C'a?t channel kinetics would not offset an increase in total C'a?* influx
caused by the longer depolarization. It will be interesting in the future to examine such tradeoffs with
simulations, also taking into account the different @1¢’s of channel conduction and channel kinetics.

6.4.5 The Slow After-Depolarization and Plateau Potentials

In the presence of cholinergic agents a Ca’t-dependent slow after-depolarization (sADP), roughly seven
millivolts and lasting on the order of one hundred milliseconds or longer, may be observed in CA3 HPCs
after a spike train instead of the sAHP (Caeser et al., 1993). In CA1 HPCs application of cholinergic agonists
can reveal either an sADP or a long lasting (seconds) plateau potential of about -20mV after a spike train
(Storm, 1989; Fraser and MacVicar, 1996). Both potentials require Ca’?* and Na™ in the bath solution; they
may be related to hippocampal seizure activity, also known to be facilitated by cholinergic agents. Contrary
to the conclusions from Figenschou et al. (1996), data in the paper by Fraser and MacVicar (Figure 1A, not
commented in the discussion) suggest that 20uM of carbachol irreversibly blocks the fAHP.

6.5 Differences in Firing Properties Between HPCs and Other Cell Types

Physiologically, HPCs (and spiny cortical cells) are divided into two major classes, regular firing (or regular
spiking) and bursting cells (for a review of the firing patterns in neocortical cells see Connors and Gutnick,
1990). These classes refer to the pattern of action potentials in response to both short and sustained current
injections. Regular firing cells respond with spikes for only as long as the stimulus, in a regular, adapting
manner. Bursting neurons, on the other hand, typically respond to a short stimulus (e.g. suprathreshold for
several milliseconds) with several spikes riding on a slow depolarizing “hump” lasting on the order of one
hundred milliseconds (e.g. Wong and Prince 1978). Sustained stimuli tend to elicit an initial burst followed
by either an adapting “regular” firing pattern or additional bursts. The morphology of individual bursts
is variable, but usually show a diminution of height and an increase in duration of the fast spikes riding
the hump. Quite often, the repolarization of the somewhat fat and slow final spike is continuous with the
repolarization of the slow hump. The mechanisms that determine these firing patterns may or may not
overlap those that shape individual spike waveforms, and we will mention several theories as to the crucial
burst mechanism (see Section 6.7).

The most conspicuous difference between current-evoked spike trains of HPCs (as well as spiny, presum-
ably excitatory cortical neurons) and hippocampal interneurons (as well as non-spiny, presumably inhibitory
cortical neurons) is that the former show either adapting regular firing or bursting behaviour, while the
latter tend to show non-adapting (“fast-spiking”) regular firing. Note that the term fast-spiking also refers
to the fact that the spikes of interneurons tend have a shorter duration than that of pyramidal cells. There
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are also various subtle differences between the responses of HPCs and other cell types, for example in the
details of the morphology of the action potential and the after-hyperpolarizations, which are beyond the
scope of this chapter. However, it is worthwhile to note that these differences may reflect differences in
channel distribution and electrotonic structure, as well as fundamental difference in channel types. This
latter point should be kept in mind in the discussion later on specfic channel properties of HPCs, in that the
details of a given current identified in HPC may not be the same for a similar current in another cell, even
if the current in question is referred to with the same name. Finally, it may very well be that a particular
channel type described in hippocampus may be unique to this structure.

6.6 Regular Firing Characteristics - Adaptation and f/I Characteristics

Adaptation (deaccelerando over the spike train) in regular firing HPCs varies, but in general is mediated
by two main mechanisms, one primarily C'a?*-dependent (via I4gp) and the second primarily voltage-
dependent (via Ipr). A common way to represent the pattern of repetitive firing in response to steady current
injection is with the so-called “f/T” plot, which plots the instantaneous firing frequency (the reciprocal of
the interspike interval) at some point in the spike train against stimulus intensity. /T plots for the first few
interspike intervals tend to show three components as the stimulus is increased, corresponding to the primary
(relatively flat), secondary (relatively steep), and tertiary (relatively flat) ranges, similar to motorneurons
(Lanthorn et al., 1984). f/T plots for steady-state firing, on the other hand, tend to lack an intermediate
steep portion of the firing curve as a function of stimulus strength.

The adaptation in regular spiking HPCs can be extreme, such that firing can be momentarily suppressed
for some intermediate range of stimulus strengths. The report by Lanthorn et al. (1984) and others (e.g.
Madison and Nicoll, 1984, Lancaster and Nicoll, 1987) show that the interruption of firing occurs after
about 200 milliseconds of repetitive firing for stimuli which typically generate about five to ten spikes during
this initial period. This suppression is a relatively robust phenomenon, occurring over a range of stimulus
strengths from about 0.5 to 1.5nA (outside of this range Lanthorn et al. show no pause). The pause in
firing is transient, lasting a few hundred milliseconds (Lanthorn et al., 1984), after which there is typically
a non-adapting spike train.

6.7 Mechanisms for Bursting

The characteristics of bursting in central neurons and the underlying mechanisms has historically attracted
much interest. Computational roles for bursting have been proposed (e.g. Lisman, 1996), and bursting is
associated with pathological states. In particular, bursting in the hippocampal slice under various conditions
has served as a model system for studying epilepsy (for a review see Alger, 1984).

Despite certain differences in the proportion of cells that burst in CA1 and CA3, it is not clear whether
there is a fundamentally different bursting mechanism between HPCs in these two regions, or for that matter
for other bursting cells in the CNS. Most likely there is some overlap in the responsible mechanisms, given
that there are several plausible and mutually compatible candidates. Although bursting in epilepsy models
is typically associated with synaptic activation (especially under protocols in which GABAergic inhibition is
blocked), the association with current-evoked bursts and other evidence indicate that the fundamental burst
mechanisms are intrinsic. Key mechanisms or conditions for bursting in HPCs that have been proposed from
experimental work include:

e Ca’t entry/spikes (Wong and Prince, 1978, Wong and Prince, 1981, Konnerth et al., 1986).
e Dendritic C'a?*-spikes (Wong et al., 1979).

Cholinergic agonists (Bernardo and Prince, 1982a).
o Low extracellular C'a®t (e.g. Haas et al., 1984, Azouz et al., 1996).

o Persistent TTX-sensitive Na™ current (M.S. Jensen et al., 1996, Azouz et al., 1996).

Bursting may also depend on the holding potential: in cells which normally respond with bursts, long current
steps applied from hyperpolarized levels tend to result in regular firing patterns (Wong and Prince, 1981; see
also examples in Scharfman, 1993). Interestingly, thalamic neurons show the opposite behavior, in that they
tend to burst only after being hyperpolarized (see for example McCormick and Pape, 1990). This points out
the fact that different cell types could very well rely on different mechanisms for bursting.
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Several cell models have examined the role of dendritic C'a?t spikes as the mechanism underlying bursting,
some of which are described later in the chapter (Traub and Llinas, 1979, Traub, 1982, Traub et al., 1991,
Traub et al., 1994; Rhodes and Gray, 1994 for neocortical pyramidal cells). The HPC model by Migliore et
al. (1995), described later, focused on the relative balance of C'a®*-independent K+ currents as determining
whether a given structure would burst or not.

6.7.1 Is the Dendritic Tree Important for Bursting?

Various attempts have been made in order to relate firing pattern with morphology (for a recent model-
based analysis, see Mainen and Sejnowski, 1996). For example, Bilkey and Schwartzkroin (1990) reported a
positive correlation between the incidence of bursting and the length of the apical dendrite in CA3 cells.

However, bursting in CA3 cells does not require an extensive dendritic tree, since bursts are observed
in acutely isolated cells with just apical dendrites (data in Wong et al., 1986, referenced in Traub and
Miles, 1991, fig 2.4; also Traub et al., 1991). Also, any conclusions from modelling studies of the role of
the electrotonic structure and channel distribution depend critically on the choice of channel models. For
example in the study by Mainen and Sejnowski it 1s not obvious that the channel models are directly relevant
to HPC mechanisms.

6.7.2 Constraints for the Slow Depolarization Mechanism Underlying Bursts

If the mechanisms for the spikes during the burst are roughly the same as that for regular spikes, then the
inward current underlying the slow depolarizing potential must be strong enough to drive a input impedance
that is significantly lower than the resting state because of the activation of the various repolarizing currents.
Since these currents that are active during the later stages of spike repolarization are probably on the order
of hundreds of picoamperes or more, this sets a lower bound on the size of the depolarizing current.

Under these assumptions, the major problem with attributing the slow depolarization to the classical
persistent Na%t current In,p (French et al., 1990, see Section 10.1.2) is that the size of this current, on the
order of a few hundred pAs at around -53mV (the voltage at the end of the first burst spike repolarization,
e.g. M.S. Jensen et al., 1996), is too small, even if we assume that this current activates instantaneously.
Similar conclusions apply to C'a?t channel mediated slow depolarizations, using estimates of C'a®t channel
kinetics that reproduce other firing patterns (e.g. Ca®* spikes), as discussed below.

6.7.3 Is Ca’t Entry the Key?

The classical explanation of a Ca?T current generating the slow depolarization underlying bursts, at least
in CA3 cells, was supported by studies such as Wong and Prince (1978, 1981). In these reports, either
extracellular Mn?T or low extracellular C'a?t arrested burst firing, and focal application of Ba?* restored
a burst-like component. However, the effects of extracellular Mn?* /low Ca?*t often developed over an hour
after application, and from the figures in the paper apparently were accompanied by increases of more than
10 millivolts in spike threshold. These results suggest that the effect of the C'a?t manipulation may be
mediated by local membrane interactions, i.e. shifts in the voltage “seen” by the Nat channels via charge
screening by divalent ions (the effect of divalent ions on neuronal membranes is discussed in Hille, 1992).
Since the Na%t-dependent component of the active ADP is quite sensitive to the holding potential (M.S.
Jensen et al., 1996), such shifts might serve to inactivate the slow Nat component. The slow depolarization
with Ba?* (whose time course shown in Wong and Prince, 1981 was at least twice as long as the control burst
depolarization) may be due to the higher permeability of Ba?* through Ca?t channels providing enough
current to support a regenerative event.

Also, estimates of C'a?T channel density (see Section 11) constrained by C'a®T spike data do not predict
Icq mediated slow depolarizations - this phenomena in models discussed later (Traub et al.; 1991, Traub
et al., 1994) included C'a®t channel dendritic densities which were probably unrealistically high, as well as
C'a®t channel biophysics that possibly overestimated I-,. Thus, the evidence seems to be against a role for
C'a?t influx supplying the necessary charge for the burst depolarization.

Madison and Nicoll (1984) showed the contemporaneous development of initial bursts and reduction of
accommodation to long pulses in CA1 cells with EGTA-filled electrodes. They proposed the appearance of a
burst resulted from a C'a* spike facilitated by an increased driving force for Ca?t (EGTA = lower [C'a®t];,,).
However, the reduction in current predicted by a GHK permeation model (as probably appropriate for C'a?*
currents, Section 8.2) due to C'a?’T accumulation at the potentials in the range of this hump is small, and
probably cannot account for suppression of a regenerative Ca’t potential. On the other hand in this paper
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application of the C'a®t channel blocker Cd?T only shows a reduction in accommodation, without a de-novo
burst.

One differential effect of EGTA versus external C'a®t blockers (e.g. Mn?T, Co?T, Ni?T or C'd**) with
respect to Ca?t-dependent mechanisms is that the former blocks I4zp and not I¢ (because of high affinity
of Ic to Ca®t influx), whereas the latter blocks both because of global C'a®t current block (e.g. Storm,
1987a). It could be that the mechanism underlying the burst has a similar sensitivity to C'a’* entry as I¢.

Finally, the most conspicuous evidence against the hypothesis that Ca’?* is necessary for bursting is
found in the recent report by Azouz et al. (1996). This paper shows that burst firing in CA1 HPCs is
resistant to inorganic C'a’t blockers, and in some cases was even enhanced. CAl bursts also persisted in
0 Ca®t, 2mM Mn?t bath solutions. On the other hand, application of TTX in 0 C'a?t, 2mM Mn?* bath
solution progressively blocked bursts in response to sustained current steps, before blocking the remaining
full amplitude spikes. This latter finding was cited by the authors as evidence for a distinct persistent Na™
current underlying the burst slow depolarization.

6.7.4 Bursting in the Hippocampal Network

With respect to the hippocampal slice as a model for epilepsy, the low-C'a?t preparation is used to study
non-synaptic epileptiform activity (e.g. Haas et al., 1984, Roper et al., 1993), providing further evidence
against the hypothesis that substantial C'a?t entry is a necessary component of intracellular bursts.

Synchronous bursting, e.g. that associated with epileptogenesis, is a function of both intrinsic bursting
properties and patterns of connectivity. Although normally associated with CA3, such patterns of activity
can be seen in CA1l under various conditions. In particular, and relevant to the present discussion, when
GABA 4 inhibition has been blocked with bicuculline synchronized bursts in CA1 can be seen when this
region has been completely isolated from the rest of the hippocampus, as demonstrated by Meier and Dudek
(1996). Such behaviour is further evidence for the role of intrinsic CA1 bursting mechanisms, particularly
because the intracellular records show bursts with a classical morphology.

6.7.5 So What Causes Bursting?

Recent reports (Jensen et al., 1994, M.S. Jensen et al., 1996 and Azouz et al., 1996) show that CA1 HPCs
with stereotypical regular firing patterns may be reversibly transformed into bursting cells under various
ionic manipulations. For example, there is an up-regulation of bursting with increases in extracellular [K¥]
(Jensen et al., 1994), which is qualitatively different than simply an increase in excitability that would be
expected in general with raised [Kt],. A similar result was reported by Andreasen and Lambert (1995)
for dendritic recordings of CA1 HPCs: raising [Kt], from 3.25 to 5.25mM converted a “regular” train of
dendritic action potentials to bursts. Also, in this paper both dendritic bursts and slow Ca?t-mediated
dendritic spikes were found to be resistant to blockers of T- and L-type Ca?t channels, leaving open the
possibility for a necessary role of other types of C'a®t channels in dendritic bursts (see Section 11)

The recently described C'a®t-dependent non-specific cation currents in CAl and CA3 cells may offer
another explanation behind the apparent C'a?T-dependence of bursting (Caeser et al., 1993; Fraser and
MacVicar, 1996; see Section 13.3). The pH of the extracellular medium is also important: Church (1992)
showed that bursting CA1l rat HPCs reversibly switched to regular firing when the buffer was changed
from HCO3-CO; to HEPES (pH 7.4 throughout). In the same experiment, lowering the pH (under the
HCO35-CO; buffer) to 6.9 also reversibly changed the cell to regular firing.

Taken together, these findings support the view that the apparent dichotomy between regular and bursting
patterns is at base a reflection of a delicate, and quite possibly modulatable balance of non-linear mechanisms.
We also note that explaining bursts requires not only identifying the mechanism or mechanisms underlying
the slow depolarization, but also an adequate description of the fast Iy, kinetics that actually generate the
spikes and the repolarizing mechanisms, which may be different than the regular firing case. All cell models
that we have examined which generate some sort of burst utilize a Hodgkin-Huxley based description of Iy,
with properties essential for the bursts, specifically, that the recovery of inactivation may occur at relatively
depolarized potentials. However, as we shall discuss in Section 10, the use of this type of model overestimates
steady-state NaT rectification, precisely because of the relatively depolarized inactivation curve.

It may be that bursting involves an interplay of Iy, inactivation that is less complete and K+ current
inactivation that is faster than that occurring during regular firing. This would be consistent with the
proposal by M.S. Jensen et al. (1996) and Azouz et al. (1996) for a crucial role of a persistent TTX-sensitive
Nat current, where the current may reflect a qausi-persistent kinetic state of Iy, distinct from the reported

Inap.
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The channels that we include in the Working model do not generate bursting responses. For example, the
preliminary model of Iy, that we propose in Section 10.3 is not able to generate spikes originating from the
more depolarized portion of the depolarizing burst envelope, and even though it has a persistent component
that 1s similar to the classical Iyqp, the kinetics of this current are not sufficient to drive the hump. On
the other hand, this Iy, model can be readily extended to provide for higher thresholds, and possibly
more complicated kinetics of inactivation. Finally, it will be important to reevaluate channel kinetics in the
Working model after the addition of dendritic and axonal channels in order to see how the behaviour of the
distributed channels can contribute to bursting properties not evident with the somatic channel model.

In summary, bursting mechanisms in the cell models reviewed in this chapter do not seem to be consistent
with all the available data. We feel that the bursting question is still open, and perhaps a refinement of the
channel models described in this chapter will burst properly.

6.8 D Spikes

D (“Dendritic”) spikes are fast five to 15 millivolt depolarizing events in HPCs that are robust to changes in
the holding potential (Kandel and Spencer, 1961). D spikes may occur singly or in clusters (with a timing
reminiscent of bursts), they may be either substhreshold or capable of eliciting full spikes, and they may be
spontaneous or triggered by current injection (in which case they appear as later events of a burst).

In the context of single cell models, the important issue regarding D spikes is their relationship to intrinsic
mechanisms; specifically, should our model be able to reproduce these waveforms in isolation? Although
early explanations centered on the idea that D spikes were due to intrinsic dendritic mechanisms (Kandel
and Spencer, 1961, Schwartzkroin, 1977), a more likely explanation is that these events are echos of single
spikes or bursts from electrotonically-coupled cells, i.e. via gap-junctions (Valiante et al. 1995; M.S. Jensen
et al., 1996; for a discussion of electrotonic interactions in hippocampus, see Alger, 1984). We may note
that none of the models discussed in Section 7.1 describe D spikes; also, attempts at reproducing these
“mini-regenerative” waveforms in our more recent studies have argued against an intrinsic basis for them.
Thus, in summary, it would appear that network interactions are crucial for this phenomena.

6.9 Dendritic Channels and “Hot Spots”

The data on the distribution of specific channels and their kinetics in the dendritic tree is increasing at an
impressive rate (see the reviews by Johnston et al., 1996 and Magee et al., 1998, and the chapter by Paul
Rhodes in this volume). As mentioned earlier (Sections 4.1 and 5.5), voltage-dependent dendritic membrane
properties can have profound implications for synaptic integration (e.g. Magee and Johnston, 1995b; An-
dreasen and Lambert, 1998). In our discussion of specific channel properties in Sections 10, 11 and 12 we
will summarize some of the more recent key findings.

Certainly models can contribute to this research, at least by proposing plausible density patterns. The
practical problem is that without knowing precisely the kinetics of a specific channel, it is all the more difficult
to establish reasonable predictions for its contribution in a distributed structure (Section 4.1). The more
conservative models to date that deal with this question have tested uniform or fairly uniform dendritic
channel distributions, and probably such constraints are consistent with the present state of knowledge
regarding channel kinetics (e.g. the HPC model of Migliore et al., 1995, described in Section 7.1.6; see also
the Purkinje cell model in De Schutter and Bower, 1994). Other HPC models (discussed in Section 7.1) have
used much more ad hoc distributions of various channels in the dendrites, for example local concentrations
in so-called “hot spots”. Such distributions are equivalent to adding many more degrees of freedom to a
model’s parameter space, and as such make it more difficult to extrapolate general conclusions from the
model behaviour.

Direct electrophysiological evidence for hot spots in either the dendrites or in a peri-somatic location (e.g.
the axon hillock) of HPCs is lacking. Channel densities determined with cell-attached patch recordings show
roughly homogenous distributions of Na* channels, sustained KT channels (e.g. Ipg) and the total number
of all C'a?* channel types throughout the soma and dendritic tree (Magee and Johnston, 1995; Magee et
al., 1998). The density of transient K* channels (e.g. I4), on the other hand, increases with distance from
the soma (Hoffman et al. 1997). Simulations of somatic and dendritic spikes made under these constraints,
however, appear to require channel densities at least two times larger than shown in the data (Hoffman et
al. 1997). Tt may be that on-cell patch measurements underestimate the true channel density (D. Johnston,
personal communication), the kinetic models for the channels are inadequate, or that highly-localized hot
spots have so far escaped detection.
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7 Review of Hippocampal Models

We now present a brief review of HPC models, emphasizing those models oriented towards understanding
intrinsic properties, and summarize the major results.

7.1 Single Cell Models Emphasizing Intrinsic Non-linear Properties

Several of the single cell models in this section have been referenced earlier in discussions of specific mecha-
nisms, and later sections will do likewise (for convenience, these models will be labeled as described). Char-
acteristics of different models will be taken both from the original reports and, in the case of the Traub9l,
Traub94, Warman94, Jaffe94 and Migliore95 models (see references below), from additional simulations run
using Surf-Hippo.

7.1.1 Models of Traub and Colleagues

The work of Traub and colleagues (Traub and Llinas, 1979, Traub, 1982, Traub et al., 1991, Traub et al.,
1994) comprise a progressive evolution of HPC models that have been particularly influential not only in
describing hippocampal function, but in application to models of other cortical neurons. The more recent
models (Traub et al., 1991, referenced to as the Traub91l model; Traub et al.; 1994, referenced to as the
Traub94 model; see Figure 1) are primarily based on CA3 HPC physiology. They include descriptions of six
currents (Ing, Ica, IDR, Ic, Iagp and I4), based to varying degrees on voltage clamp data. These models
also include strongly active dendrites. The Traub94 model included a moderately complex dendritic tree and
axon, with significant variations of the kinetic descriptions and a different value of Fx (essentially making
them models of different channels) for axonal Iy, and Ipg (Westenbroek et al., 1989). This model was used
mainly to examine synaptic-evoked firing patterns under various conditions.

There was no emphasis in either model on the reproduction of single spike morphologies from the data.
Especially, the morphology of the bursts generated by these models, which showed the fast spikes riding on
the slow burst depolarization initially getting smaller and then getting larger, differ substantially from that
which is typically seen in the data (Section 6.5).

A rather high value of Cy, (3 pF/em?) and a rather low value of R, (10,000 Q em?) were used for
the entire Traub9l model. In the Traub94 model, more conventional values for R,, and C,, were used
for the soma and dendrites (50,000 Q em? and 0.75 pF'/em?, respectively), but the axon membrane had a
significantly lower R,, of 1000 Q em?. R; was also different in the soma/dendrites and axon in this model
(200 © e¢m and 100 © cm, respectively). An essentially ad hoc pattern of dendritic channel densities was
used in the models, with hot spots of I, and associated Ipg and Ic, in order to reproduce Ca®t spikes. A
minor difficulty in both models for quantitative comparison with data is that all potentials are given relative
to the resting potential; in our analysis we have assumed an F,.s of -60mV.

Both the Traub91 and Traub94 models predicted bursts driven by a C'a®t current and differential repeti-
tive firing characterisitics that depended on somatic versus dendritic stimulation. The Traub94 model showed
bursting evoked by antidromic stimulation, that was blocked by appropriately timed dendritic IPSCs. Re-
duction of dendritic I, and Iz, and an increase in somatic Ipg, caused the Traub9l model to switch
from burst firing, reminiscent of classical CA3 HPC properties, to adaptive repetitive firing, more like CA1
HPCs. Neither model has a stable resting potential, in that they require constant holding currents to avoid
spontaneous firing. For example, the Traub94 model shows spontanteous bursting, even if the axon is re-
moved (simulations not shown). When C'a?* channels are blocked, this model fires spontaneous single spikes
(simulations not shown).

The role of dendritic C'a®t spikes was crucial in determining the behaviour of both of these models.
However, the dendritic spikes predicted by the Traub91 model, in particular under control conditions, are
larger than either the early dendritic recordings of either Wong et al. (1979) or Benardo et al. (1982), or
recent recordings such as those of Spruston et al. (1995). The peak of these spikes in the model was about
+40mV, as compared to about +10mV for the somatic (Na™) spikes. In the Traub94 model dendritic C'a®*
spikes were somewhat smaller (about +20mV) and the somatic spikes somewhat larger (about +30mV).

It is likely that the magnitude of /-, in the models was overestimated, especially due to overestimation
of the driving force (see Sections 11.2.3 and 11.3). We can consider the functional consequence of the predic-
tions, namely that the excitability of the dendrites in these models predicted all-or-nothing responses which
propagated throughout the tree, thereby greatly limiting the capability of the tree to act as a substrate
for any subtlety in local synaptic interactions. These consequences are especially important in the critical
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evaluation of the many network models that have been built using these cell models (e.g. Traub and Miles,

1991, Traub et al.; 1996).

7.1.2 Borg-Graham, 1987 Model

An earlier single cell model (Borg-Graham, 1987a and Borg-Graham, 1987b, referenced to as the BG87
model), using a soma/short-cable model (Figure 1) with all channels at the soma, was developed by the
author to explore a variety of channel properties in a single context. Analysis was restricted to somatic
responses to somatic stimulation. The model, based on both CA1 and CA3 data, included eleven channels:
three Nat channels (two fast transient channels, Ina(rrigy and INqa(rep), and a persistent channel, ING(TGH)),
six K+ channels (Ipg, Ia, Ic, Iagp, In and Ig), and two Ca®* channels (I, and I¢qs). Linear parameters
were chosen under the assumption that measurements of HPCs (from the sharp electrode recordings of Brown
et al., 1981) could be accounted for by incorporating a somatic shunt. The two putative fast transient Na*
channels were included to account for the available voltage and current clamp data in the context of the
Hodgkin-Huxley model, which required a mechanism that allowed for both distinct thresholds of activation
and removal of inactivation above the lowest spike threshold without significant steady-state rectification.
The model included a description of the dynamics of [C'a?t];, based on a colocalization of I¢, and I¢
channels. This structure was proposed to account for the fast kinetics of I as opposed to the slower, more
integrative kinetics of I4gp. Finally, the model used a reformulation of the Hodgkin-Huxley model that
casts the Hodgkin-Huxley parameters in a more biophysical and intuitive way, an updated version of which
is discussed in Section 8.4.

The inclusion of specific mechanisms - two fast Nat channels with distinct kinetics - for different spike
thresholds suggested that selective regulation of those mechanisms could have useful computational conse-
quences (specifically, variation of failure point, or lock-up, for large sustained inputs, Borg-Graham, 1987c).

While the BG87 model reproduced single spike morphology and many of the characteristics of single spike
modulation in response to various pharmacological procedures, it was less successful at reproducing patterns
of repetitive firing. For example, while there was a strong adaptation and an sAHP mediated by /4gp in
the model, I3y played a minor role in the cell response, contrary to its more likely important contribution
to regulation of repetitive firing (see Section 12.7). Also, there is no experimental evidence to support two
distinct fast Nat channels: the Markovian Iy, model described in Section 10.3 collapses the functional
characteristics of Inq(7rig); INa(Rep) a0d INa(Tqiry Into a single channel.

7.1.3 Wathey, Lytton, Jester, and Sejnowski 1992 Model

When the increase in EPSP slope associated with LTP is compared to the amplitude of the extracellularly
measured population spike, there is often a larger increase in the latter relative to the former measurement.
This relationship (E-S potentiation) was investigated by Wathey et al. (1992, referenced to as the Wathey92
model), with a detailed anatomical model of a CA1 cell (Figure 1) that included simple models, that is
not necessarily matched to hippocampal properties, of somatic/axonal Iy, and Ig, with Io, distributed
in hot spots in the dendritic tree. This paper described how the electrotonic relationship between the I,
locations and the locations of synaptic enhancement predicted whether the E-S potentiation was specific or
non-specific to the potentiated synapses.

7.1.4 Pongracz, Poolos, Kocsis, and Shepherd, 1992 Model

Pongracz et al. (1992) examined the interaction of voltage-dependent NMDA receptors with a soma/short-
cable structure cell model (apical and basal cables with five compartments each, and a two compartment
axon). Somatic channels included Ing, Ipr, Ica, Tamp and I¢; all dendritic compartments included ¢,
Iagp and I¢, and dendritic hot spots included Iy, and Ipr. The proximal axonal compartment (the
“initial segment”) included Iy, and Ipp channels; the Iy, was of a slightly higher density than the soma.
In order to speed up the response of the axon, the passive properties of the initial segment and distal axonal
compartment were significantly different than the rest of the cell: R,, of 1,000 and 500 Qem? as opposed
to 80,000 Qcm?, respectively, and C,, of 0 and 1 uF/cm? as opposed to 1 puF/em?, respectively. Notably,
this model took into account the accumulation and removal of extracellular [K*] in a thin (200 A) shell
around each compartment - this was used to dynamically update the reversal potential of the KT currents
and GABA g synaptic currents, but apparently not of the KT contribution to the leak battery. Intracellular
Ca?* accumulation in very thin (2 A) compartmental shells was also considered, in a somewhat schematic
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way - a normalized [Ca?t);, figured in the activation of the C'a?t-dependent Kt currents, but not in the
driving force for the C'a®t currents.

A key finding with the parameters used in this paper was that synaptic responses increased after repetitive
input (concurrent activation of AMPA, NMDA, GABA, and GABAp synapses), in part due to external
[K*] accumulation. Although model results were directly compared quantitatively with experimental data,
the omission of any reference for the data made detailed comparison difficult.

7.1.5 Warman, Durand and Yuen, 1994 Model

Warman et al. (1994, referenced to as Warman94 model) constructed an CA1 HPC model that was similar
in structure and intent as the earlier models, ie. analysis of interactions between multiple somatic channels
(INas Ica, I, Lamp, Inr, Ta, and Ipg) within a simple electrotonic structure (Figure 1). As in the BG87
model, the value of R,, for the soma was significantly lower than the dendrites to account for the somatic
shunt. In addition, the somatic C,, was taken as 1 puF/ecm?, whereas the dendritic C,, was taken as 1.85
puF/em?, although the reason was not specified. This model further refined the channel models, with better
success in reproducing accommodation characteristics. An earlier model from this group with similar intent
was made for a dentate granule cell (Yuen and Durand, 1991).

As with the BG87 model, this model reproduces several aspects of single spike morphologies in response
to the modulation of various currents. Also, in contrast with the likely underestimation of Ij; in the BG87
model, a notable prediction of the model was that Iy prevents spontaneous repetitive bursting. This was
a result of tonic activation of both Iy and Iy, at rest, suggesting in part that Iy played a major role in
maintaining the resting potential. The resting activation of Iy, was related to a large “window current”
for this channel, which also was the main current causing the slow depolarization underlying bursts (as
compared to a C'a®* current). While indeed there is some evidence for Iys activation at the resting potential
(see Section 12.7), cholinergic suppression of this current does not necessarily lead to spontaneous activation.
This prediction of the model, though, may reflect more an overestimation of Iy, around rest, rather than
an overestimation of Ips (see Section 10.1.5).

7.1.6 Models of Jaffe et al., 1994, and Migliore et al., 1995

Two related models with complicated dendritic structure from Jaffe et al. (1994, referenced to as the Jaffe94
model) and Migliore et al. (1995, referenced to as the Migliore95 model) focused mainly on reproducing the
pattern of C'a?t accumulation in the cell and patterns of repetitive firing.

The Jaffe94 model included Iy, limited to within 150um of the soma, and Ipg, Ic, Icar, Ican, lcal
in every cell compartment. In this model less attention was paid to the descriptions of channel kinetics,
excepting those for the C'a?tT channels, since the analysis was constrained to the dynamics of [C'a?t];,
driven by uncomplicated spike trains. Although the morphology of the model was taken from a CA3 cell
(Figure 1), model parameters were chosen to represent both CA1 and CA3 HPCs; the authors claimed that
in their experience [C'a?t];, profiles were essentially the same for the two types. This model was able to
reproduce characteristics of [C'a?t];, profiles consistent with data generated by this group, including a slower
decay for somatic versus dendritic [Ca®*];,, that could be accounted for by the difference in surface to volume
ratios.

The Migliore95 model, on the other hand, was specific to CA3 HPC properties. This model included a
more complete repertoire of channels (Inq, Icar, Ican, Icars La, Inr, Iagp, Ipr and I¢), and considered
how various patterns of dendritic channel density in several detailed anatomical reconstructions of HPCs
could generate regular versus bursting behaviour. Patterns of channel distributions were carefully constrained
by placing fixed densities of Nat and Ca?t-independent Kt channels on the soma and the proximal apical
dendrites (within 100pm from the soma), and by varying a fixed density of the remaining channels throughout
the dendritic tree and the soma. A main result of the Migliore95 model was that given the model channel
kinetics, similar rules for distributions of all channel types would predict regular or bursting behaviour for
all the structures, despite some non-trivial variations in the dendritic morphology.

7.1.7 Other Single Cell Models

As mentioned in Section 2.1, Spruston et al. (1993) presented a model-based analysis of somatic measurement
of events in the dendritic tree. This paper looked at both a detailed cell anatomy (in fact the same cell that
was used in the Jaffe94 model) and soma/short-cable equivalents. The cell structures were completely
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passive. The main result was that under a wide range of reasonable model cable parameters, under somatic
voltage clamp distant synaptic events will be significantly distorted.

Two recent studies (Sah and Bekkers, 1996 and Lipowsky et al., 1996) directly combined experimental
and modelling analyses of non-linear dendritic properties, specifically with respect to the interaction between
the propagation of synaptic potentials and dendritic channels. Both studies used simple soma/short-cable
structures (including a basal and an apical dendrite), with various dendritic channels.

Sah and Bekkers (1996) examined the interaction between somatic and dendritic GABAergic IPSCs with
Iagp, and concluded that I4gp is present in the proximal 200pum of apical dendrite. Since the I4pp
was taken to be voltage-independent (see Section 12.5), their 74p model was simply a fixed conductance
waveform. No other channels, nor Ca?* dynamics were included in the cell model. The proximal distribution
of Iagp was inferred by the response of this current to changes in voltage clamp holding potentials that was
similar to that of IPSCs of known dendritic origin. The restriction of Tamgp to the apical tree was suggested
since EPSPs evoked in stratum radiatum (thus arising from the apical tree) were shunted more by the sAHP
than EPSPs evoked in stratum oriens (thus arising from the basal tree).

Lipowsky et al. (1996) investigated the role of dendritic persistent Na® current (/nqp) on the amplifica-
tion of EPSPs in CA1 pyramidal cells. The model included Ing, Inap, Ica, Ic, Iagp, Iar, Ipr and 14, with
parameters of the [C'a?*] dynamics and all channels other than Iy.p adapted from the Warman94 model.
The description of In.p was taken directly from the experimental report of French et al. (1990). The key
issue addressed by the model was the effect on subthreshold distal apical input by the inclusion of either
somatic or dendritic Iny.p, and in fact the relevance of the model channels other than Ix,p and I, was
minimal to the results reported in this paper. Addition of dendritic /y4,p amplified and slowed the EPSP;
subsequent incorporation of dendritic 14 resulted in EPSP waveforms that were well matched to the data.
Although a simple dendritic structure was used (single cable), the fact that non-linearities were included
only in the proximal (< 200um of the soma) apical dendrite, and simulated synaptic input was quite distal
(600pm from the soma), means that the issue of non-linearities local to the input was avoided.

7.1.8 Recapitulation on the Working Model

The Working model that we demonstrate in this chapter has the soma/short-cable geometry of the BG87
model, again with all non-linear mechanisms located at the soma. The model includes the following channels:
Inag, Ican, Icar, Icar, Ip, IDR, 14, Inr, Ior, Iagp and Ig. A multiple compartment Ca?t concentration
system is included in the soma, incorporating a C'a?t pump and an instantaneous buffer.

7.1.9 On-line Parameters of Reviewed Models

Complete “turnkey” implementations of the Traub91, Traub94, Warman94 and Working models, and specific
mechanisms of the Jaffe94 and Migliore95 models are included in the Surf-Hippo distribution. Also available
at the Surf-Hippo site are NEURON files for some of these mechanisms (written by Ragnhild Halvorsrud).

7.2 Models Emphasizing Interactions Between Synaptic Processes and Intra-
cellular Ton Dynamics

Although not specific to hippocampus, Qian and Sejnowski (1989, 1990) described a one-dimensional model
of ionic flow in dendritic structures which takes into account coupled electromotive and diffusional flow,
and which they used to predict voltage and concentration responses to synaptic input. These results were
compared with that of a model based on electromotive flow only (the standard cable model, that is the type
of circuit used by all other models described in this chapter), and that of a modified cable model which
calculates, at each time step, the contribution of diffusional flow after electromotive flow has been evaluated.
They showed that for large structures the contribution of diffusional processes is, as expected, negligible
due to the small changes in concentration, while for small structures, such as spines, the incorporation of
diffusional processes gave potentially significant differences from the cable model with respect to predicted
concentration profiles and saturation characteristics in response to varying strengths of synaptic input. They
also showed that the modified cable model accounts for much of these differences, providing that the synaptic
input is not too great, with the benefit of being computationally much more efficient than the full diffusion
formulation.

The models of Zador et al., (1990) and Schiegg et al. (1995, see Section 9.3) combined a detailed rep-
resentation of a single spine with a simplified HPC dendritic structure to analyze C'a®’t dynamics in the
spine microenviroment. Holmes and Levy (1990) presented a detailed compartmental model of a dentate

35



gyrus neuron which focused on the interaction between Ca?t influx via NMDA-mediated synaptic channels
on explicit spine representations and detailed [C'a®*];;, dynamics relevant to conditions consistent with the
expression of LTP. They found that transient saturation of local buffer in the spine head was necessary for
[C'a®T);p, increases that were sufficient to account for LTP.

8 Channel Models

In this section we will describe various models for non-linear channel properties, including both voltage and
Ca®t-dependent channels. These models are at an intermediate level of biophysical detail, appropriate for
describing whole cell currents.

For a given current [x, the most common models for the underlying channel are based on the assumption
of a gated, membrane-spanning ionophore, where the mechanism of conduction f(V, A[X]) (flow of ions down
a voltage gradient), and that of gating h(V, ¢, ...) (voltage and/or ligand dependent modulation of conduction)
are separable:

Ix = h(V,t,...) f(V,A[X])

Here V' is the membrane voltage, ¢ is time and A[X] represents the concentration gradients for the permeable
ions of the channel. The ellipsis in the argument of h() stands for the various ligand-dependent processes
(e.g. Ca®T-dependence).

Here we review two models of the conduction term f(V, A[X]): ohmic (thermodynamic equilibrium
conduction) and constant-field permeation (non-equilibrium conduction). We shall also describe two related
models of the gating term h(V, ¢, ...): the Hodgkin-Huxley model (and a reformulation of the original equation
parameters), and Markov models (which include the Hodgkin-Huxley model as a special case). We shall
also review models of C'a’t-dependent gating. We shall see that in principle both conduction models for
F(V, A[X]) have a non-linear negative feedback characteristic which in certain cases has important functional
consequences; therefore the non-linearity of neuronal ionic currents can arise from both the conduction term
and the channel gating term.

8.1 Linear Conductance: Driving Force From Equilibrium Thermodynamics

In most cell models channel conduction is taken as ohmic (linear), with the driving force determined by the
membrane voltage, A[X], and the relative permeabilities of the ions that pass through the channel. The
general form of the ohmic model is:

f(V,A[X]) = gx (V - Ex)

where, assuming that the units of f() are in nanoamperes, gx is the absolute conductance in yS and Ex
is the reversal potential for the channel, the latter given by either the Nernst equation if only one ion is
involved, or the Goldman-Hodgkin-Katz (GHK) voltage equation (e.g. Hille, 1992) for more than one ion
(voltages in millivolts). In this model, the non-linearity of the conductance term arises implicitely from the
Nernst or GHK equation-based estimate of the driving force Ex coupled with a non-zero change in [X] with
respect to Ix. Thus, the more current, the more the concentration gradient is reduced, resulting in negative
feedback. In practice, many cell models that use the ohmic description neglect changes in concentration,
under the assumptions that these activity-driven changes are small.

The use of the Nernst equation for the driving force in the ohmic model is based on the assumption
of thermodynamic equilibrium; strictly speaking this corresponds to the situation in which no current is
flowing. Thus this description is more appropriate for those ions in which the concentration gradient is not
very high and the integrated currents are small compared to the relevant concentrations. These conditions
are approximated for KT and Na't, which is similar to saying that these ions are closer to equilibrium.
Although widely used (as in all the non-C'a?* channel descriptions we shall present here), the validity of
this approximation for describing non-equilibrium conditions (that is, when the neuron is doing something
electrically) has not been systematically tested.

8.1.1 Setting F,., for Ohmic Channel Models

The most basic way to determine the ions associated with a particular channel experimentally is by estimating
the reversal potential and relating that value to that expected from the Nernst or GHK voltage equations.
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Manipulating the concentrations of specific ions and comparing the change in the reversal potential with that
predicted by these equations may also be done. Especially for the case of Kt channels, there is a dichotomy
between the experimental values for F.,.., and that used by many models, in that in the former case the
measured E,., is rarely that predicted for a pure KT conductance, whereas in the latter case models often
assume that all Kt channels share the same F,., = Fx. A more flexible approach is to allow the E,., for
nominally Kt channels to be set to within a maximum of 20 millivolts or so above the Nernst Fx (typically
this is -90 to -95mV), a range typically seen in the data. We have found that this additional free parameter
allows for some useful fine tuning in the shape of the afterpotentials.

We may note as well that the value of Ex (and sometimes En,) in some models is not given explicitly,
despite the fact that there are no reliable canonical values, and variations in these parameters can have a
significant effect on cell behaviour.

8.2 Intrinsic Non-Linearity of Pore Conduction

As a particular ion moves farther from equilibrium (specifically the case for Ca?*), the ohmic model becomes
less accurate. One of the most widely used non-equilibrium models of pore conduction permeation is the
constant field model, described by the Goldman-Hodgkin-Katz (GHK) current equation. In this equation
(see Jack et al., 1983 and Hille, 1992), the non-linearity of the permeation term is explicit:

V22 F? [X]in — [X]out exp(—2FV/RT)
RT 1 —exp(—zFV/RT)

JV,ALX]) = px

where, again assuming that the units of f() are in nanoamperes, R is the gas constant, F' is Faraday’s
constant, T is temperature in degrees Kelvin, Py is the permeability (not the conductance) of the channel in
em?/second, [X]in and [X],u: are the intracellular and extracellular concentrations in millimolar and z is the
valence of the permeant ion - here we assume that channel conduction is mediated by only one type of ion.
The non-linear behaviour of this term manifests itself as negative feedback for inward currents, particularly
Ca** (e.g. Hess and Tsien, 1984), both because of the sublinear characteristic at typical values of [C'a?*] and
because the driving force is reduced as the gradient of [X] is reduced with current flow. We note, however,
that the dynamic change of this characteristic due to typical concentration changes is not very large.

Neuron models which have used this formulation, in all cases for C'a?t currents, include the Wathey92
Jaffe94 and Migliore95 models, models of thalamic relay neurons (Huguenard and McCormick, 1992) and
cortical pyramidal cells (Lytton and Sejnowski, 1991). At membrane potentials far from the equilibrium
point (e.g. Vi < -20mV for Ca?t channels) the GHK current equation becomes linear, and if the voltages
in the model under consideration stay in this range it may be reasonable to substitute an ohmic equivalent
(e.g. see De Schutter and Bower, 1994). This conversion also has to be considered when interpreting many
of the reports on C'a®t channels, where conduction values at some holding potential are reported instead of
permeabilities.

8.3 Channel Gating @ la Hodgkin and Huxley: Independent Voltage-Dependent
Gating Particles

Hodgkin and Huxley (1952b) described channel gating as an interaction between different, independent two-
state (open and closed) elements or “particles”, all of which must be in the open state for channel conduction.
The state dynamics of each particle are described with first order kinetics:

az(V),0=(V)

Be
xrc = o (2)

where z¢ and zo represent the closed and open states of gating particle x, respectively. o, (V) and §,(V)
are the forward and backward rate constants of the particle as a function of voltage, respectively. Taking z
to be the probability of the open state, the associated differential equation is:

de  2(V)—2x

it~ (V)
with the steady state value of z, 2o (V'), and the time constant, 7,(V) given by a,(V) and F,(V) (see
below). A useful generalization of this kinetic scheme is to assume that the rate constants can be functions
of other signals (e.g. [Ca’*]); the general form of the gating term in this scheme is the product of the open
probability of the channel’s gating particles:
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where z; is the open probability of a given type of gating particle; and n; is the number of particles of a
given type associated with the channel. This system is a specific type of Markovian model (see Section 8.7),
constrained by the independence condition; the general Markovian model allows arbitrary transitions between
the states describing the channel kinetics.

The success of the Hodgkin and Huxley theory is in the utility of a kinetic scheme which is described by
ensembles of independent two-state gating particles, each of which has transition rates which are functions
of the membrane voltage. While Hodgkin and Huxley hypothesized that the steady state behaviour of
each particle fit a Boltzman distribution, the underlying rate equations were fit to the data with various
functions that included both linear and exponential voltage terms. Although taken as a canonical form by
countless cell models, a consequence of the specific form of the equations is that there is not an obvious
relationship between the equations’ parameters and the standard kinetic description, i.e. in terms of the
voltage dependence of the steady state zo, and time constant 7.

8.4 An Extended Hodgkin and Huxley Model

For gating particles that are dependent only on voltage, this theory can be recast in more explicit form by
considering parameters of a single-barrier kinetic model for each particle (Jack et al., 1983, Borg-Graham,
1991). The advantages of this form are parameters which are both more directly related to the functional
behaviour of the channel, and which have specific biophysical interpretations. Various neuron models have
used this formalism (the BG87,Migliore95, and Jaffe94 models; also Lytton and Sejnowski, 1991, Bush
and Sejnowski, 1994 for cortical pyramidal cells, Quadroni and Knopfel, 1994, for medial vestibular nuclei
neurons, and Burgi and Grzywacz, 1994, for retina).

8.4.1 Comparison to the Original Hodgkin-Huxley Equations

A final advantage is that in its basic form, this formulation has five parameters for each particle (V;/s,
z, v, K and 7p; see below), whereas the Hodgkin-Huxley model has six parameters, in part because the
dependence between «(V) and (V) is not explicit. Nevertheless, this formulation may be readily fitted
to the original Hodgkin-Huxley equations of squid axon In, and Ik ; the error is comparable to the error
between the original equations and the data to which they were fit (cf. figures 4, 7, and 9 in Hodgkin and
Huxley, 1952b).7

8.4.2 Parameters of the Single Barrier Gating Model

The formulation, which describes the first-order kinetics represented in Equation 2, is defined as follows -
the following derivation is somewhat modified from the description given in Borg-Graham (1991).

We first derive the expressions of o, (V') and g% (V), the forward and backward rate constants of the single
barrier transition. For a given particle z, z (dimensionless) is the effective valence of the gating particle,
where a positive value means that the particle tends to the open position with depolarization - i.e. it 1is
an activation particle. Likewise, a negative value of the valence means that the particle tends to the open
position with hyperpolarization - i.e. it is an inactivation particle.® The effective valence is the product of
the actual valence of the particle (an integer) and the proportion of the membrane thickness that the particle
moves through during state transitions; thus this parameter is not restricted to integers. v (dimensionless,
between 0 and 1) is the asymmetry of the gating particle voltage sensor within the membrane. K (1/ms) is
the leading coefficient of both o/, (V) and 3, (V). This term can be described in terms of Eyring rate theory,
an explicit version of which may include an additional temperature term (Borg-Graham, 1991). We shall
not consider this component explicitly here, and just take K as a constant. Vj,, is the voltage for which

o (V) and B(V) are equal. The final equations for o/ (V) and 3, (V) are then:

xr

"We have fitted this formulation to all Hodgkin-Huxley mechanisms in the channels used in the models of Section 7.1 - in
every case model behaviours using the fitted versions were qualitatively the same as using the published versions.

8This definition for the sign convention of z is opposite to that found in Borg-Graham, 1991, for no profound reason. The
convention used here is the same as that used in Jack et al., 1983 (eq. 8.33-34, p. 242), and depends only on the (arbitrary)
definition of polarity of the gating particle with respect to the membrane inner and outer surfaces.
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An additional parameter, 7y, (not the same as the linear membrane time constant) represents a rate-limiting
® This parameter is
crucial for fitting the expressions to the original Hodgkin-Huxley equations. There are two equivalent ways

step in the state transition, for example “drag” on the particle conformation change.

of incorporating 7y into the kinetics. The more intuitive approach is to include 7y explicitly in the expression
for the time constant 7, (V') of the particle state differential equation:

1
(T T

We can also derive the appropriate forms for o, (V') and 5, (V) that characterize the kinetics of Equation 2:

B o (V)
(V) = T A 1

G (V)
o(ag (V) + 55 (V)) +1

Note that when 1 is 0, (V) is equal to ol (V) and §,(V) is equal to 8, (V). Finally, the expression for
Teo (V) is:

Pe(V) =

A aw(V)
V)= 0 + B0 - an®) + A7) ®)

Two additional parameters, ay and Fp, may be considered in some cases, though they are not necessary

in reproducing the original Hodgkin-Huxley equations. These parameters are forward and backward rate
constants, respectively, of parallel state transitions which are voltage-independent, but nonetheless figure
into the total kinetics. If considered, ag and Gy alter the expressions for o, (V), 8;(V), and thus 7,(V) and
Zeo (V), which we will not consider here.

8.4.3 Relationships Between the Extended Hodgkin-Huxley Model Parameters and z. (V)
and 7, (V)

As stated, an advantage of this formulation is a more clear connection between the parameters and the
macroscopic characteristics #., (V') and 7, (V). In particular, V3, gives the midpoint and z sets the steepness
of the #c (V') sigmoid. The symmetry parameter vy determines the skew of 7, (V)): v = 0.5 gives a symmetrical
bell-shaped curve for 7,,(V'), which otherwise bends to one side or the other as v approaches 0 or 1. z sets
the width of 7,(V'), unless v is equal to either 0 or 1, in which case 7, (V') becomes sigmoidal and thus z sets
the steepness as for zo (V).

With this scheme a particle with a voltage-independent rate constant can be represented by setting
1/K << 7, and both «g and fy to zero, thus making 7 the effective time constant. Likewise, both the
time constant and steady-state become voltage-independent by setting A = 0 and choosing the appropriate
ag and By. We should emphasize that the oy and §; parameters are included for flexibility; in all of the
Hodgkin-Huxley type parameters that we shall discuss in this chapter, and in the discussion below, both
parameters are taken as zero.

9The formulation in Borg-Graham (1991) used this parameter as a lower bound for 75 (V). The form defined above not only
avoids discontinuities in the characteristic but also seems more plausible. Similar considerations have been explored for other,
more general, kinetic schemes, e.g. Patlak, 1991.
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8.4.4 Determining the Number of Particles in Hodgkin-Huxley Models

The exponent n of a particular gating particle in the Hodgkin-Huxley description implies the number of
that type of particle in the channel. The motivation of Hodgkin and Huxley for introducing this parameter
was to account for sigmoidal characteristics of current activation under voltage clamp (the power for the
inactivation particle & in the Hodgkin-Huxley In, model is one - however, their protocol did not directly
measure the kinetics for the removal of inactivation). Some experimental papers report fitting integer powers
of hypothetical gating particles according to the observed kinetics, but more typically steady-state activation
or inactivation data is simply the observed macroscopic behaviour (that is, reflecting the steady-state of the
ensemble of particles). Thus, for channel models gating particle powers can often be considered as another
free parameter.

There are three immediate consequences of assuming more than one particle of a given type. First,
while the transition from the closed to open state under voltage clamp of a single particle is exponential,
as noted above (and key to Hodgkin and Huxleys’ choice of parameters), powers greater than one result
in a sigmoidal transition (arising from the time course of (1 — exp(—t))™” when n is greater than one).
This trajectory implements a kind of delay in the closed to open state transition, which is often a major
motivation for hypothesizing n > 1 in Hodgkin-Huxley models. Second, although the collective steady state
behaviour of an ensemble of particles of a given type as a function of voltage is sigmoidal, the expression
(1/(1 —exp(V))™ goes to zero faster than 1/(1 —exp(V) (these functions in V are the basic form of Equation
3). Thus, if the parameters of the extended Hodgkin-Huxley model are fitted to the measured steady-state
behaviour, assuming n greater than one can attenuate the zero-end of this characteristic. In some cases, we
have found that using n greater than one has restricted this tail activation which otherwise could complicate
the contribution of the channel in question at certain voltages. Finally, in this model when n = 1 the peak
(when 0 < 4 < 1) or inflection point (when v = 0 or 1) of 7,(V') is roughly around V;,. Higher powers of
n tend to shift these points in the direction of voltage for which #. (V') tends to 0. This shift may have a
noticable functional effect between different values of n.

8.5 Activation versus De-Activation; Inactivation versus De-Inactivation

It is useful to briefly review the terminology of activation and inactivation. Traditionally, in the context
of the Hodgkin-Huxley model, the difference between activation and inactivation is simply that they have
an opposite dependence on membrane voltage. On the other hand in more general kinetic descriptions
inactivation is often used to describe the transition into closed states after activated or open states. In
the Hodgkin-Huxley context, we can refer to a channel becoming open either by activation (assuming no
concurrent inactivation) or by de-inactivation (assuming concurrent activation). Likewise, a channel can
become closed by either by inactivation or by de-activation.

Finally, there are channels that become open with hyperpolarization, e.g. Iy. Assuming that they are
persistent channels (no inactivation), it is more clear to say that these channels are gated by activation
particles, even though this is inconsistent with the definitions given above for the voltage dependence of
gating particles.

8.6 The Hodgkin-Huxley Model: Some Conclusions

The independence of gating particles in the Hodgkin-Huxley model has at least two advantages: presented
in the proper form the kinetics of the model can be predicted in an intuitive way, especially when considering
experimental data, and as a practical issue the numerical integration may be accomplished efficiently (Hines,
1984). On the other hand, this independence constrains the equivalent state space description (vis-a-vis the
relative transition rates, Destexhe et al., 1994) of the more general Markovian model.

8.7 Channel Gating as Dynamical Systems ¢ la Markov Models

The behaviour of a dynamical system 1s characterized by some trajectory in state space, where each “state”
is defined fundamentally in terms of observed kinetics. For models of ion channels, including the Hodgkin-
Huxley model, the general assumption is that each state corresponds to a specific conformation of the
membrane protein, thus an individual channel can be in only one state at a time. The description of an
ensemble of channels (e.g. as appropriate for a cell model) assigns a probablity at any given time for the
occupancy of each state. The observable states of a channel are those that conduct current (the open states),
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but of course the non-open states (called closed or inactivated, depending on the particular model) are as
important in understanding channel behaviour.

When the transitions between states in a dynamical system are stochastic with probabilities that are
independent of the history of the system, the resulting model is a Markov model. This classification does
not mean that the transitions can not be functions of time per se, however, most models of this sort do not
use functions in which time is an explicit independent variable. State transitions may be functions of other
quantities, certainly - for channel models the most common dependency is that of voltage.

Markov kinetic models are the standard description for detailed biophysical analysis of channel kinetics,
but there have been relatively few applications in the neural modelling literature (however, see Bush and
Sejnowski, 1991). One practical limitation for these models is that they are typically much more computa-
tionally expensive than two-state models such as the Hodgkin-Huxley model (for a hybrid of Markov and
Hodgkin-Huxley , see below). The general methodology of Markov models as applied to channel mechanisms
is beyond the scope of this chapter (see Colquhoun and Hawkes, 1995). Destexhe and colleagues (1994)
have written a concise discussion on Markov models which i1s aimed in particular at cell level modelling of
channels and synapses.

Although the Markovian framework puts no restrictions on the functions that define state transitions
(other than the no-memory condition), the form presented above of the a,(V) and 5;(V) functions for the
extended Hodgkin-Huxley model is convenient and very general. The voltage-dependent transitions Markov
models that we shall use in the Working model for In, and I¢p (Sections 10.3 and 12.4.1) may be defined in
such terms; however, we shall use the following squeezed exponential formula for the transition rate a;; (V)
from state ¢ to state j:

ai; (V) = (Tmin + ((Tmax — Timin) '+ exp (W_kivm)))_l)_l (4)

where the inverse of 74, (analogous to 1y in the extended Hodgkin-Huxley model) and 7,4, put upper
and lower bounds, respectively, on the rate constant «;;(V). Note that there is an implicit coefficient of the
exponential term of 1/ms (same units as either 1/7m:n 0r 1/Tmaz) in this equation.

8.7.1 Markov Mechanisms Can Decouple the Timecourse of Activation/Inactivation Signals
and Functional Channel State Transitions

There are several cases in which there is an apparent delay between a modulating signal, S, e.g voltage or
Ca®t, and the functional state transition, say A — B. For example the activation of the I4gp channel is
dependent on a rise in [Ca?t], but the actual channel opening may lag by a few hundred milliseconds, by
which time the [C'a?T] may have fallen below the activation threshold (Section 12.5). In a general Hodgkin-
Huxley scheme of a collection of independent particles (where the modulating signal S is not necessarily
voltage), the timecourse of S is directly coupled to the associated state transition, such that the subsequent
removal of .S would arrest a slow transition. The sigmoidal activation when n > 1 in this model effects a kind
of delay, but the result is somewhat gradual, since the underlying time constant for the transition dependent
on S is the same as that determining the delay. In the Markov description, a more independent delay may
be accomodated by adding an additional state, say A’, from where the transition to state B is defined by
some constant slow rate. Thus, a change in S could move the channel from A to A’, from which it would
then move more slowly to B, assuming that the reverse transition A’ — A was even slower and relatively
independent of S.

We may note that the Moczydlowski and Latorre model (1983) described below has some degree of this
sort of decoupling, in that the full closed to open transition is a sequence comprised of a C'a’t-dependent,
a Ca’T-independent, and finally a C'a?*-dependent step.

8.7.2 Linear Markov models based on the Hodgkin-Huxley model

The standard interpretation of the Hodgkin-Huxley gating model is that all particles associated with a
channel must be in the open state for channel conduction. A generalization of this theme is to assume that
for a channel with N Hodgkin-Huxley gating particles of the same type, the channel conducts when any M
(< N) of the particles are in the open state (e.g. the model of retinal Iy of Barnes and Hille, 1989). We call
this a linear Markov model since the Markov state diagram has no loops. Since all the particles are the same
type, the computation of the channel gating is much more efficient than that for the general Markov case.
Specifically, given N particles of type #, each with the same open probability p (since they are assumed to
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be identical and independent), then the contribution h,(V,?,...) of the ensemble of particles to the channel
gating term A(V,t,...) is given by a summation of binomial terms:

ho(Vit,..) = i ( ]ZV )pi(l_p)w—m

i=M

8.8 (da**-Dependent Gating

In this section we review various data and models for the C'a?*-dependence of K+ channel activation.

8.8.1 The Barrett, Magleby and Pallotta 1982 Model

Using single-channel recordings of the C'a?*t-dependent K+ channel (BK channel) in cultured rat muscle
cells, Barrett et al. (1982) found an approximate third power relationship between channel open times and
[Ca®t] that was strongly facilitated by depolarization. For example, at a membrane voltage of 10 millivolts,
channels became open with a [Ca?*] threshold of about 1uM. The steady-state characteristic of this data
was adapted in the Warman94 model for the kinetics of Iop.

8.8.2 The Moczydlowski and Latorre 1983 Model

Moczydlowski and Latorre (1983) recorded from similar channels, reconstituted in planar lipid bilayers, and
proposed a detailed Markovian kinetic scheme for the C'a®* and voltage-dependent gating of these channels.
Other work analysing the BK channel in rat muscle supports the Markov interpretation (McManus and
Magleby, 1989).

The Moczydlowski and Latorre model has been applied in several neuron models (e.g. the Jaffe94 and
Migliore95 models), in part, presumably, because this model is included in the NEURON package. We
found it possible to apply the Moczydlowski and Latorre model to the C'a?t-dependency of both I-7 and
Iamp, after appropriate adjustments of the model parameters for intracellular C'a®* dynamics (Section 9.7).
However, considering that the six parameters for the Moczydlowski and Latorre model do not have an
obvious relationship with properties readily observed from whole cell currents, and that our particular fit
required parameter values quite different from the original report, we chose to use a simpler Ca’t dependence
formulation (see below). Also, in the case of Tagp the data does not indicate a voltage dependence (but
see discussion in Section 12.5). We note as well that the parameters used in the cell models mentioned
above are also quite different from the parameters in the original paper (and from each other), which puts
into question the utility of this description for neuron models without further data specific to neuronal
Ca’t-dependent K+ channels. We may also note that the specific Markovian kinetic model chosen by these
authors was not unique, but rather was the simplest (least number of states) given their data; this strategy
is typical for Markovian analysis of single channel kinetics. A perhaps more robust general conclusion from
the Moczydlowski and Latorre analysis was that channel kinetics were voltage as well as Ca’t-dependent,
and that the fully activated state required at minimum the binding of two C'a®* ions.

8.8.3 A Simple Kinetic Model

A simple model for C'a?t-dependent kinetics of a two-state gating particle can be described by the following
reaction; a similar scheme was used in the BG87 and Migliore95 models (also Quadroni and Knopfel, 1994,
for medial vestibular nuclei neurons and Burgi and Grzywacz, 1994 for retina). Assume that w represents
the open probability of a C'a®t-dependent gating particle:
w4 nCat™t OCF@ w”

where the * superscript denotes the open state bound to n Ca?t ions.'’ In the more general Markovian
framework, w and w* refer to two adjacent states out of the entire state space. The forward and backward
rate constants are o and f, respectively. This scheme assumes that binding with C'a®t ions is cooperative
- either all binding sites are occupied or none are. We may also consider a 7y parameter as in the extended
Hodgkin-Huxley model. If we assume that the binding of C'a®* in this reaction does not appreciably change
[Ca®t], then the steady state value for w*, we,, and the time constant for the kinetics, 7, are given by:

100ne can also imagine a similar but reverse reaction for the description of C'a?>t-dependent inactivation, for example as
reported for Ca?t channels (Section 11.2.3).
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Wey = M (5)
a[Ca?t]" + 3
1
Tw = a[ca2+]n + 6 + 7 (6)
Voltage dependence of this scheme can be added in a number of ways. For example in the Markov model of
Ier in the Working model the forward rate constant is defined by:

ay(V,[Ca*t]) = av (V) x a[Ca®t]" (7)
where ay (V) is the squeezed exponential function of voltage in Equation 4, such that the forward reaction
speeds up with depolarization.

9 Ionic Concentration Dynamics

The ionic fluxes which underly neuronal activity necessarily change the concentrations of those ions on
either side of the membrane. Whether or not these changes have any functional consequences depends on
the relative size of the changes, and on any secondary effects (e.g. those not directly determining the driving
force for the ionic current) of the concentrations. The necessary role of internal C'a®t on both short and fast
time scales in the control of various membrane properties and processes such as LTP is well established, and
malke this ion the most important candidate for considering the concentration dynamics in models.

For our purposes, at least two major KT currents have been clearly demonstrated to depend on the influx
of C'a®t: the large and fast Ior and the small and much slower I4gp. Thus for the Working model we
develop a relatively simple model for [C'a?t];,, in order to account for the activation of these currents. Other
Ca’t-dependent currents that may be relevant to the reproduction of basic firing properties, but will not
be included in the Working model, include the “slow” I, discussed in Section 12.4, the C'a?*-dependence
of Ins (Section 12.7), and the Ca?*-dependent non-specific cation currents, discussed in Section 13.3.

Other modelling studies have considered the interaction between cell responses and changes in [K] (e.g.
Yamada et al., 1989 for bullfrog ganglion cells; and Pongracz et al., 1992 for HPCs, Section 7.1.4), and/or
[C17] (e.g. Qian and Sejnowski, 1989 and 1990, for a non-specific dendritic spine model, Section 7.2).

In this section we shall discuss recent data on measurements of intracellular [C'a®*] during synaptic
activity and current evoked spikes. We review the factors which set the resting level of [C'a®t];, and the
role of intracellular C'a®t stores. We discuss membrane pumps both for Nat and, more relevant to the
model, for Ca?t. Models for intracellular Ca?* buffers are described, and we then describe a fairly simple
model which captures the basic characteristics of [C'a?t] dynamics, comparing this system with previous
hippocampal models. We note that constructing an adequate model of [C'a?*] dynamics is very difficult since
the quantitative data is somewhat inconsistent (see below) and the mechanisms for regulation of intracellular
Ca?t are poorly understood. Also, estimating C'a?t-flux in a model is of course quite dependent on the
model for the C'a®t channel or channels.

9.1 The Data on C'«** Concentration Dynamics

As we shall see, estimates on the absolute change in [C'a?*] in response to either intracellular current or
synaptic stimulus vary between different quantitative studies, as summarized in Table 3. The key figures
that we must extract from the data are the incremental change of [C'a?t] per spike, which, since the sAHP
amplitude increases incrementally with the number of spikes, is directly related to the C'a?*-sensitivity of
the current underlying the sAHP, Iygp (Section 12.5), and the time constant for decay, which is related
to the duration of the SAHP and thus 74z p. These figures, combined with direct and indirect estimations
of crucial I, parameters, and a buffering parameter (Section 9.5.1), form the backbone of our model for
[C'a®T]. Note that the structure of the Ca?* system that we shall use (Section 9.7), and its relationship to
the C'a?t-dependence of I-7, implies that the large transient localized [C’a2+]z’n relevant for /o7 will not be
directly evident from, and thus not directly constrained by, [C'a?t] changes integrated over many microns of
a cell process, as given by the available data.

We also note that the size of changes in proximal dendrite [C'a?t], as opposed to somatic [C'a?t], may
be more relevant for determining parameters of the I4gp, since the functional location of this current may
be primarily the proximal apical dendrite (Sah and Bekkers, 1996; see Section 12.5). This factor will be
neglected in the Working model, however, since all channels are located at the soma.
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9.1.1 Ca?t Influx Via Voltage-Gated Ca’T and Synaptic Channels

First, it is important to recall the major sources of intracellular C'a?t in general, that is via C'a?t channels,
synaptic C'a?t entry, and release from C'a?T stores. For example, Regehr and Tank (1992) describe synap-
tically evoked [C'a?t] changes in CA1 in the slice, distinguishing between those arising from voltage-gated
Ca?T channels versus NMDA channels (see also Miyakawa et al., 1992). Although a large fraction of the rise
in [C'a®*] was blocked by intracellular application of QX-314 (indicating a dependence on Iy,-mediated de-
polarization), they also characterized a significant AP5 (NMDA-receptor blocker) sensitive component that
was insensitive to NaT channel block. However, since we intend to model responses to intrinsic stimulation,
we will focus only on C'a?t influx via voltage-gated C'a?* channels. Future development of the model will
include evalation of C'a?t release from Ca’t stores.

9.1.2 A[Ca**] From Current-Evoked Spikes

Jaffe and colleagues (1992) studied the dynamics of [C'a?t];, and its relationship with Na%t entry in hip-
pocampal neurons using C'a?t and Nat-sensitive dyes. They reported an increase of about 3nM in [C'a?*];,
70pm from the soma with a single current evoked spike. A spike train of 29 spikes in response to a 500
millisecond current step evoked an steady increase in [Ca®t];, both at the soma and 60um away, with a
total change of about 60nM and 100nM, corresponding to 2.1nm/spike and 3.5nM/spike, respectively. The
correlation of Nat concentration changes in the dendrites with [C'a?t];, changes indicated that dendritic
Na%t spikes were necessary for the major component of [C'a’*] changes in the tree. Little change in [C'a®*]
was seen at locations greater than 250um from the soma.

A similar study by Spruston et al. (1995), but using dual soma/dendritic recordings instead of Na™-
sensitive dye, also concluded that [C'a?T] changes in the dendritic tree were strongly correlated with dendritic
action potentials. Single action potentials evoked an average 60nM increase in [C'a?*], roughly independent
of location up to 400pum from the soma. Trains of action potentials, however, resulted in a peak [C'a’T]
that fell roughly exponentially moving away from the soma, with a space constant of 200pm. This fall-off
was mirrored by the progressive attenuation of dendritic spike trains. The particular [C'a?T] profile during
sustained activity was spatially heterogenous, in that adjacent dendritic branches could have quite different
profiles.

In experiments with neocortical pyramidal cells, Schiller et al. (1995) reported qualitatively similar results
to Spruston et al. (1995), with respect to the maximum changes of [Ca?t] per spike. In this case, the
involvement of dendritic Na*t spikes was inferred by the marked reduction of dendritic [C'a?*] changes when
somatic spike voltage clamp waveforms were imposed under TTX. The primary difference between the results
for cortical pyramidal cells and HPCs is in the pattern of [C'a?*]: in Schiller et al. as a first approximation
[C'a®*] increased with electrotonic distance from the soma, whereas in HPCs there is either little dependence
on location (Spruston et al., 1995) or peak concentrations within 100pgm from the soma (Jaffe et al., 1992).
Possibly these differences could be most simply explained by differences in the dendritic distribution of
voltage-gated C'a?t channels of the each cell type.

The paper by Christie et al. (1995) described the contribution of specific Ca®* channel types in HPCs on
[Ca?t], as a function of location, by measuring the effect of specific Ca?t channel blockers on spike-evoked
[Ca®t]. Transients were measured in response to trains of 15 spikes. Under control conditions the peak
concentrations ranged from 170nM at the soma (11nM/spike) to 235nM in the proximal 50pum of the apical
dendrite (16nM /spike), with intermediate values up to 200um along the apical dendrite. The time constant
of decay of [C'a?*] in the figures from this paper show values ranging from about 2 seconds at the soma down
to about 500 milliseconds 200um from the soma. This study inferred that high-threshold Ca?t channels
(N-, P-, Q-, and L-type, see Section 11.1) were concentrated at the soma, with the low-threshold T-types
distributed on the apical dendrite.

9.2 Determinants of the Resting [C'a®T];,

The resting level for [C'a?T];, is generally estimated at around 50nM, and in all models that we have examined
this value is taken as a constant. An implicit justification for this may be that the resting value reflects
an equilibrium state of the various buffering, extrusion and internal Ca?t store mechanisms that regulate
[Ca®t];,, under the assumption that there is no current through voltage-dependent C'a?* channels at rest.

However, a recent report by Magee et al. (1996) showed that dihydropyridine blocked a hyperpolarization-
induced reduction in [C'a®T];,, suggesting that C'a?t channels may be a major factor influencing the resting
[C'a®*];n. They propose that under physiological conditions, the L-type C'a’* channel (normally high-voltage
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activated, Section 11.1), which is blocked by dihydropyridines, can start activating at potentials as low as
-70mV, and thus contribute to the resting [C'a®*];,. The paper pointed out that this would provide a direct
link between past voltage activity in the cell and the resting [C'a®*];,.

In the Working model simulations are run with a starting value of 50nM in all the C'a?t compartments.
However, the “true” resting value for [C'a?T];, when the system is allowed to settle over about 20 seconds is
slightly higher (about 65nM), due to a small activation of Ic,7, as mentioned earlier.

9.3 Considering Intracellular C'a** Stores

The model of Schiegg et al. (1995) focused on how [C'a?*t];,, dynamics may be affected by C'a?*-release from
intracellular Ca?* stores. Specifically, they proposed that such release was necessary to account for a one
to two second elevation of [C'a®T];, that is crucial for the induction of LTP (Malenka et al., 1992). In the
structure of their model the C'a?t store had apparently little effect on overall cellular [C'a®t];, profile, since
the store was only in a single spine head compartment, and the [Ca?t];, “tail” in the spine head due to
release from the store was less than 10% of the peak [C'a®*];,, in this compartment. Although we shall not
consider this further in this chapter, it may be of interest to examine the effect of similar models of C'a®t
stores on [C'a?t];,, dynamics in the soma and dendrites.

9.4 Membrane Pumps

Important components for the maintenance of ion gradients include electrogenic membrane-bound pumps
that transport C'a®*, K+ and Na't against their respective concentration gradients (Lauger, 1991).

9.4.1 The Sodium Pump

Sodium and potassium gradients are maintained by a pump driven by Na,K-ATPase that is typically referred
to as the ”sodium pump” (Rose and Ransom, 1997; for a recent review see Glynn 1993). The sodium pump
extrudes three Na¥ ions for every two K1 ions that are brought inside the cell, thus generating a net outward
current.

Thompson and Prince (1986) showed that after prolonged depolarizations induced by focal application
of glutamate (which results in high intracellular Nat accumulation), the current generated by this pump
can be large enough (on the order of a few hundred pA) to significantly hyperpolarize the cell. Thus
in principle the sodium pump contributes to the electrical stability of the cell both by maintaining ionic
gradients and by direct electrical action. The functional importance of the Na K-ATPase pump has been
suggested, for example, with respect to abnormal firing characteristics in epileptic hippocampus (Haglund
and Schwartzkroin, 1990, Fukuda and Prince, 1992, Anderson et al., 1994) and bipolar illness (el-Mallakh
and Wyatt, 1995).

A literature search failed to locate neuron models with explicit descriptions of the sodium pump; modelling
this mechanism to date appears to be limited to isolated membrane systems, myocytes or oocytes (e.g. Sagar
and Rakowski, 1994). In the Working model we neglect the sodium pump since the focus is on current-evoked
responses, and we assume that changes in [Na™]; are small under these conditions.

9.4.2 (a’t Pumps, and Models of Ca?t Removal

Any model of [C'a?T] must take into account not only the influx of C'a?t, but also some mechanism for
the removal of Ca?t. The simplest method is to include a steady-state term in the differential equation(s)
describing [C'a?T]. In the general case this value is associated with a second parameter corresponding to the
time constant for concentration decay. The BG87, Traub91, Traub94 and Warman94 models used this type
of description (see also Huguenard and McCormick, 1992, thalamic relay neurons).

More explicit models of C'a?t removal includes mechanisms such as membrane-bound pumps. The
spine model by Zador et al. (1990) included two pumps with Michaelis-Menton kinetics: one high-affinity,
low-capacity, corresponding to a CaATPase-driven mechanism, and the other low-affinity, high-capacity,
corresponding to a Ca®t/Nat exchange mechanism (see also Yamada et al., 1989). These pumps were
treated as a separate currents in the [Ca?t] differential equation. The parameters of this model were
adapted in the model of Schiegg et al. (1995). The Jaffe94 model included a similar mechanism, but with
a single pump. The major constraints for the pump parameters in this model was a [Ca?t];, decay time
constant of about 600 milliseconds in the proximal apical dendrites, and the parameters for the buffer (see

below).
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The Migliore95 model incorporated a pump which bound to intra and extracellular C'a®t with various
rate constants - these reactions were solved simultaneously with another binding reaction between [C'a?*];,

and a buffer.

9.4.3 Pump Model for the Working Model

For the removal of intracellular C'a®t in the Working model, we shall adapt the Michaelis-Menton mechanism

used by the Jaffe94 model:

[Ca2+]m

~ . .~ 911 Jea
Kg+ [Ca2+]m leak

JCa2+ = Vmax
where Jog2+ is the removal rate of C'a?T per unit area, V4, is the maximum flux rate per unit area, Ky
i1s the half-maximal [C’az‘l']m, and Jieqr compensates for the resting pump rate. The parameters for the
Working model are:

Virae = 6 x 107 mmole ms™tem™2

Kg = 0.01lmM

with Jieqr adjusted so that there is no net pump current at rest, assuming no resting activation of Ca?t
channels (however, there is evidence for such resting activation - as mentioned in Section 9.2 - and in the
Working model there is a very slight activation of Ic,r at the usual holding potential of -65mV). This
pump is associated with the membrane assigned to the second juxtamembrane compartment described in
Section 9.7 - this is essentially equivalent to the entire surface area of an anatomical compartment. We
ignore any electrogenic component of the C'a?t pump.

9.5 Buffer Models

Endogenous intracellular C'a?* buffers have a strong effect on the free [C'a®*];,. Cell models that consider
C'a®t dynamics have incorporated buffer mechanisms of varying complexities, including solving the dynamical
equations for the buffer-C'a?* reaction during the course of the simulation (e.g. the Migliore95 model, and
the models of Zador et al. 1990 and Schiegg et al. 1995; also see Yamada et al., 1989).

Neither the Traub91 and Traub94 models, which treated [C'a®*];, as a dimensionless variable, nor the
BG87 and Warman94 models, which were in principle quantitative with respect to [C'a®*];,, include buffer
mechanisms. None of these four models attempted to replicate the data for [C'a?t];,; the key functional pa-
rameters that “replaced” a buffering mechanism are found in the C'a?* sensitivities of their C'a®t-dependent
KT channels.

9.5.1 Instantaneous Buffer Model

A simple way to treat intracellular buffering of C'a?T is to assume a non-saturated buffer (i.e. [Bu] >>
[C'a®*);pn, where [Bu] is the concentration of buffer binding sites) with instantaneous kinetics (e.g. the Jaffe94
model; also Stockbridge and Moore, 1984, model of frog neuromuscular junction).

The key parameter, 8p,,, in this mechanism equals the ratio of the concentration of bound C'a?+ and free
Cat:

[Ca2+]bound
- [Ca2+]free

Thus, this mechanism implies that the predicted measured [C'a?*] is equal to the total [C'a®t] divided by
(BBu + 1). For non-diffusional models of [C'a®T], e.g. where there is one C'a?t compartment per electrical
compartment (see below in Section 9.6), this is the only role of the instantaneous buffer. For multiple
compartment systems, the effective diffusion constant D’ applied to the difference in total [C'a?*] between
compartments must also be adjusted to take into account the instantaneous buffer, by setting I’ equal to
D/(Bpy+1), where D is the diffusion constant for the free ion. A variation on this scheme would be to assume
that Bp., 1s a function of each compartment; in this case the diffusion equation between compartments would
reference the original D, with the concentration difference between any two compartments determined by
the difference of the total concentrations, weighted by the appropriate Sgys.

BBU
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What are reasonable values for Sg,7 We can start with an estimate of total buffer that is primarily
calmodulin, with a concentration of 30 uM (Schiegg et al., 1995). Calmodulin binds four C'a®* ions inde-
pendently; thus the effective buffer concentration, [Bu], becomes 120uM. The dissociation constant of each
calmodulin binding site is estimated at 1M (Schiegg et al., 1995). Thus:

[Ca2+]free + [Bu]free = [Ca2+]bound’ [{d — 1/,LM

and, assuming that the change in [Bu] from the binding reaction is negligble:

[Ca®*)7rec [Bu]

[(d = [C’a2+]bound
6 _ [Ca2+]bound _ [BU]
Bu [Ca2t]free Kq
120 M
W = = 120
Bz T

We note that the Jaffe94 model tested a range of 100 to 1000 for the values of 8g,, with 1000 used for
the simulations shown in the paper. These values can be compared to the range of 20 to 600 for 8g, in a
model of the frog neuromuscular junction (Stockbridge and Moore, 1984). In the Working model we use a
somewhat low value of 8p, equal to 20; this was necessary to generate reasonable (about 10nM) incremental
changes of [C'a®t];, per spike.

9.6 Models of C'a?*t Diffusion

At a minimum, models for C'a?T concentration dynamics assign one compartment for integrating [C'a?*] per
electrical compartment (e.g. the Traub91, Traub94 and Jaffe94 models). However, studying the implications
of non-uniform local [Ca?t];, as well as better approximations for diffusional equilibrium require more than
a single compartment. The BG87 model used two juxtamembrane shells (one of which was subject to C'a®*
current influx), coupled with a constant concentration core compartment. Diffusional flow was considered
between all three compartments; a similar model is discussed below in Section 9.7. Two uncoupled “partial”
shells were used in the Warman94 model as an approximation of the BG87 model structure. In the Migliore95
model, each somatic/dendritic electrical compartment was divided into four concentric subshell diffusion
compartments, as supplied in NEURON. Finally, separate compartments for the spine neck and head were
used by Zador et al. (1990); six diffusion compartments were assigned to the spine neck and head in Schiegg
et al. (1995).

It remains to be seen if accounting for any lateral or longitudinal diffusion of C'a?* along a dendritic
process is important. For example, this could be especially relevant in understanding mechanisms for het-
erosynaptic plasticity. Preliminary indications that such diffusion is in fact not significant to account for
overall changes in internal C'a?* has been mentioned in some studies (e.g. Migliore et al., 1995), but system-
atic analysis of this question is still lacking.

9.7 The [Ca*"];, System in the Working Model

The primary behaviour that we wish to capture in this model includes:

1. Profiles of locally averaged [C'a®T];;, in response to somatic current stimulation and at rest.
2. Differential and localized [C’az‘l']m profiles appropriate for the activation of Ior and Iamp.

3. Changes in [C'a®t];, as seen by Ca’t channels consistent with estimated currents from these channels.

9.7.1 A Multi-Compartment Ca’t System with Instantaneous Buffer

We shall use a three compartment model to represent the internal C'a®t dynamics in any anatomical (elec-
trical) compartment (i.e. soma or dendritic segment) that includes C'a?* channels, although in the version
presented here only the soma has any channels. There is no Ca?t diffusion between anatomical compart-
ments. This model is designed to be intermediate in detail, based on quantitative estimates of the various
parameters in a relatively simple geometry, that can be readily extended for more sophisticated schemes.

47



This model assumes that a juxtamembrane shell with thickness rgpe 18 split up into two diffusional
compartments, with compartment 1 corresponding to a collection of “islands” or domains associated with
co-localized C'a?T channels and Ic7, that occupy some fraction ay of the cell element surface (Borg-Graham,
1987b). The remaining fraction 1 — oy of the juxtamembrane shell is assigned to compartment 2. If the
surface area of the cell element is Atqqr (this definition approximates the actual area of the inside surface of
the shell), then the volumes of compartments 1 and 2 (V; and Va, respectively) are given by:

Vi = o x Atotal X Tshell
VZ = (1 - al) X Atotal X Tshell

The volume of the inner compartment 3 is taken as the remainder of the cell element volume.

For simplicity, diffusional flow is considered only between compartments 1 and 2, and between compart-
ments 2 and 3. A relatively simple way to assign the diffusional parameters describing C'a?t flux between
the islands assigned to compartment 1 and the surrounding shell compartment 2 is by using a free parameter
1.2, which is an interdigitation coefficient (in units of 1/distance). Thus the effective diffusional area A;.5
between compartments 1 and 2 is given by:

A1:2 = Q12 X Atotal X Tshell

In the present version of the Working model, «1.5 1s set to 1. The diffusional area between compartments 2
and 3 is given by:

A2:3 = (1 - al) X Atotal

Diffusional flux between the compartments is then given by the standard Fick’s relationship:

d[Caz-I_]ij

dx
using a diffusion coefficient D;; for Ca®* of 8 x 10™%em?sec™! (25°C, Hille, 1992). As stated, instantaneous
buffering with a fp, = 20 is assumed for all compartments.

The thickness rgpey of the juxta-membrane shell is 1pm. The value for oy is 0.01%: this represents
a limiting value since smaller values give essentially the same peak transients of [Ca?t] in compartment
1. The profile of the concentration transient in this compartment is shown in Figure 7, and the change in
concentration averaged over the entire soma compartment during a spike train is seen in Figure 15. The
motivation for the two juxtamembrane compartments, which is solely concerned with the C'a?*-dependence
of Icr and T4 p, 1s discussed in Section 12.6.

Finally, as mentioned previously, the Ca?* pump efflux is computed according to the surface area of
compartment 2. Since a; is very small, this area represents practically the entire membrane of the anatomical
(in this case somatic) compartment.

An important limitation with the present form of the model is in the computation of the C'a®t gradients.
Thus the spatial concentration gradient between compartments ¢ and j is given as:

Jij = DijAij

[Ca®*]; — [Ca®H];

Al‘ij
where Ax;; is the diffusional distance between the compartments. In the present version, Ax;; is taken to
be 10 microns, whereas the true diffusional distances are on the order of one micron. Given that the present
hypothetical system has several rather weakly constrained parameters (including a1, a2, 7speu, and By,
as well as the Ca®t sensitivities of I4gp and Iop, and the Ca?t channel § parameter described below), the
model should allow future refinement which will yield similar quantititative transients for the compartment

[Ca®T].

d[C’a2+]ij/dx =

9.7.2 Consequences of the Soma/Short-Cable Model: Adjusting Ca?t Channel Current Influx
For [C'a®*] Integration

Placing all C'a®t (or other type) channels at the soma in a soma/short-cable approximation may give
a reasonable first estimation as to the electrical image (more so under current clamp) from the soma of
channels that are in reality distributed throughout the dendritic tree. However, the concentration profile
elicited by the “unnatural” concentration of C'a’?t channels could be overestimated, all other factors being
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equal (e.g. distribution of buffer and pump mechanisms). Thus, we introduce an additional parameter 4,
which is a scaling coefficient, less than 1, for the Ca?t influx from the integrated C'a?t current. As a first
approximation, J is estimated by the ratio of the actual somatic conductance of a channel divided by the
total conductance of the channel for the entire cell.

Here we will make the following approximation: we assume that in reality all Ca?t channels have a
constant membrane density over the soma and the proximal 200um of apical dendrite (referring to the
soma,/short-cable geometry). The coefficient ¢ is then given by the ratio of somatic area divided by the sum
of the total C'a?t channel membrane area. If the soma diameter is 35um and the dendrite diameter is 12um,
this sets § to be about 1/3. Note that this value is probably a high estimate, since C'a?t channels may be
more spread out throughout the dendritic tree.

Non-Synaptic Channels of Hippocampal Pyramidal Cells

We shall now review the non-synaptic channels that have been characterized in HPCs, with the goal of build-
ing a link between the main experimental findings and model descriptions for the more prominent channels.
The discussions will also mention some of the major pharmacological and neuromodulator susceptibilities for
each channel type. These presentations are not exhaustive - more complete reviews of membrane currents
and their functional roles include Rudy (1988), Adams and Galvan (1986), Storm (1990) and Brown et al.
(1990), with the latter three focusing on hippocampus.

The sections on sodium and calcium channels will describe properties of the various types as a group,
whereas potassium and the non-specific cation channels will be described individually by type. The channels
that are included in the Working model are summarized in Table 4. The model parameters for these channels
and their associated gating particles are listed in Tables 5 through 8.

10 HPC Sodium Channels

Probably the choice of kinetic description for the sodium current generating the spike is the most problematic
component of a neuron model, essentially because these channels underly the fundamental instability of the
membrane. Much progress has occured in the measurement of microscopic and macroscopic sodium currents,
and in the theory of individual channel biophysics. However, the interpretation of this data for macroscopic
models remains at an early stage.

The question remains as to what kinetic model is appropriate for a macroscopic model, e.g. the traditional
Hodgkin-Huxley type or the more biophysically accurate Markovian description. Kinetic subtleties which
may not be functionally important for other channels may have an important effect in the case of descriptions
Ing, simply because Iy, is by far the largest and fastest membrane current. Thus, conflicts arise when trying
to simultaneously construct a model for Iy, that accounts for the more dramatic roles, but at the same time
does not intrude sotto voce during other phases of firing behaviour.

The original parameters of Hodgkin-Huxley squid /n, have been applied to recent models of mammalian
neurons (e.g. the Jaffe94 model), which at best can be justified in that these parameters are well known and
certainly will generate basic spiking behaviour. For more detailed replication of firing properties, however,
these parameters are likely to be inappropriate, and In, channel data from more relevant preparations must
be considered.

10.1 Electrophysiology of Sodium Channels in Mammalian Central Neurons

Over the past several years, there have been various reports documenting voltage clamp measurements of
sodium currents and single channels from cortical and non-cortical mammalian cells (e.g. Sah et al., 1988b,
French et al., 1990, Steinhauser et al., 1990, Ogata and Tatebayashi, 1990, Cummins et al., 1994). Evidence
for the functional role of dendritic Iy, was reported as early as Wong et al. (1979). Magee and Johnston
(1995) measured single TTX-sensitive Nat channels in the apical dendrites of HPC CA1l neurons that
had an activation threshold around -60mV. On the other hand, Masukawa et al. (1991) reported that a
fast, inactivating TTX-sensitive inward current was consistently localized at the soma as compared to the
dendrites in cultured hippocampal neurons.
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10.1.1 Interpretations Based on the Sah et al. 1988b Data

One of the more influential papers is the one by Sah et al., (1988b), both because it was one of the first to
do a quantitative voltage clamp study on In, in hippocampal (dissociated) neurons, and, indirectly, because
of the reference to this paper by various cell models. However, the interpretations of Sah et al. have often
been inconsistent with or strongly modified from the original paper.

For example, Brown et al. (1990) describe the voltage-dependency of In, by (implicitly) referencing data
from a single cell shown in a figure from Sah et al. (Figure 10 of Sah et al., 1988b) whose characteristics
are significantly different from the pooled analysis in Sah et al., in particular with respect to the slope and
position of the steady-state activation and inactivation curves. That the properties suggested by the figure
are more consistent with that expected from current clamp behavior of In, may have contributed to the
discrepancy being overlooked by these and other authors.

The interpretation of the Sah et al. data by Traub et al. (1991, 1994) in turn has been used in models
such as the Wathey92 and Migliore95 models, the HPC model of Pongracz et al. (1992) and, for example, in
models of cortical pyramidal cells (Rhodes and Gray, 1994), and of thalamic reticular neurons (Destexhe et
al., 1995). In their model of Iy, Traub et al. increased the rate constants given in the Sah et al. data by a
factor of about five to generate a spike upstroke dV/dt that was at least 100mV /ms. This model also included
a rightward shift in inactivation kinetics (moving the steady-state curve to more depolarized levels) that was
justified assuming a temperature of 32°C for the model, and considering the temperature of the experimental
data (22°C). Although not discussed in the text, the inactivation characteristic was also much steeper than
that shown in Sah et al.. Taken together, these changes result in a large overlap between activation and
inactivation in the model. Also this shift would suggest that at the lower temperatures the spike would
have a higher threshold, which is consistent with the report of Thompson et al. (1985, see Table 2). The
Warman94 model also used modified Sah et al. (1988b) parameters, compensating for the higher temperature
of the model simulations as compared to the data by a similar shift in kinetics as Traub et al., and speeding
the time constants by a factor of three on the basis of an assumed Q1o of 2. Unlike Traub et al., the precise
adaptation of the Sah et al. data in the Warman94 model was constrained by matching spike threshold and
reduction of spike amplitude during spike trains to data and, significantly, avoiding intrinsic bursting by an
over-excitable Iy, .

10.1.2 Iy, - Fast, Slow, Persistent Components?

A persistent, TTX-sensitive NaT current, In,p, has been characterized in HPCs (French and Gage, 1985,
French et al., 1990). Other reports of slow or persistent Iy, currents include TTX-insensitive Nat currents
(Hoehn et al., 1993, striatum and HPCs; Deisz, 1996, neocortex). In addition, MacVicar (1985) reported a
subthreshold TTX-sensitive NaT current that contributed to the prepotentials described by Lanthorn et al.
(1984).

As discussed in the recent review by Crill (1996), it is not altogether clear if in fact there is either a
distinct channel underlying Inqp, if Ingp is a window current of the transient I, (see below), or finally if
the persistent current arises from a non-inactivating state of normally transient In, channels (Alzheimer et
al., 1993). Azouz et al. (1996) argued for a distinct Iyqp versus an Iy, window current since they found a
different sensitivity of TTX between the active, Nat-mediated ADP and the spike.

For the present discussion we will assume that whatever the actual source for the persistent NaT current,
the data of French et al. (1990) provide an upper bound for the size and range of activation for this component.
We suggest that this report may be a more reliable quantitative reference than the reports of the fast Iy,
such as Sah et al. data, since the French et al. data was taken from both the intact slice and disassociated
cell preparation (with comparable results), and the slow kinetics of the current makes for a more accurate
measurement. On the other hand, the reason that this data may be considered as an upper bound is that
persistent components of transient currents may be overestimated if there are significant space-clamp errors

(White et al. 1995).

10.1.3 Slow Inactivation of Iy,

The Na™ channels underlying the action potential can show a slow inactivation which is dependent on past
activity (Colbert et al. 1997, Jung et al. 1997, Toib et al. 1998). This kinetic component appears to have a
functional role at least with respect to dendritic Nat channels, causing a progressive decrease in dendritic
spike amplitude during repetitive firing (Colbert and Johnston, 1998).
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10.1.4 Iy, Modulation

Ing is susceptible to a muscarinic downregulation of the peak current and a slowing of inactivation (Cantrell
et al., 1996), acting via a protein kinase C pathway (Colbert and Johnston, 1998).

Cultured fetal hippocampal neurons in a mouse model of Down’s syndrome (Galdzicki et al., 1993) have
about 25% less sodium current (and a 20% slower action potential rise time) than control. It remains to
be seen if this subtle difference in basic action potential properties can be linked to the cognitive deficit in
Down’s syndrome.

10.1.5 Stability and the “Window Current”

Steady state rectification of nominally transient currents, in the context of the Hodgkin-Huxley description,
is due to an overlap of the activation and inactivation steady-state curves. This rectification, also known
as the window current, is kinetically indistinguishable from an independent persistent, or non-inactivating
current. In the case of I, (and possibly other transient channels), the window current may have an influence
on the stability of the resting potential.

The data for a persistent Nat current sets an upper bound on any true window current of a transient
Ing, which, in the context of the Hodgkin-Huxley model, sets a limit as to the closest possible positions
of the activation and inactivation curves. However, postulating a window current based on voltage clamp
measurements of steady-state activation and inactivation curves is based on the assumption of the simple
Hodgkin-Huxley model. Since evidence for this model has been increasingly put into doubt by detailed
analysis of Iy, gating kinetics (Armstrong, 1981), this means that the interpretation of the Hodgkin-Huxley
window current is problematic. As we shall see below (Section 10.2), most descriptions of I, in published
cell models include a very large window current that is at variance with whole cell voltage clamp data (Sah et
al., 1988b). Since in these models the window current has a profound effect on firing properties, it is necessary
to consider kinetic schemes which follow the experimental data more faithfully. Apropos to this, a recent
detailed model of Purkinje cells included a Hodgkin-Huxley form of the fast NaT current, and the potential
error associated with the window current in their formulation was discussed (De Schutter and Bower, 1994).

The report on Na't-dependent plateau potentials by Fraser and MacVicar (1996, Section 6.4.5) would
seem to be evidence for a substantial Iy, window current, at least under cholinergic stimulation. On the
other hand this phenomena was not blocked by TTX, and therefore probably does not arise from the classical
Nat spike channel.

10.1.6 NaT-only Spikes

The dynamic contribution of a putative NaT window current can be assessed in experiments in which all
Ca?* and K7 currents are blocked (CsCl filled sharp electrode with extracellular TEA, 4-AP, and Mn?*).
In this situation single action potentials may be elicited by current pulses in HPCs which repolarize slowly
back to the resting potential (Storm, unpublished data, shown in Borg-Graham, 1987a).!1 This behavior
is further evidence against a large steady-state rectification. Long current steps under the same conditions
can generate NaT-only repetitive firing (¢bid.), which adds additional constraints on the kinetics of recovery
from inactivation. The two Hodgkin-Huxley type In, models in the BG87 model were developed specifically
to reproduce this behaviour - in this model repetitive firing of Nat-only spikes required a very delicate
adjustment of the inactivation kinetics of the higher threshold current.

10.1.7 The Sub-threshold/Threshold Regime

Another important functional characteristic of Iy, kinetics concerns the sharpness of the threshold. For
example, Storm (1987a) shows several protocols in which short pulses were adjusted to elicit just-threshold
responses - in particular, the associated subthreshold responses were almost passive (though this is not
always the case, for example see the quasi-active subthreshold “ADPs” of Jensen et al., 1994).

10.1.8 Relating Iy, Kinetics to Spike Properties and the PHP

The relationship between the resting potential, the initial and later spike thresholds during repetitive firing,
and the depth of the interspike repolarizations (the PHP), also provide constraints on the activation and
inactivation curves of the Hodgkin-Huxley model.

H1n figure 12 of Storm, 1987a, this condition is approximated, showing that Nat spikes can eventually repolarize without
g g
active Kt currents.
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The assumption of a nominal value of the resting potential of -65mV and an initial spike threshold of
-55mV puts a lower bound (corresponding to unchanging inactivation during the spike initiation phase) on
the product of the inactivation curve at rest and the maximum conductance of the channel, since this value
is directly related to the slope of the spike upstroke. Likewise, the spike threshold places the foot of the
activation curve within a few millivolts of -55mV, and the change in voltage trajectory during the approach
to threshold and beyond depends strongly on the steepness of the voltage dependency of activation.

The PHP constrains the parameters of the inactivation process during repetitive firing in that inactivation
must be fairly well removed by the PHP, essentially because spike amplitude is well maintained throughout
the train, at least at 37°C (Thompson et al., 1985). As mentioned earlier, a more sensitive measure of
the Iy, magnitude would be the dV/dt of the later spikes, but this data is not readily available. In other
words, spikes during a train require a substantial de-inactivation which, in the context of the preceeding
spike, can result from a combination of incomplete inactivation and/or sufficient recovery from inactivation
during the repolarizing phase. Thus the relationship between the PHP and the threshold is directly related
to the kinetics of repetitive firing, and reflects limitations imposed on the firing by the interelationship of
the repolarizing currents and the recovery kinetics of Ing.

While the large PHP in non-pyramidal cells (or more generally, non-spiny hippocampal cells, Scharfman,
1993) may seem to relax the restrictions on the relative positions of inactivation/activation voltage depen-
dencies, in fact in many of these cells the final approach to the sharp threshold, lasting tens of milliseconds,
can be quite shallow. If we assume a Hodgkin-Huxley mechanism, then this loitering near threshold also
puts a constraint on the steady-state voltage dependence of inactivation, in that if there is little overlap
in the activation and inactivation steady-state curves, then this timecourse would tend to inactivate the
Ing channels before the spike. This supports the coupling of inactivation and activation, contrary to the
Hodgkin-Huxley model (Armstrong, 1981, Patlak, 1991).

Finally, simulations (not shown) suggest that a model with stationary Boltzman-type kinetics that have a
voltage-dependence which is not arbitrarily steep must show a non-zero depolarizing phase prior to threshold.
On the other hand, the trajectories of some intra-burst spikes (which essentially have a zero PHP) suggest
that spikes can arise abruptly from a downward moving voltage. At the moment we shall leave this as an
unaddressed issue, other than to mention that this characteristic might be evidence for a non-somatic source
of the fast spike during bursting, e.g. from the axon.

10.2 Comparison of Iy, Models from the Literature

We shall now discuss the various forms of Iy, models that have been proposed, both in the context of cell
models, and in the context of single channel kinetic models.

10.2.1 Hodgkin-Huxley Type Iy, Models

We have mentioned several cell models that adapt the Hodgkin-Huxley squid axon formula for Iy, to match
the data from more relevant preparations. In Figure 8 representative voltage clamp protocols are used to
compare the kinetics and steady-state properties of some of these models with each other and the canonical
Hodgkin-Huxley Iy, parameters. We also include the model of Iy, used by Huguenard and McCormick
(1992) in their model of thalamic relay cells, which was adapted from Iy, measurements in cortical pyramidal
cells (Huguenard et al., 1988). As described in the figure, the maximum conductance of each model was
adjusted so that they would give approximately the same spike current. Although this results in a relatively
crude quantitative comparison (since there was not a detailed fitting of this parameter), it is clear from the
figure that the various Iy, models, although all adjusted to do more or less the same thing, have a wide range
of kinetic and steady-state properties. The implications of these differences are seen in close examination of
not only the individual spike properties of the various models, but also the variation in repetitive or bursting
characteristics.

10.2.2 A Model with Multiple Hodgkin-Huxley Type Iy, Channels

As mentioned, another approach is to reconstruct the observed Iy, behavior with more than one Hodgkin-
Huxley type model (Borg-Graham, 1987b), each with relatively non-overlapping activation and inactivation
curves in order to limit Na¥t steady-state rectification. Note that this latter approach can be reduced to an
equivalent single Markov model (Destexhe et al., 1994); an advantage with the separate channels is that it
may be easier to do an initial map of desired kinetic characteristics to this form of an Iy, model than to
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determine an appropriate Markov form. On the other hand, as mentioned previously, there is no data to
support these distinct channels.

10.2.3 Evaluating Published Markovian Kinetic Models

Markov-type models with complex state descriptions may offer a solution to the constraints that we have
discussed for which the standard Hodgkin-Huxley approach cannot match (Kuo and Bean, 1994 from hip-
pocampus; Vandenberg and Bezanilla, 1991 and Patlak, 1991 from squid axon).

However, simulations (not shown) of the model described by Kuo and Bean (1994), with modifications
limited to a shifting of the voltage-dependent rate constants by 20mV in the hyperpolarizing direction
(consistent with the authors’ comment regarding the expected shift in voltage dependence for their whole-
cell recordings) generated a spike with a shallow threshold, slow inactivation, and a significant steady state
rectification starting around the resting potential and peaking on the order of 0.5 to InA. It may be expected
that the kinetic details for suprathreshold voltages may not be well characterized by this report, since the
model predictions were based on quantitative measurements at relatively hyperpolarized levels.

10.3 An ad hoc Markovian Model

In this section we propose a new Markovian model for Iy, in the Working model. The state diagram for the
general framework of the model and the specific simple version used for simulations are shown in Figure 9,
where the arrowheads correspond to the predominant transitions. The basic constraints for the model are
the absolute spike thresholds taken from the relationships between spike threshold and PHPs, the generation
of spikes of similar amplitude to the initial spike during spike trains, and the stability of resting potential.
In particular, the version of the model that we demonstrate shows a sharp threshold over a 5 to 10 mV
range, depending on the recent history of the channel, and the ability to recover from inactivation during
repolarizations positive to earlier thresholds, without a large window current. This model is less constrained
from the single channel data available to date, other than inactivation is voltage-independent and coupled
to activation (Armstrong, 1981, Patlak, 1991, Kuo and Bean, 1994); it remains to be shown that the kinetic
scheme described here can be reconciled with the experiments.

10.3.1 A Variable Threshold Without A Large Window Current

The most important idea of this model is that the available threshold depends on the history of firing, shifting
down during the course of spike repolarization without giving a strong window current.

Crucially, inactivation occurs after the open state - this process is not decoupled from activation as in
the Hodgkin-Huxley model. After reaching the open state (i.e. the spike) and inactivating, the channel
passes through a series of closed states each of which offers a path to the open state at progressively more
hyperpolarized thresholds. The effective removal of inactivation is determined by the voltage dependence
of the path from the inactivated state to the chain of closed states. Steady state rectification is avoided
by requiring that the transition into a given closed state occurs at a voltage range that is hyperpolarized
relative to the closed to open transition for that state.

Thus the threshold of the closed to open transition (C; — O) from the first closed state reached after
inactivation determines the most depolarized threshold of the channel, and the necessary PHP for this
firing transition is determined by the voltage dependence of the inactivated to first closed state transition
(I — C4). Likewise, the threshold to the open state from the final, most hyperpolarized closed state
(Cn — O) determines the lowest threshold of the channel. The specific closed to open transition that is
dominant for a subsequent spike depends on the strength of the repolarizing mechanisms (e.g. Kt currents)
and the stimulus current.

Figure 10 illustrates the voltage dependencies of the major state transitions in the simple four state
version of the model, as set by the parameters listed in Table 6. Note that the two closed state to open state
transitions correspond to the range of thresholds in the model, and the lack of overlap for the respective
rates into the closed states avoids significant steady-state activation. In contrast, measurements of steady-
state activation and inactivation kinetics using standard voltage clamp protocols (activations measured as
peak currents at various potentials from a holding potential of -100mV and inactivations measured as peak
currents after a step to -20mV from various holding potentials) predict a large (and probably overestimated)
overlap in the “Hodgkin-Huxley ” interpretation.
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10.3.2 Accounting for the Persistent Nat Current

This model can account in part for a persistent component of Iy, simply by adding a small voltage-
independent rate term to the appropriate paths into the closed states (the gy term in Equation 4 and
given in Table 6, analagous to the oy and Gy terms described in Section 8.4.2). The effect of these terms
is kinetically similar to the overlap of the inactivation and activation curves of the Hodgkin-Huxley model,
e.g. a window current, with the important difference that the rectification is not limited for voltages higher
than the threshold. The resulting rectification, the amplitude of which is related to the relative values of
ap and 7y used for the transition pairs C7 — C5 and Cy — O, and I — (7 and C; — O, respectively, is
shown in Figure 10, and can be compared with the properties of the persistent Nat current described by
French et al. (1990), shown in Figure 8. The major difference is in the threshold of the persistent component
of Ing, around -55mV, which is determined in this scheme by the threshold of the C; — O transition. In
the data of French et al., Iy,p turns on at about -70mV, thus implicating a small, but possibly significant,
substhreshold activation of this current. This characteristic will be considered in future refinements of the
In, Markov model used here.

10.3.3 Shortcomings of the Iy, Model

As can be seen, the range of thresholds and associated necessary PHPs of this model is determined by the
different closed to open state paths. In the version illustrated here, there are two such paths, spanning a
voltage range of about five millivolts. The parameters for these transitions are chosen so that the lowest
threshold is about -55mV, and the highest threshold is about -50mV. The associated paths into the closed
states have thresholds of about -60mV and -55mV, respectively; the higher value corresponds to the minimum
PHP required to reset the channel. This value is clearly too low to account for the resetting of In, between
the spikes during a burst if we assume that the somatic voltage directly determines the kinetics of the fast
spikes during the burst. In the context of this kinetic scheme the solution is to add more closed states that
may be entered from progressively higher membrane potentials; as shown in Figure 9.

Also, in its present form this model has a steep voltage dependence of steady-state inactivation and a
very large overlap in the measured activation and inactivation characteristics, as shown in Figure 9, both
of which are inconsistent with published data. It may be possible to adjust these characteristics with some
additional hyperpolarized closed states.

11 HPC Calcium Channels

In this section we review the various C'a?t channels and related phenomenology for HPCs. As we have men-
tioned in earlier sections, our description of C'a?t channels have to consider not only the charge contribution
of C'a®* currents, but also their effect on [Ca®*].

In the literature C'a®?T currents are often described in terms of conductance, e.g. an equivalent conduc-
tance density per unit area of membrane in a given preparation. Some references reference a permeability
model explicitly (Section 8.2); for the model description that we use here all conductances are converted to
permeability units, assuming some value for the voltage at which the conductance value was estimated.

11.1 T-, N-, R-, P-, Q- and/or L-type: How Many C«*t Channels Are There
in HPCs?

Several subtypes of C'a?T channels have been characterized in neurons, with the T- (LVA, small conductance,
rapidly inactivating), N-, R-, and P- or Q- (HVA, rapidly inactivating), and L- (HVA, large conductance,
slowly inactivating) types, as well as non-specified types, variously identified in HPCs from different studies.
The nomenclature of LVA (for low-voltage-activated) and HVA (for high-voltage-activated) is commonly used
in the C'a®*t channel literature; an early review of the variety of neuronal calcium channels can be found in
Hagiwara and Byerly (1981). With respect to HPCs, the existence of specific C'a?* channel types in these
cells is somewhat controversial (see discussion in Brown et al., 1990), with different reports claiming from
one to five channel types.
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11.2 Electrophysiology of Calcium Channels

In general, under control conditions C'a?t currents are too small to significantly effect the voltage waveform,
so that the functional significance for these currents is primarily via their effect on [C'a?*];,. Under non-
control conditions, however, we can consider at least two electrical signatures of C'a®t currents.

First, when Na™ channels are blocked calcium channels in HPCs (as with other neurons) have the neces-
sary voltage-dependent kinetics and are sufficiently concentrated to generate C'a®* spikes (e.g. Schwartzkroin
and Slawsky, 1977). The amplitude of these spikes is greatly enhanced by blocking K+ repolarizing channels.
As we have mentioned earlier, although the involvement of C'a?* spikes has been classically implicated for
burst generation (e.g. Wong and Prince, 1978), this assumption is open to question. Rather, the severely
non-physiological conditions necessary for the observation of C'a’?t spikes suggest that this phenomena is
restricted to the experimenter’s dish, and may be used at least to help constrain the parameters for a model
of Ca?t channels.

The second electrical signature of C'a?t channels occurs under conditions closer to control. Concentrations
of TEA sufficient to block the large outward current I (see Section 12.4) may reveal a small Ca?*-mediated
shoulder on the repolarizing phase of single Na® spikes (e.g. Storm 1987b). We may note that it is not clear
from the literature whether, under control conditions, a similar shoulder component of the repolarizing phase
exists for later spikes in a train, when I is probably much smaller than during the intial spike. On the
other hand, the kinetics of other repolarizing currents may shift during repetitive firing, so the comparison
may not be appropriate.

11.2.1 I;, Modulation

Doerner et al. (1990) investigated second messenger pathways that modulate C'a?* currents in HPCs via
PKC. Ca®* channels may be modulated by adenosine (Madison et al., 1987); the various types of these
channels have different pharmacological profiles (Nowycky et al., 1985).

11.2.2 Characteristics of Calcium Spikes

Segal and Barker (1986) looked at putative C'a?t-mediated responses in cultured rat hippocampal cells under
TTX and TEA (25mM), including recordings with and without 4-AP. C'a®T spikes elicited with current steps
had a threshold of about -30mV, and peaked around 10 to 20mV. Under voltage clamp /¢, activated with a
time constant of about 20ms at -20mV, with an extrapolated reversal potential of 10mV, similar to what is
predicted by the GHK model. This study also identified a C'a?t-dependent K+t current as “I-”, but since
I¢ 1s blocked by TEA, and the kinetics of the reported current were slow, 1t is more likely that this current
was IAHP~

The levels of TEA used in this study would also be expected to block Iy and Ipp as well as I (Storm
1990), thus the estimation of the size of the C'a®* current during spikes needs to take into account the
involvement of 4. In this regard, Segal and Barker showed Ca?t spikes without 4-AP had a duration of
about 50 to 100ms; under 1mM 4-AP (which blocks T4) the spikes developed a long slowly-decaying plateau
that started at about 0mV, decaying to about -10mV over about 200 ms before a much more rapid return to
rest. In addition, a direct facilitation of the C'a?t current by 4-AP was also determined. This study did not
find evidence for more than one C'a?t current, e.g. a low-threshold transient current or persistent current.

Recordings of C'a?t-mediated activity under Nat and K+ blockers may also be seen in the paper by
Fraser and MacVicar (1996) - amplitudes of slow Ca?* spike were similar to that of NaT spikes prior to
addition of blockers. The C'a?t spikes under these conditions repolarized faster than those shown in Segal
and Barker, however the 10mM TEA used in this paper may have not blocked repolarizing KT currents as
efficiently as the 25mM TEA used by Segal and Barker.

11.2.3 Kinetics of Activation and Inactivation of C'a?t Currents

A persistent slow inward calcium current was described by Johnston et al. (1980) and by Brown and Griffith
(1983b), with characteristics of an L-type C'a®* current.

Kay and Wong (1987) described the activation of a Ca®t current in isolated CA1 HPCs, fitting the
current to Hodgkin-Huxley type m? kinetics. In a later study using the same protocol, Kay (1991) described
the voltage and Ca?t-dependent inactivation of this current. He argued for a single type of Ca?* current
in HPCs since the three kinetic components of inactivation (roughly a fast 7 of about 200ms, a slower
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of about 2 seconds, and a constant component) varied in concert under various conditions, and activation
kinetics had but a single component.!'?

Kay argued that the T current is not functionally present in CA1 cells.'® A complex, and unspecified,
interaction between voltage and C'a?T entry through individual channels (a “domain” model) was proposed
for the inactivation process (a theoretical analysis of this type of process was described by Sherman et al.,
1990, for mouse pancreatic 3 cells).

On the other hand, Fisher et al. (1990) proposed that there are three distinct types of Ca?* channels
(T-, L-, and N-type) in both CA1 and CA3 HPCs (and dentate gyrus granule cells), based on cell-attached
recordings in the exposed slice preparation, a preparation somewhat between slice and acutely isolated
cells. This conclusion was reached primarily because the single channel conductances fell into three groups
and there was a strong correlation between the channel conductances and voltage-dependent kinetics. The
proposed T-type channel had a conductance of about 8pS, activated above -40mV (half-maximal activation
at -18mV) and inactivated within 50 milliseconds at holding potentials of -10mV or more. Inactivation was
much slower at smaller depolarizations. The proposed N-type channel had a conductance of about 14pS,
activated above -25mV (half-maximal activation at 0mV), with inactivation described as “variable”. Finally,
an approximately 25pS channel was identified as an L-type Ca’?T channel. It activated at potentials greater
than -10mV, and did not show inactivation.

Recently, Avery and Johnston (1996) reported that the LVA C'e?T current in acutely isolated CA3 HPCs
derives from both a transient T-type channel and a sustained C'a®t channel. This second component was
tentively identified as an L-type channel, despite its activation at potentials more negative than that typically
associated with HVA Ca?t channels.

Fisher et al. also reported that T-, L-, and N-type calcium channels were in CA1 and CA3 HPC dendrites,
as well as on the soma (see below). Magee and Johnston (1995) examined single channels in the apical
dendrites of CA1 HPCs, and described L-, T- and R~ (or possibly Q-) channel types, with a smaller density
of N-type channels. On the other hand, as mentioned earlier, in CA1 HPCs Christie et al. (1995) reported
that N-, P-, Q-, and L-type channels were concentrated at the soma, with T-type channels on the apical
dendrite.

11.3 HPC Model Ca?*t Channels

Various HPC models have included from one to three types of Ca?t channels, in every case with a Hodgkin-
Huxley type kinetic description. Some models use an ohmic conduction scheme and others a constant-field
model; the former group includes channels for which the driving force is dynamically calculated based on
the Nernst potential from explicit [C'a?T];,, calculation, while others assume a constant Fc.

11.3.1 Models With A Single Type of Ca?’t Channel

Variations on the single C'a?t channel description were used in the Traub91, Traub94 and Warman94 models,
the differences being mainly in the inactivation kinetics. Although the BG87 model used two C'a?* channels,
a fast Ic, and a slow Iggg, the latter current (based on the report of Johnston et al., 1980) had little
functional effect. In the Traub91 model steady-state inactivation as a function of voltage was set to 1 below
the resting potential, and to a decreasing exponential function of voltage above resting potential, with a
voltage-independent time constant of 200ms. The Traub94 model eliminated the inactivation term entirely.
In the Warman94 model /-, steady-state inactivation was defined with a Boltzman expression of similar
shape to the function used in the Traub91 model; the primary difference was that inactivation was quite rapid
(bell-shaped function of voltage peaking at 8ms). A result of this characteristic is that C'a®* influx in the
Warman94 model is significantly reduced during subsequent spikes in a train (i.e. it is frequency dependent),
in contrast with the rather constant increment in [C'a®T];, per spike seen in imaging experiments during
spike trains (see Section 9).

Because of the different inactivation characteristics, these models have very different Ca®T spikes when
all channels other than I, are blocked. The Traub9l model generates a slow spike with a threshold at
about -40mV, a peak at 80mV (E¢, in the model), and a slow decay that halts at about 20mV because
of a strong Ca’t steady-state rectification. Since there is no Iz, inactivation, under the same conditions
the Traub94 model “locks up” at F¢,. At the other extreme, the fast inactivation of /¢4 in the Warman94

I2However, considering similar results from CA3 HPCs in slice, Zbicz and Weight (1986) interpreted multiple inactivation
components as indicative of more than one Ca?t current.
12Note that in the Jaffe94 and Migliore95 models I .7 had a relatively minor contribution to the [C'a®>t];,, profiles.
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model prevents any regenerative C'a’t-only response. The description of I, in the BG87 model reproduced
the threshold and shape of the spikes shown in Segal and Barker (1986); this was not surprising since the
Segal and Barker data was a major template in determining the I, parameters for this model.

11.3.2 Models Incorporating Three Types of Ca’t Channels

In contrast, the Jaffe94 and Migliore95 HPC models adopted the three C'a’* channel position (T-, N-, and
L-type), adapting the kinetics from both HPC and non-HPC data. The three C'a®* channel types were
included over the entire cell, with a uniform density. These models assume a total C'a?t channel density of
about 50pS/pum?, derived from an estimate of 5-20 channels per pum? and 10pS per channel, and adjusted
to match [C'a?T];,, profiles. A T:N:L channel ratio of 1:10:10 was cited from the work of Fisher et al. (1990),
with the density of the N and L channels set to 25pS/um?and that of the T channels set to 2.5pS/um?.

The driving force for the calcium channels was derived with the GHK rectification formula (Hagiwara
and Byerly, 1981), modified to accomodate units of conductance (as above) instead of permeability. It should
be noted that strictly speaking this translation of units is incorrect, since the permeability appropriate for
the constant field model is quite different than the conductance of the ohmic model (Section 8).

These authors used a least-squares fitting of referenced Boltzman equation parameters, adjusted to m?h
or m? kinetics (T- and N-type channels for the former, L-type channels for the latter), to derive parameters
for Hodgkin-Huxley type rate equations. No justification was given for the use of m? (as opposed to simply
m).1* The kinetic data referenced in the paper included voltage-independent time constants that were also
used in the fitting to the Hodgkin-Huxley parameters. Because the inactivation kinetics reported by Fisher
et al. (1990) were quite variable, inactivation parameters in this model were derived from non-hippocampal
cells. The final result was a good fit to the steady-state data, but improbable time constant functions
(in particular for inactivation), since the canonical Hodgkin-Huxley form has a poor fit to a time constant
expression with a large voltage-independent term. In particular, the reference data for the 7’s of inactivation
for Icqr and I,y were 10 and 50 ms, respectively: the fitted 7 functions were bell-shaped, peaking at 8000
and 1600 ms, respectively. A consequence may be an overestimation of the C'a?t influx, all other factors
being equal.'®

The experiments of Fisher et al. were done with 95mM Ba’Tin patch pipette in order to accentuate
the single channel currents - thus, the voltage parameters of activation in the model were shifted -10mV to
account for the charge-screening effect of the Ba’*t.

11.4 Major Properties for the Working Model C'¢«** Channels

For the C'a®t channels in the Working model, we shall adapt the three channel models from the Jaffe94 and
Migliore95 HPC models (T-, N-, and L-type), fitting the gating particles to the extended Hodgkin-Huxley
scheme. To summarize, the major goals for our description of the C'a?t currents are:

1. Generate C'a’t spikes when Nat and K+ channels are blocked.
2. Sufficient C'a?t entry during single spikes for the activation of C'a?*-dependent K channels.
3. Ca’T entry consistent with measurements of [C'a’*] changes.

4. Current/voltage relationship consistent with the large concentration gradients seen by C'a?* channels.

The associated goals for the description of internal C'a?* dynamics were described in Section 9. Absolute
permeabilities were adjusted in order to reproduce regenerative C'a’t-only spikes (Segal and Barker, 1986).

12 HPC Potassium Channels

This section describes the variety of Kt channels that have been identified in HPCs. These channels cover a
wide range of kinetic scales, and thus have a variety of distinct roles in determining the overall cell response.

14 Although m? kinetics is consistent with that proposed by Kay, he was fitting one, not three, channel models to the data.
5However, the slow inactivation of I¢,7 mentioned earlier (Fisher et al., 1990) means that the fit may not be completely
unreasonable.
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12.1 The Slow Subthreshold Kt Current: Ip

Ip is a transient KT current that has been implicated in the control of the onset of firing under certain
conditions (Storm, 1988b), primarily those in which the cell has been at rest, or especially, below rest, for at
least several seconds. In earlier reports of transient K+ currents (e.g. Segal and Barker, 1984), it is possible
that Ip was lumped together with 14, since both are sensitive to 4-AP. However, Storm was able to dissect
out Ip from I, taking advantage of the fact that Ip is about 100x more sensitive to 4-AP, and Ip is much
slower than 4.

The kinetics of Ip from Storm (1988b) show slow inactivation, ranging from 4.7 seconds at -110mV
(measured in terms of recovery from inactivation) to about one second at -26mV (these values measured as
current decays). Activation is apparently much faster, essentially instantaneous on the time base of seconds
of Figure 2 in Storm (1988). Storm has suggested that the slow inactivation of Ip makes it particularly
suitable for making the responsiveness of the neuron dependent on the past several seconds of activity.
Taking into account the voltage dependence of inactivation, a maximum conductance of /p on the order of
50nS can be inferred from this paper.

Lithi et al. (1996) reported a slow K+ current which may complicate the interpretation of Ip derived
from Storm 1988b (Section 12.8; this current corresponds to a slow component of the 4-AP-sensitive current
described by Storm, 1986). For our present purposes, since this current is about one tenth the size of Ip,
we neglect it in the current Working model.

12.1.1 A Model of Ip

None of the models in Section 7.1 include an explicit Ip, although the kinetics of 74 in the BG87 model
were adjusted to account for a 4-AP sensitive delay in initial firing. In the Warman94 model the role of Ip
was also assumed to be mediated by 74, although the kinetics of 14 were not adjusted accordingly. In the
BG8T7 model the description of I4 resulted in a fairly delicate, non-robust mechanism; in the Working model
accounting for the delay and the 4-AP sensitive component of spike repolarization with two channels (Ip
and I, respectively) gives a much more robust result.

Our model for Ip uses fourth powers of both an activation and inactivation particle, primarily to restrict
the voltage range of steady-state activation (window current) while still providing a good fit to the data in
Storm (1988b) (see Section 8.4.4). The justification for this restriction was to avoid contribution of Ip to
the resting state and thus simplify the model evaluation. The sigmoidal time course of activation resulting
from setting n = 4 is not important for the model. However, it will be important to consider the possible
contribution of Ip to resting potential mechanisms in future versions of the model.

Figure 16 illustrates the effect of Ip on repetitive firing with conditions similar to that used in Storm
(1988b). Note that the inclusion of Ip has an effect mainly on the timing of the first spike. Apropos to this
point, an interesting finding by Storm was the apparent relationship between Ip and accomodation. Under
control conditions in HPCs, for low current stimulus strengths there is little accommodation, in particular
the initial interspike interval during repetitive firing is close to the steady-state value. As the data in the
paper by Storm (1988) shows, this is correlated with the long delay mediated by Ip, since this delay is only
seen if the stimulus is sufficiently small (larger current steps appear to overwhelm the Ip rectification, giving
the more classical immediate first spike in response to the current). When the cell is held at hyperpolarized
holding potentials, which enhances Ip, the lack of accommodation is seen for a much larger range of current
stimulus strengths. Conversely, when the cell is held at depolarized holding potentials, which inactivates Ip,
accommodation is evident over the entire range of current strengths.

In the model, the time constant for inactivation is relatively fast at the peak of spike, so that a substantial
portion of this current is inactivated by the first few spikes. It may be that the connection between Ip and
accomodation is indirect, in that it is not Ip per se that influences the interspike interval, but rather that
the delay to first spike mediated by Ip may tend to inactivate more classical accommodation mechanisms
(specifically, Tamp or Ipr). In our simulations, we have found that a kinetic description for Ip which mediates
a delay to first spike and is consistent with the estimate for the magnitude of Ip (Storm, 1988b) results in a
rather feeble Ip between spikes, which contributes little in and of itself to the determination of the interspike
interval.

12.2 The Delayed-Rectifier A+ Current: Ipp

There is a variety of data in hippocampus concerning a slowly inactivating, TEA-sensitive, classical “Delayed
Rectifier” KTt current Ipg, analgous to the [ described in the squid axon Hodgkin and Huxley, 1952a.
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Although Ipg has been thought not to play a substantial part in the repolarization of the spike in cortical
neurons, primarily due to the slower activation seen in some reports (see below), the observation (Storm,
1987a) that a TEA-sensitive component remains for repolarization after apparent block of 14, I, and Iy
suggests that Ippr is available for this role. Similarily, the limited degree of spike broadening reported in
Storm (1988b) when both 74 and I are blocked pharmacologically suggest that Ipgr must be large. In fact,
during repetitive firing there is a down-regulation of both 74 and I¢, suggesting that Ipg might become
more predominant during the repolarization of later spikes in a train. Finally, the analysis of Williamson
and Alger (1990) suggest that Ipr may play a small role in the mAHP. In summary, although Ipp in HPCs
certainly does not take the center stage for spike repolarization as it does in squid axon, it probably does
make a significant contribution.

Ipr may also be present in dendrites - Masukawa and Hansen (1987) and Masukawa et al. (1991)
reported a fast “outward delayed-rectifier” in patches from both the cell body and dendrites in cultured
hippocampal neurons. Hoffman et al. (1997) reported that a sustained component of dendritic K+ channels,
with properties similiar to /pg, was homogenously distributed in the tree and the soma.

12.2.1 A Model of Ipg

Most of the previous HPC models use some variation of the Hodgkin-Huxley Ipgr, with kinetics derived from,
for example, either the original Hodgkin and Huxley (1952) data (e.g. the Jaffe94 model), Segal and Barker
(1984, the BG87 model), Sah et al. (1988a, e.g. the Traub91, Traub94, and Warman94 models) or Ficker
and Heinemann (1992, the Migliore95 model). The role of Ipg in the models varies from that of a primary
repolarizing current (e.g. the Traub91 and Traub94 models) to being negligible (e.g. the Warman94 model).
In the BG87 model, Ipg was strong enough to repolarize the spike if all other KT channels were blocked.
Also, in this model Ipg was adjusted under control conditions to generate the mAHP; in the present version
of the Working model the mAHP is mediated solely by Ips.

The voltage sensitivity of activation for the Ippr that we shall use in the Working model is based on
measurements of the TEA-sensitive outward K+ current in Storm (1988a), Segal and Barker (1984), Numann
et al. (1987) and Sah et al. (1988a), all of which describe this current as activating at around -60 to -40 mV.
The reported kinetics of activation, however, vary considerably, ranging from over 100ms (e.g. Segal and
Barker, 1984) to one millisecond (Sah et al.) at depolarized levels. Furthermore, Sah et al. report relatively
fast kinetics of activation/de-activation over a broad voltage range, described as a bell-shaped curve with a
peak of seven milliseconds at about -60 mV (23°C). The time constant for inactivation has been reported as
ranging from 450 milliseconds (Sah et al.) to over seconds (Segal and Barker).

Adjusting the kinetics of Ipg so that it can substantially repolarize the spike requires a reasonably
fast turn on (within milliseconds) at depolarized levels. Since inactivation is slow this activation gives rise
to a substantial mAHP-like component by Ipp unless de-activation is also fairly rapid (we assume that
the majority of the mAHP is mediated by Is; Section 12.7). For this reason, the activation kinetics for
Ipr were chosen to match more closely the data of Sah et al. (1988a). Additionally, these workers fit a
single exponential to the time course of activation, suggesting a single activation particle with respect to
the Hodgkin-Huxley model framework (as compared to the four activation particles of the Hodgkin-Huxley
squid Ipp model).

The reason for the large difference in kinetics for the putative Ipgr (TEA-sensitive, non-C'a?T-dependent
current) in the literature remains to be determined. In the context of the model, it does not seem plausible to
postulate a single mechanism whose kinetics could be sufficiently complex to account for the various findings.
One obstacle is the lack of data implicating a specific role of Ipg independent of 74 and I¢ (e.g. as might
be observed when Ipp is blocked in isolation), in part because the concentrations of TEA needed to block
Ipr in hippocampus (at least 20mM; Storm, 1988a, Sah et al., 1988a) also block I¢.

The final version of Ipg used in the model is the first repolarizing current to be activated during a spike
(but not the largest), mainly because the single activation particle caused an immediate activation with
depolarization (cf. T4 below).

12.3 The Fast Transient Repolarizing K™ Current: [4

A fast, transient, 4-AP-sensitive KT current, /4 is found in many neuronal types. In hippocampus there
is conflicting data concerning the repolarization of the spike with agents that would be expected to block
both I and I4. For example, Figure 3 of Segal et al. (1984) shows recordings with 5mM C'o** (to block
Ca?T currents, and thus I¢), with and without 5mM 4-AP. The addition of 4-AP acts primarily to decrease
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the latency of the first spike (suggesting action of a suppressed Ip) with “...[no] detectable changes in ...
[spike] duration.” | although this cannot be easily ascertained by the scale of the figure. More importantly,
the recordings both with and and without 4-AP show a prominent AHP that peaks about 15 mV below spike
threshold, contrary to the recordings of Storm (1988b), and stronger than would be expected by contributions
of Iny or Ipr. The depth of the AHP is more reminiscent of aspiny non-pyramidal hippocampal neurons
(e.g. Scharfman, 1993): although the recordings in this study were made from “pyramidal-shaped” cultured
cells; 1t 1s possible that some cells were non-pyramidal in origin.

I4 in cultured hippocampal cells was also described in Nakajima et al. (1986), showing that this current
is antagonized by acetylcholine. /4 may also be modulated by the concentration gradient of K¥: lowering
extracellular [K *] shifts the kinetics of 4 in the hyperpolarizing direction, and results in a M g?*-dependent
reduction of I, at potentials above -20mV (the voltage range at which the spike repolarizating role of I4
is initiated) (Eder et al., 1996). Since modulation of [K ], is associated with various pathological states
(e.g. seizure-like events), this finding suggests counter-intuitive effects on the repolarization of the spike as
mediated by I4, in particular when [KT], is reduced, which would be expected to increase a KT current via
an increase in the driving force. 14 is also susceptible to dendrotoxin at nanomolar concentrations, which
may explain the mechanism of this toxin in the induction of epileptiform activity (Halliwell et al., 1986).

Voltage clamp data references for I4 include Halliwell et al. (1986) and Storm (1988b) for slice prepara-
tions, and Ficker and Heinemann (1992) for cultured cells. The voltage clamp data in Storm (1988b) sheds
some light on the kinetics of I4, for example showing that 74 inactivation has a time constant of about 20ms
for voltage steps above -50mV. The steady-state inactivation was shallow, with a midpoint at about -50mV.

Under current clamp Storm (1987a) demonstrated that the action of 4-AP is seen immediately at the
peak of the spike, and acts to broaden the spike by about ten to twenty percent until the peak of the fAHP.

Masukawa et al. (1991) reported an I4-like channel in the dendrites of cultured hippocampal neurons.
Andreasen and Lambert (1995) reported that 4-AP had quite strong effects on the firing patterns of CAl
HPC dendrites. TFor example, under concentrations (0.5mM) that uniformly broaden the somatic spike
by ten or twenty percent (as above), 4-AP converted current-evoked fast dendritic spikes into incompletely
repolarized fast spikes that subsequently led directly into complex, C'a®>t-mediated slow spikes. These results
suggest that 74 may play a greater role in maintaining stability in the dendrites rather than the soma. More
recently Hoffman et al. (1997) report I4 channels in the dendrites whose density increases markedly with
distance from the soma.

Functionally 74 may gate action potential transmission in either direction from the soma - both down
the axonal tree (Debanne et al. 1997) or in the dendrites (Hoffman et al. 1997). In the dendrites at least
the voltage-dependency of I4 kinetics shifts in the depolarizing direction by activation of either PKA or
PKC (Hoffman and Johnston, 1998). The resulting functional downregulation of these channels is reflected
in a stronger backpropagation of dendritic action potentials. [4 may also participate in the shaping of
subthreshold dendritic EPSPs (Hoffman et al. 1997; see also Lipowsky et al. 1996).

12.3.1 A Model of I4

For our Working model the primary determinant for the functional properties of 74 is the report of Storm
(1987a). In particular, the uniform broadening of the entire action potential when I4 is blocked implies that
this current must activate quickly and strongly during the spike under control conditions.

Williamson and Alger (1990) note that 4-AP only broadens the early spikes in a spike train, somewhat
consistent with the steady-state inactivation curve shown in Storm (1988b) but perhaps suggesting another
component of inactivation (leading to stronger inactivation of 74 with prolonged depolarization).

The time course of activation of 1,4 is probably voltage-dependent, since this current must activate quickly
at very depolarized levels but at the same time must not activate too quickly at substhreshold potentials,
lest its effect be seen on the spike upstroke. A delay in activation can also be achieved by postulating more
than one activation particle. Here, we define the kinetics of the activation particle with both characteristics.
We note that the data in Storm (1988b) does not show an obvious delay in activation, but it may be that the
time resolution of the presentation is inadequate to determine this. In the model, under control conditions
14 is the second repolarizing current to be activated, after Ipg.

The model that we use for 74 has several drawbacks. While the activation particle definition is quite
reminiscent of the the Hodgkin-Huxley squid Ipg model (activation raised to the fourth power and voltage-
dependent time constant, needed here to account for the apparent delay in activation under current clamp),
it does not seem to match the kinetics in the HPC voltage clamp data. Second, the time course of I4
during the repolarization, as inferred from the blocking experiments (which show a broadening of the action
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potential under 4-AP all the way until the peak of repolarization), is suggestive of a current source, which
implies a steady increase of conductance throughout the repolarization to compensate for the reduction in
driving force. This behaviour is difficult to address with the Hodgkin-Huxley kinetics. One possibility is
that a full Markov formulation is more consistent with the data.

12.4 The Fast C«’"-Dependent Repolarizing K™ Currents: /o and Ior

A fast, TEA-sensitive component of the C'a?t-activated Kt current in hippocampus, referred to generally as
Ic (also know as Ik (¢)), was first described as distinct from a slow, non-TEA-sensitive component (I4xmp,
see below) in hippocampus by Lancaster and Adams (1986). This current was found to be responsible for
the fAHP during the repolarization of single spikes (Lancaster and Nicoll, 1987, Storm, 1987a).

However, there is substantial evidence that there is more than one type of channel underlying this current.
Voltage clamp studies suggest that I may represent more than one current (reviewed in Storm, 1990), in
particular a transient /o7 (also know as Ik (cr)) and a non-inactivating I (e.g. Zbicz and Weight, 1985).

The evidence demonstrating a partial dependence of the mAHP on Ca?t-influx, as mentioned earlier,
has been attributed to participation of Io in the mAHP, especially when the cell was depolarized. This
suggests that although I~ must inactivate quickly in order to account for the fAHP, residual /- must be
present for about one hundred milliseconds after a spike or spike train, during the mAHP. Likewise, Alger
and Williamson (1988, see also Alger and Nicoll, 1980) reported a C'a?t-dependent K+ current, independent
of the Iymp (see below), that generated an after-hyperpolarization of about 150 milliseconds duration after
epileptiform bursts.

Thus, the kinetics of the Ca?t-dependent K%t current must either be rather complex, and cover a
relatively wide range, or in fact represent more than one current. For the Working model we shall focus on
kinetics which mediate the fAHP, therefore we will refer to this current as I (note that the Warman94
model refers to Icp, not Ic). Most other cell models do not make this distinction, and just refer to I¢ (e.g.
although the description of this current in the BG87 model also was focussed on reproducing the fAHP, the
current was called I¢).

The main references that we will use regarding the role of Icp during the repolarization of the action
potential, and the subsequent fAHP, are that of Lancaster and Nicoll (1987) and Storm (1987a). We may
note that voltage clamp dissection of Ca?t-dependent currents is even more difficult than other currents due
to the difficulty of simultaneous voltage and [C'a?T];, control (for one approach to this problem, see Tkemoto
et al., 1989). Accordingly, the parameters for the model Icp will be primarily determined by matching
behaviour under current clamp.

I has been tentatively identified with the large conductance voltage and C'a?T dependent BK chan-
nel recorded in patchs from hippocampal isolated and cultured cells (Sah, 1996). This channel has a
threshold /half-activation point of 1/4uM [C'a®*] at OmV (Storm, 1990). On the other hand, the kinet-
ics of the BK channel are probably too slow to account for the fAHP generating role of Ior (Tkemoto et al.,
1989).

The description of I¢ in the BG87 model included four voltage-dependent fast activation particles, so
that the abrupt phase of the fAHP was caused by the de-activation of these particles. A separate C'a®t
dependent activation particle was also part of the model. The kinetics of the fAHP was replicated in the
Warman94 model by an activation particle with both voltage and Ca?t dependence, based on the data
of Barrett et al. (1982). Kinetics for I in the Traub91 and Traub94 models were adjusted from bullfrog
sympathetic neuron data. As mentioned earlier, the description of I~ in the Jaffe94 and Migliore95 models
were adapted from the Moczydlowski and Latorre model of the rat muscle BK channel.

The finding that dendritic fast spikes show a slight broadening under concentrations of TEA (1-2mM)
that would be expected to block I (Andreasen and Lambert, 1995) allows the possibility that this current,
or at least Iop, 1s present in HPC dendrites.

12.4.1 A 3 State Markov Model for /o7 with Voltage and Ca’t Dependent Transitions

Most reports on the kinetics of I~ describe it as a non-inactivating current, but this is at odds with the
overall transient nature of the fAHP during repetitive firing (Section 6.4.1). This is further support for
attributing a separate Icp to the fAHP. For the slow inactivation during spike trains the I- in the BG87
model and the /o7 in the Warman94 model included a distinct slow voltage-dependent inactivation particle.

Close examination of the behaviour of the fAHP suggests that inactivation occurs after activation: the
preferential appearance of the fAHP on the first few spikes of a train, even though subsequent spikes traverse
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similar voltage ranges, argues against independent activation and inactivation voltage-dependent mecha-
nisms. In particular, it is difficult to adjust the parameters of an independent voltage-dependent inactivation
component such that the first spike causes much less inactivation (thus sparing the fAHP) than the second
and subsequent spikes. For this reason we will adopt a simple three state Markov model to describe Iop
gating in the Working model, including a inactivated state that is reachable only through the open state. In
this model, shown in Figure 9, the disappearance of the fAHP during repetitive firing is a result of a voltage
dependent transition between the inactivated state and the closed state that is slow at depolarized potentials
and speeds up with hyperpolarization. It may be that this transition accelerates with temperature, which
could account for the apparent persistence of the fAHP during spike trains seen in Thompson et al., 1985,
as mentioned earlier.

The transition from the closed state to the open state is C'a?T dependent (following the [C'a?*] in
compartment 1 of the associated [C'a®t];, integration system, being fast at [C'a®T] above 0.01lmM) and
voltage-dependent. It is not clear if this co-dependency is absolutely necessary for activation for the Iop
model since the large transient in the local [C'a?t] seen by the channel is strictly correlated with the spike
peak, and further adjustment of the parameters defining the Ca?T-mediated kinetics may allow the dropping
of the voltage term. The fast shut off of /o7, necessary in order to mediate the fAHP, is accomplished by a
strong voltage dependence in the transition from the open state to the inactivated state.

12.5 The Slow Ca?*"-Dependent K+ Current: [45p

The slow Ca?*-dependent after-hyperpolarization (sAHP) is attributed to a C'a?*-dependent and apparently
voltage-independent Iypp potassium current (Lancaster and Adams, 1986). The major functional role
assigned to this current is that of regulating repetitive firing (Madison and Nicoll, 1984).

The sAHP is insensitive to TEA and charybdotoxin, unlike the fAHP, whereas in hippocampal interneu-
rons cells the sSAHP is sensitive to apamin (in HPCs apamin does not block the sAHP) (Storm, 1990). Both
noradrenaline and cholinergic agonists, among other neurotransmitters, block I4gp. Second messengers
in addition to Ca®t are involved in the regulation of I4pp. Results from Pedarzani and Storm (1993,
1995a, 1996) indicate that PKA mediates the suppression of I4gp by all the monoamine transmitters: no-
radrenaline, serotonine, histamine and dopamine; and there is a synergistic interaction between o and
receptor agonists. Zhang et al. (1996) showed that activation of muscarinic afferents blocks the Tagp only
if this occurs before the relevant rise in [Ca®t];,.

In single channel recordings from cultured rat E17 hippocampal neurons, Lancaster et al. (1991) identified
a C'a’t-dependent 19pS K1 channel that they associate with I4mp. In these recordings they noted a rise
time of C'a®t activation of approximately 70 milliseconds at -70mV. Noting the longer delay in the peak Iy gp
of a few hundred milliseconds (consistent with the delay of the sSAHP peak), they discount the possibility
of C'a’t-mediated C'a®t release in hippocampus, and suggest that there must be some mechanism which
restricts access of the channel to intracellular C'a®t.

The I,mp has been attributed to the SK class of channels, distinct from the BK channels mentioned
earlier (Sah, 1996). Generally it is found that 100-400 nM [C'a®*] is necessary for the activation of the SK
channel; this may be contrasted to the activation of hippocampal I, p by a rise from 30nM to 60nM [C'a?T]
(Knopfel et al., 1989).

Recently, a candidate channel for 74z p has been cloned in mammalian brain (Kohler et al., 1996), which
has the general attributes that would be expected from the macroscopic behavior of Iagp. This paper
suggested that the Ca’*t-dependence of the channel fit a Hill relationship with a coefficient of about four, in
other words impling an involvement of 4 C'a?* ions in channel gating, and a Ky 5 between 0.5 and 1.0 uM.

Despite the lack of direct supporting data the model of Ixgp in the BG87 model included explicit
voltage-dependence via two types of voltage-dependent inactivation gating particles. The rationale for these
particles was to account for the delay to peak of the sSAHP and to avoid interaction between I45p and the
shape and time course of either Nat or Ca?t spikes. Although the latter motivation may be somewhat
problematic, the former will be reconsidered below.

Lancaster and Adams (1986) found no voltage-dependence for I4mp using either voltage clamp or hy-
brid clamp protocols. However, the maximum holding potential used was -47mV, thus it is conceivable
that voltage-dependent inactivation, fast and relatively complete at spiking potentials, and removed slowly
(hundreds of milliseconds) around rest, could account for the observed delay in the SAHP peak.

Steady-state activation based on the log of [C'a?T];, was used for I4gp in the Warman94 model, adapted
from the work of Blatz and Magleby (1987), with a time constant for activation of 48 milliseconds.
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12.5.1 A Model of I45p

In our Working model of T4z p, we will use the simple C'a?T-dependent gating model described in Section 8.8.3.
This is similar to that used for the Ca®T-dependence of both Ie and I4gp in the BG87 model. On the
other hand for this model of Ixgp we will neglect the voltage-dependent mechanisms used in the BG87
model. We shall assume cooperative binding of four C'a?t ions in order the reproduce the distinet threshold
in C'a®t dependence that is necessary for this channel, assuming that activation of I4pp depends on slow,
accumulative changes in [C’az‘l']m, and that the quiescent activation of I4gp is negligible. The C'a?t signal
is taken from compartment 2 of the associated (somatic) [C'a®*];, integration system.

In order to reconcile the small incremental change in [C'a®t];, per spike (about 10nM) relative to the
resting level (50nM), and to avoid a substantial resting activation of I4mp, it was necessary to include two
Ca*T-dependent gating particles. This, plus the requirement of the binding of four C'a?* ions for activation
and the particular values used for o and g results in a distinct activation threshold around 50nM.

An important question is that of the mechanism underlying the long delay to peak of the sAHP, and
thus Tagp. We can consider at least two candidates, that is delay arising from either the intracellular
diffusion of C'a®t or from the intrinsic channel gating kinetics. Arguments for the latter cause include the
strong temperature dependency of the sSAHP peak (Thompson et al., 1985, Lancaster and Adams, 1986),
and the relatively fast rise time of [C'a®*] signals in response to single spikes (e.g. Jaffe et al., 1992), which
presumably reflect a global or average concentration over many microns. Accordingly, in the Working model
I,gp a value for 7y of 100 milliseconds the C'a?t-binding kinetics contributes to a delay in the I4gp peak
after the rise in [C'a®T];, in compartment 2 of the associated C'a®T concentration integrator. A similar rate
limiting term was used in the Ixgp in the Traub91 and Traub94 models.

On the other hand the value of 100 milliseconds does not account for the somewhat longer delays in
the peak Tspgp reported in the literature (e.g. 400-700 milliseconds Lancaster and Adams, 1986). Using a
longer value for 7y causes the I gp gating to “miss” the peak of the [C’az‘l']m. It may be that either a
voltage-dependent inactivation term should be retained, as in the BG87 model, or a Markov description that
decouples the time course of the relevant [C'a?T];, and the activation of I4gp should be considered (ref.
discussion in Section 8.7.1).

More importantly, recent data from Lancaster and Zucker (1994) show that photolytically released intra-
cellular Ca?*t can trigger T4 p with a delay on the order of 50 milliseconds, suggesting that the delay of the
SAHP is due to factors extrinsic to the 14y p channel. These workers suggested that delays due to diffusion,
taking into account immobile buffers (see Section 9.5.1), would reach on the order of 400 milliseconds for
distances of about 3um. They suggest that the strong temperature dependence on the delay to sAHP peak
is related to temperature dependence of the Ca?t pump and buffer systems. Future refinements of the
diffusion models described in Section 9 may support this scheme.

We note that choosing model parameters in order to avoid a resting contribution of Ixgp was done
primarily for convenience, and it will be important to check if in fact the assumed 50nM level for resting
[C’az‘l']m does not slightly activate Iagp. If so, then the numerous modulatory influences on this current
may also be expected to effect the neuron’s resting state. In fact, as pointed out elsewhere, the true resting
state of the Working model is reached after ten to twenty seconds, during which time a small C'a?*t influx
from a small resting activation of the C'a®t channels leads to a buildup of the resting [Ca®*];,, which in
turn slightly activates Iy p, hyperpolarizing the cell.

12.6 Is the Variance in Kinetics Between Io7 and [,5p Due to Unique Pools of
Ca*t?

The difference in the kinetics of Icr and Ixgp can be accounted for in part by a difference in the Ca?t
“pools” that each are exposed to. This can be inferred by the following reasoning.

The time course of the rise of [C'a?*] averaged over the entire volume of the soma or a section of dendrite is
consistent with the buildup of the sSAHP and thus by implication /4 p. On the other hand, the Icp-mediated
fAHP 1s present at the first spike from the quiescent state. One way to account for this difference is for
Icr to be exposed to a C'a?t pool with much faster rise time, such that the concentration in this pool rises
significantly above the resting level with a single spike. This could be accomplished if Iop channels were
co-localized with one or more of the Ca?t channel types, so that the /7 channels would be triggered by very
local and large increases of [C'a®*] that would occur adjacent to C'a’t channels with every spike (Lancaster
and Nicoll, 1987, the BG87 and Warman94 models).

This hypothesis is supported by the observation that a fast intracellular Ca?* buffer (BAPTA) will block
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the repolarization by Icr, whereas injection of a slower buffer (EGTA) blocks only the T4gp component,
as shown by Storm (1987b). Note that BAPTA does not prevent putative C'a®*-mediated inactivation of
Ca?* channels (Kay, 1991, see Section 11.2.3), which suggests that Icr channels may be close, but not
immediately adjacent to C'a®t channels.

The functional significance of microdomains of large and fast [C'a?*] changes in the vicinity of C'a®t
channels has been considered previously in the context of synaptic release, and recent studies confirm this
phenenoma in the squid giant synapse (for references see Llinds et al., 1995). In addition, recent evidence for
the functional colocalization of C'a?t and C'a?t-dependent K+ channels have been reported in presynaptic
membranes of hair cells and the neuromuscular junction (Roberts et al., 1990, Robitaille et al., 1993). Finally,
patch recordings of both somatic and dendritic membrane in cultured hippocampal cells (Masukawa et al.,
1991) support the general idea of co-localized channels: they showed a high proportion of patches with both
a “delayed-rectifier” type of outward current and either a non-inactivating or inactivating inward current.
However, the evidence presented in this paper suggests that the inward currents are mediated by Nat, rather
than by Ca’t.

The domain model, mentioned earlier, for Ca?*-dependent inactivation of C'a?t channels has been pro-
posed based on the assumption of functionally relevant local high concentrations of Ca?t. The model
analyzed by Sherman et al. (1990), although investigated in the context of C'a?* channel kinetics, is of the
same structure as the model for Iop Ca?t-dependence described above.

12.7 The Muscarinic Kt Current: [y

Cholinergic agonists regulate a variety of channels, but the classical target (though not the most sensitive)
is the non-inactivating K+ current, I3y (Halliwell and Adams, 1982) - the “M” stands for “muscarinic”.
The major hallmark of Ij; is the mAHP; the major functional role assigned to this current is for regulating
repetitive firing (Benardo and Prince, 1982b, Madison and Nicoll, 1984).

Ipr is activated over a narrow range, from about -60 to -40 mV (Halliwell and Adams, 1982). This
threshold suggests that the contribution of Ijs to the resting potential is minimal. Time constants of Iy
relaxations under voltage clamp (and by implication, the time constant of activation) at 25°C are about
210ms at -45mV and 95ms at -55mV. Measurements by these workers at 30°C suggest a Q10 of about 5.

The voltage-dependent activation of Iy may also be inferred from the data of Williamson and Alger
(1990). In one experiment, a mAHP-like potential was elicited under TTX and low C'a®*Tby long current steps
to various potentials. The amplitude of this potential increased somewhat linearly with the plateau potential,
beginning when the step reached about -45mV. The amplitude of the mAHP-like potential increased for
plateau potentials up to at least -32mV, but this may reflect a voltage-dependent increase in the rate of
activation for Iy rather than a steady-state characteristic that is still rising at this voltage.

The reversal potential of Ijr has been estimated at between -78mV (Halliwell and Adams, 1982) and
-73mV (Williamson and Alger, 1990), suggesting that this is not a pure K+ conductance.

As mentioned earlier, Ij; in the models of Section 7.1 had different functional effects, including an
important role in stablizing the resting potential, playing a role in accomodation, and terminating bursts. The
Traub91 and Traub94 models did not include 737, and the Ijr used in the BG87 model was underestimated.
On the other hand, I3y in the Warman94 model was adjusted to account for both the mAHP and the early
regulation of repetitive firing. The question of whether or not Ij; contributes to the resting potential is
complicated by the many effects of muscarinic agonists, particularly the modulation of mechanisms that are
active around rest.

12.7.1 A Model of I

The Working model description of Iy is based primarily on the voltage clamp data of Halliwell and Adams
(1982) (and Brown and Griffith, 1983a), and the more functionally oriented analysis in Storm (1989) and
Williamson and Alger (1990), such that Ips parameters were adjusted in order to account for the major
properties of the mAHP.

In this description, Ip; is completely shut at rest, The observation that there is a roughly constant
increment per spike in the mAHP (Storm, 1989) can be accounted for in part if we use a second order in the
activation term (that is, two activation particles), with a fast time constant at depolarized levels and a much
slower value around threshold. The second power tends to equalize the incremental increase of Iy from
spike to spike (the Warman94 model used a second order description of the Iy gating particle to implement
a temporal delay in activation).
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12.8 Anomalous Inward Rectification and Other Kt Currents

Here we summarize the mechanism of anomalous inward rectification, and discuss additional KT currents
that have been reported for HPCs. These currents will not be considered in the Working model, but are left
for future work.

12.8.1 Anomalous Inward Rectification

Anomalous inward rectification is classically defined as an increase in a KT conductance with hyperpolariza-
tion (Katz, 1949, Hotson et al., 1979, Hille, 1992). The term “anomalous” is to highlight the difference from
the classical delayed rectifier, or in general the fact that most K+ conductances open with depolarization.
However, as described below, anomalous inward rectifiers may also be mixed conductances.

There are two classes of inward rectifying currents. The first class consists of mixed cation inward rectifiers
whose non-linearities are characterized in terms of voltage-dependent gating mechanisms (Section 13.1).
The second class of inward rectifiers, which are pure Kt currents, demonstrate an instantaneous voltage-
dependence that shifts with the log of [K1],, in other words relative to the difference between the membrane
potential and Fk, and have an inflection in the IV curve around Ex. These channels may also show a
time-dependent component of the rectification, as well as a [K],-dependency on the steepness of the steady-
state IV characteristic. Rectification of these channels arises directly from the conduction properties of the
channel ionophore, but they do so in a sense opposite to that which would be predicted by the constant
field permeation model (Section 8.2). Hille (1992) discusses a multi-ion pore model with a monovalent
intracellular blocking ion that seems to account for many of the pure Kt inward rectifier properties.

As a side note, since under normal conditions the ion with the lowest equilibrium potential is KT, there
can be no channel mediated current (synaptic or otherwise) that can drive the membrane potential below Ex.
This would suggest that K t-mediated inward rectifiers are functionally relevant only for limiting below-E g
hyperpolarizations due to membrane pumps. With respect to HPCs, at present there is limited evidence for
this type of channel under control conditions (but see Owen, 1987, Section 13.1, and discussion in Brown
et al., 1990). A serotonin-activated inward-rectifier has been reported, however, and this current will be
discussed next.

12.8.2 A Serotonin-activated Inward Rectifier

Serotonin (5-HT) has both an inhibitory and excitatory effects on HPCs causing an increase in one or more
KT currents, which may include a true inward-rectifier, and causing a decrease in a resting K+ conductance
and the C'a?t-dependent sAHP (Colino and Halliwell, 1987). The inward-rectifying characteristics of the
serotonin-activated current include a dependence on the slope conductance with [K*], (Andrade and Nicoll,
1987). Rectification is relatively shallow, with approximately 3nS of activated conductance at -120mV
compared to about 1nS at -30mv ([K*], of 3mM and 60uM 5-HT; Okuhara and Beck, 1994). This current
may be preferentially expressed in the dendrites and axons while another serotonin-activated K+ current,
which has less obvious inward-rectifying properties, may be localized to the soma (Uneyma et al., 1993).

12.8.3 IK,resta IT,slowa IK(slow)

One candidate for the leak current is a Kt current, Ik rest (see discussion by Storm, 1990), that is linear
for tens of millivolts around rest, and persists with blockers of the major Kt currents. There may also be a
muscarinic-sensitive component to this current (Madison et al., 1987).

Ficker and Heinemann (1992) have described a slowly inactivating TEA-sensitive KT current, I7 510w, I
cultured hippocampal cells. This current is not unlike /pg other than that I s, has a substantially higher
threshold (between -40 and -30mV), and it is sensitive to 4-AP.

Liithi et al. (1996) describe a I (siow) Which contributes particularly to the latency of the first action
potential, along with Ip and perhaps I4 (see also Storm, 1986). This current had a reversal potential
of about -93mV that shifted with changing [KT], as predicted by the Nernst equation given a pure KT
current. The fully activated conductance was about 6nS (estimated from data presented in the paper).
Several characteristics of I (s5100) are similar to Ip, a major difference being a slower inactivation.
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13 Non-Specific Cation and Chloride Currents

We now mention a variety of other channels that have been reported in hippocampal pyramidal neurons.
Other than I, these currents will not be demonstrated in the Working model. As before with the non-
modelled KT currents, it remains to be seen how including these mechanisms will influence estimated
parameters or functional consequences of the channel models described earlier.

13.1 The Hyperpolarization-Activated Sag Current: /o/Iy

Various descriptions of a hyperpolarization-activated, mixed cation inward current have been reported for
hippocampal neurons. Although earlier reports (e.g. Halliwell and Adams 1982) called this current I (for
“queer”, presumably in the same vein as “anomalous”), more recently this current has been identified as
I due to the similarity to the Iy identified in several other cells (e.g. first in photoreceptors and heart
cells, then in neurons, e.g. thalamic cells, McCormick and Pape, 1990; for a thorough review see Pape,
1996). This current, blocked by C's™, is mainly responsible for a depolarizing sag in response to long (one
hundred milliseconds or more) hyperpolarizing current steps, and may contribute to resting properties. The
biophysical details and, as suggested above, the name of this current have been somewhat inconsistent in
the literature.

I was characterized by Halliwell and Adams (1982) as a persistent current which was probably carried
by both Kt and Na¥ ions (they estimated the reversal potential for I as around -55mV). In this report the
activation of Ig occured at minimum in the range between -120 and -80mV, and activation was well fitted
to a single exponential with a time constant of that decreased monotonically with hyperpolarization (184ms
at -82mV to 100ms at -130mV, 25°C; experiments at 30° suggested a @19 = 5). The maximum conductance
of this current can be estimated from the paper at about 4 to bnS. Later papers also referred to either I4p
(for anomalous rectifier, Segal and Barker, 1984) or I5 (Brown et al., 1990). Grove and Halliwell (1990)
estimated E,., for Ig as-49£11mV. Colino and Halliwell (1993) showed that I is potentiated by muscarinic
agonists. A Cst-dependent component of the mAHP when the cell was hyperpolarized was demonstrated
by Storm (1989), and later by Williamson and Alger (1990), suggesting a contribution of Ig in the mAHP
under these conditions.

Iy is enhanced by noradrenaline via beta receptors and cAMP (Pedarzani and Storm, 1995b, and by
serotonin, histamine and dopamine, also by cAMP (Storm et al., 1996).

Maccaferri et al. (1993) describe an anomalous rectifer current, I, in rat CAl cells that contributes
significantly to the resting potential and is involved in after-hyperpolarizations: 2mM extracellular Cst
lowered the resting potential about 4mV lower than control, and blocked the mAHP. This paper reported
a reversal potential for Iy of about -17mV, with a shallow activation starting at -50mV and saturating at
-140mV, and a maximum conductance of around 2.6nS. The major difference between this and earlier reports
of I seems to be the more depolarized activation range of I (which gives it an important role under non-
hyperpolarized conditions) and a significantly higher F,.,. Although these authors report a time constant of
activation of about 180ms at -70mV | this seems to be too slow to account for the hyperpolarization-induced
sag shown in the paper under current clamp, thus suggesting that the time constant becomes faster with
hyperpolarization. Although the rectification by Iz seems to be due to voltage-dependent gating, the slope
conductance was shown to increase with [KT],, reminiscent of a true inward rectifier.

Perkins and Wong (1995) demonstrated intracellular blocking by QX-314 of what they refer to as Ig;
interestingly, examination of data shown in this paper suggest that average resting potentials were 5 to 10
millivolts higher when QX-314 was present in the whole-cell patch electrodes. In general the biophysical
characteristics of this current differed slightly from that reported by Maccaferri et al.. Perkins and Wong
showed a steeper activation that saturated at about -120mV, and estimations made from the data shown in
this paper suggest a total conductance of about 10nS with an F,., of about -40mV. Although the activation
kinetics for current relaxations at -120mV were well fit to two exponentials, an approximate fit for modelling
purposes may be made to a single exponential with a 60 millisecond time constant.

It may be that there is more than one current contributing to non-transmitter-activated inward-rectification
in HPCs. In a short abstract, Owen (1987) described three types of inward rectifier currents: a current that
he identified as /g, an inactivating fast current that he associated with the /¢;,. seen in other cell types, and
a third low threshold current (-45mV, complete activation at -115mV), activating with a 100 millisecond
time constant at -80mV, that he called I;;r. Grove and Halliwell (1990) demonstrated an additional inward
rectifying current, other than I, that is activated at hyperpolarizing potentials (below -80mV), with an
FE,ey close to Ex.
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None of the models in Section 7.1 (other than a cursory non-functional description in the BG87 model)
include Ig.

13.1.1 A Model of Iy

For the description of I in the Working model we primarily refer to the data of Maccaferri et al. (1993). A
single activation particle is used, and the effect at this stage of the model is mainly to generate a depolarizing
sag in response to hyperpolarizing current steps (see Figures 5 and 12). Blocking this current in the model
hyperpolarizes the resting potential by only about 3001V, an effect about ten times less than that reported
above. For future refinement it will be instructive to see if the linear-markov model of I in retina proposed
by Barnes and Hille (1989) is relevant for hippocampus.

13.2 The Persistent C'/~ Current: /¢y,

Madison et al. (1986b, rat HPCs in slice) and Brown et al. (1990, rat CA3 HPCs in cultured slice) describe
a slowly activating (hundreds of milliseconds), persistent, voltage-dependent CI~ current, I¢yv). Estimates
of the physiological value vary for the associated reversal potential, E¢y, but is normally around the resting
potential (-70mV). In the first report this current has a shallow steady state inactivation with a midpoint
about -50mV, and thus may contribute to the resting potential under control conditions. In the second
report, however, inactivation was complete below -60mV, so its contribution to the maintenance of the
resting potential in this case is less obvious. In either case, Icyv) is blocked by either activation of PKC
(demonstrated with phorbol esters) or 100 uM C'd**. The susceptibility to PKC activation implies that this
current may have a modulatory role, particularly with respect to synaptic integration. A primarily dendritic
location for Icyvy was inferred by difficulty of detection when K1 channels blockers were not used.

The conductance of I¢yy) of about 8nS at -70mV, as reported by Madison‘s group, would be expected to
contribute on the order of 30% of the resting input impedance for sharp electrode recordings; for whole cell
recordings this value could account for the entire input impedance (8nS corresponds to 125M€). This clearly
presents a problem, for at least the following reasons: first, the voltage range for the current inactivation
depends on the preparation (see above), thus this is not a “reliable” mechanism; second, recordings with KClI
electrodes would considerably raise the reversal potential of this current, and thus have a strong depolarizing
effect on the resting potential.

13.3 The Ca**-dependent Non-Specific Cation Currents: [ pp, lcan, Lacrp

Non-specific cation (CAN) currents have been described for HPCs, and may be a candidate for the crucial
slow depolarizing mechanism underlying bursts (Crépel et al., 1994).

In cultured slice Caeser et al. (1993) describe a C'a’*-dependent ADP that is carried by at least a mix of
Kt and Na™ ions, observed after either cholinergic or metabotropic glutamate receptor (mGluR) mediated
blockade of the sAHP. The magnitude (about 250pA at holding potentials between -65 and -50mV) and
timing of the underlying I4pp current (also referred to as Ican) suggest that the neurotransmitter agonists
enhance this current, rather than the ADP being more or less “hidden” during the sAHP under control
conditions. This interpretation, also reported by Colino and Halliwell (1993), suggests that the delay of the
Tapgp peak is not due to an early interval of activated I4pp. The decay of Ixpp under voltage clamp was
significantly slower than the time course of simultaneous [C'a?*];, measurements. This current apparently
has an intrinsic voltage-dependency, activating a potentials higher than -90mV and becoming maximal at
about -60mV. The reversal potential of this current has been estimated as about -20mV (Colino and Halliwell,
1993).

A similar (but voltage-independent) Ca?*-dependent non-specific cation current, upregulated by acti-
vation of mGluRs, was reported by Crépel et al. (1994), who named it I4cpp in reference to the mGluR
agonist used in the experiment. This current, which was about 100pA at a holding potential of -60mV, had
a reversal potential around -20mV. The contribution to the cell’s conductance by the activation of I4cpp
by mGluRs may be partially offset by the reduction of KT currents by mGluRs (Ip; and I4gp, Charpak et
al., 1990), and may generate a long-lasting depolarization in response to rises in [C'a®T];,.
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14 Simulations of HPC Properties with the Working Model

We conclude this chapter with some additional simulations illustrating various characteristics of the Working
model.

The role of the major repolarizing currents on shaping the spike is seen in Figure 11, where single evoked
spikes are shown under various conditions. Note that the subthreshold time course and spike upstroke are
identical under all conditions, showing that for the initiation of firing, modulation of either the C'a?* currents
(and by implication, Icr and Iagp) or 14 has no effect on these characteristics. The same holds for Ipg
(simulations not shown).

The classical basic computational characteristic of a neuron is the transformation of stimulus intensity
into the frequency of repetitive spikes. The response of the Working model to long current steps is shown in
Figure 12, which among other things illustrates the time dependence of the output due to various adaptation
mechanisms (Figures 14 and 15). Increasing Ry, to bring the linear properties of the model closer to that
seen with whole cell patch recordings changes the response to long current steps quantitatively but not
qualitatively, as seen in Figure 13. The /I plot, as discussed in Section 6.6, encapsulates these characteristics
in a more quantitative form. The validity of this measure in a functional context remains to be demonstrated,
primarily since in-vivo input is never as stereotypically constant as the current steps used in experimental
protocols. Nonetheless, comparing the model /T plot with those reported in the literature is another test of
the collective properties of the model mechanisms (Figure 17).
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Brown et al.

BG87 Traub9l Warmanod

Traub94

C12861

CA3 32da
N120 Red

1000 um | \

Figure 1: CAl and CA3 pyramidal cell model anatomies illustrating a range from simplified abstractions to those
derived from fully-detailed anatomical data. Models are drawn to scale as represented by the Surf-Hippo neuron
simulator. Diameters of non-vertically or horizontally oriented processes are distorted in this figure because of the
printing resolution, such that they are drawn as if the diameter was 5um. Abstracted model anatomies include the
BG87 (used in the Working model, six compartments), Traub91 (19 compartments), Traub94 (66 compartments),
and Warman94 (16 compartments) models (Section 7.1). The process curving left and down from the soma in
the Traub94 anatomy is the axon. The Brown et al. anatomy is a reverse-engineered soma/short-cable model
derived from parameters given in Brown et al., 1981, as described in Section 5.3.2. The remaining representations
are taken directly or derived from anatomical files. C12861 (941 compartments) is a CA1 cell (supplied by David
Amaral, in the ntscable program distribution, Wathey, 1989). A 400 compartment version of this cell, with an
axon, was used for the Wathey92 model (Section 7.1). The N120 cell (3205 compartments) is also from CA1, and
was supplied by Dennis Turner (appears in Pyapali and Turner, 1994, Figure 3A - although this paper describes
dendritic alterations subsequent to kainic acid lesions, this particular cell is from a normal animal). The N120
Red cell (193 compartments) is derived from N120 (see Section 4.2 and Figure 3). The CA3 32da anatomy (367
compartments) was supplied by Guy Major; the original cell is drawn in Figure 9 of Major et al., 1994, The
anatomy file did not include 3D locations, so in this rendering an ad hoc procedure was applied to branch points
to give a reasonable overall shape. Also, the axon was traced in this cell, and is the structure branching off to
the right.
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5um A AB

Figure 2:

Demonstration of the consolidation of dendritic compartments. The algorithm described in the text works on
successive pairs of dendritic segments, working distally. In the panel on the left, segments A and B are chosen
to be consolidated into segment AB, shown in the middle panel. The proximal and distal endpoints of AB
correspond to the proximal endpoint of A and the distal endpoint of B, respectively. The panel on the right
shows the final result after continuing this procedure down the dendrite, assuming that the electrotonic length of
a segment resulting from the consolidation of all the original segments is less than some a priori criteria. Notice
that the diameter of the final replacement segment is slightly larger than that of the original segments, reflecting
the conservation of membrane area in the algorithm and the shorter final path length of the branch.
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100 um

N120 Anatomy: 3205 Compartments Reduced Anatomy: 193 Compartments

Figure 3: Top: Larger view of the cell model derived from original anatomy file of CA1 N120 cell (Pyapali and
Turner, 1994, Figure 3A). Somatic “notches” result from approximating the soma with a series of right cylinders.
Bottom: Comparison of compartment density for original anatomy model and reduced model (the N120 Red
model in Figure 1) derived by the algorithm described in Section 4.2. Current sources and voltages associated
with segments 304 and 174 are referenced in simulations shown in Figure 4. Scale bar applies to cell model at
top.
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Figure 4: Responses to dendritic and somatic stimulation for the original N120 anatomy and the reduced N120
anatomy described in Section 4.2, demonstrating the close equivalence of these passive models. Dendrite segments
304 and 174 correspond to locations shown in Figure 3. Left: Somatic and dendritic response to 1nA Imillisecond
current pulses applied at the somas. Right: Somatic and dendritic response to double exponential current
waveforms (difference of 1 millisecond 7 and 10 millisecond 7 exponentials, with waveform amplitude of 100pA)
applied at dendrite locations 304 and 174. The linear parameters for both cells are R, = 40kQcm? R; =
200€Qcm, and C,, = 0.7/1F/cm2. R;p, of the original N120 cell is 191 M, and of the reduced N120 cell is 199

M.

mV

70 SN
50 100 150 200 250
ms

Figure 5: Response of the Working model to small current steps (+0.05 and 0.1nA), both with all the channels
active and blocked. The value for 7 in the passive case is 14.4 milliseconds, and in the active case the m for the
response to a 0.1nA step is 14.1 milliseconds; the passive R;, is 39MQ. Note the small inward rectification in
the two hyperpolarizing active responses, due mainly to /7. The depolarizing transient in the active case at the
beginning of the trace is due to the fact that the simulation starts with an imposed resting potential of -65mV;
after settling of the small activated currents around rest the final resting potential is -65.7mV.
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Figure 6: Single spike and spike train responses of the Working model under control conditions illustrating the
various landmarks of firing. These include the fast after-hyperpolarization (fAHP), the after-depolarization (ADP),
which in this case is a depolarizing ADP (thus DADP), the medium after-hyperpolarization (mAHP) and the slow
after-hyperpolarization (sAHP) after a single spike, and the pre-hyperpolarization peak between spikes during
repetitive firing (PHP). Note the change of scale in the single spike responses illustrated in the left and upper
right panels. In this model, the mMAHP moves directly into the sSAHP; real cells may show a much more distinct
transition. The spike train is in response to a 1.0nA current step; single spikes are in response to 2.5 millisecond
1.0nA pulses. The dashed line in the upper right figure shows the resting potential.
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Figure 7: Single spike of the Working model under control conditions, in response to 1.5 millisecond 1.0nA pulse,
the major currents active during the spike, and the transient change in [C'a?t];,, for the small C'a?T compartment
assigned to the C'a?t channels and Io7. Also shown is the subthreshold response to a 1.5 millisecond 0.9nA
pulse, showing the sharp threshold in this model. In this version of the model the kinetics of the inward currents
are very transient for single spikes, thus the DADP, whose peak occurs between the times of 8 and 9 milliseconds,
is mediated almost completely by the capacitive redistribution current from the dendrite cable. Note, however,
that the DADP under these conditions is rather short, and that for other HPC cells with more prominent ADPs the
role of active currents is more likely. Also, note that the concentration “spike” in compartment 1 is much larger
and more transient than the concentration change averaged over the entire soma (compare with Figure 15).
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Figure 8: Representative ideal voltage clamp currents and steady-state rectification for various models of In,
and Inqp, corresponding to experiments in which all other voltage-dependent channels are blocked. Thus, for
each trace the associated Iy, or Ingp is the only activated non-linear current. All Iy,p or Iy, of a given
type is at the soma, and the dendrite is passive. Cell geometry is the BG87 soma/short-cable model, with an
input impedance of 39MS2, and a reversal potential of the leak conductance of -70mV. For this comparison, the
maximum conductances for each In, model was adjusted by normalizing the peak current of each under the
voltage clamp protocol shown here to that of the 4 State Markov model. The maximimum conductance of the
latter model was adjusted to reproduce the spike characteristics discussed in the text. Thus, each adjusted Iy,
model would give spike currents of similar (though not exactly the same) magnitude. Also, the 4 State Markov
In, shown here lacks the small steady-state rectification term discussed in the text; the steady-state of the full
model is shown in Figure 10. The parameters for the In,p model are those described by French et al.(1990),
with a maximum conductance of 1.2nS (corresponding to measurements in the hippocampal slice preparation).
The reversal potentials for the currents are: Ing,p, 30mV; Hodgkin and Huxley (1952b) In,, 55mV; 4 State
Markov Iy4, 65mV; both Traub94 In,s, 55mV; Warman94 Iy ,, 65mV; Migliore95 Ix,, 50mV; Huguenard and
McCormick (1992) Ing, 45mV. Left (main and inset). Voltage clamp currents in response to clamp voltage
step to -20mV, from a holding potential of -70mV. Right: Steady-state rectification of Ix,, or window current,
compared with Ix,p, demonstrated by steady-state I-V characteristics.
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Figure 9: Left: General state diagram for a hypothetical Markov gating model used for Iy, in the Working
model. From the single inactivated state 7, the N closed states C; are reached with increasing hyperpolarization.
The C; — O transitions implement in effect distinct thresholds, occuring at progressively lower potentials with
increasing ¢. Likewise, the I — C and C; — (41 transitions occur at voltages hyperpolarized to the associated
C1 — O and C;41 — O transitions, respectively, somewhat like a rachet mechanism. The O — [ transition
is voltage-independent. Top Right: The 4 state version of the general framework, used in the current version
of In,. Bottom Right: A three state Markov model for I-7 gating. The C' — O transition is C'a’t- and
voltage-dependent. The O — [ transition is strongly voltage-dependent, accounting for the fast turn off of Icp
during spike repolarization, giving rise to the fAHP. The much slower I — (' transition is also voltage-dependent,
such that removal of inactivation is slow while the cell is depolarized. In all these schemes the arrows denote the
dominant transitions during spike depolarization/repolarization.
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Figure 10: Rate functions for the major state transitions in a 4 state Markov I, model and voltage clamp
simulations. The parameters for the rate functions plotted in the left panel are given in Table 6, according to
Equation 4. Note that the “steady-state” activation and inactivation curves derived with standard voltage clamp

protocols (upper right panel), predict a substantial overlap, and thus a large window current.
actual steady state rectification is minimal (lower right panel), and compares well with the measurements of the

persistent Nat current Iyqp (French et al., 1990), as illustrated in Figure 8.
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Figure 11: Simulations of the Working model of single spikes and the major Kt currents evoked with just-
threshold short current pulses (1.0nA, 1.5ms), comparing control spike with spikes after the blocking of various
channels (cf. Figures 2 and 10 in Storm, 1987a). In the simulations, Iop is effectively blocked when the Ca’t
currents are blocked. Note that various combinations of Ipg, 14, and Icr can combine to repolarize the spike,

with each combination having a distinct spike signature.
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Figure 12: Basic responses to long current steps of the Working model under control conditions. Characteristics
of these responses include depolarizing sags to hyperpolarizing current steps, fast initial spiking, followed by
strong accommodation, and long lasting hyperpolarizations after spike trains. Also, the prominent fAHP after the
spike (more evident in the 0.2nA and 0.4nA responses) disappears during the spike train as the firing frequency
increases.
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Figure 13: Simulations of the Working model of spike trains after setting R,, for both the soma and dendrites
to 100kQ cm?, giving an Ry, of about 210MSQ, thus corresponding more to parameters from whole cell patch
recordings. The major differences are the higher gain for the cell with respect to the firing frequency as a function
of stimulus intensity, and deeper sSAHPs. Otherwise, the cell response is quite similar to that seen with the default
linear parameters.
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Figure 14: Responses of the Working model to long 0.5nA current steps, illustrating the roles of I3y and AH P
in mediating the early and late phases of accommodation. The associated mAHP and and sAHP, or lack thereof,
can also be appreciated in these simulations by comparing the after-hyperpolarizations with the resting potential
of -65mV, marked by the dashed line. Note the reappearance of the fAHP in the later spike (at around 800
milliseconds) for the response when Iy is blocked.
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Figure 15:

Evolution of the mAHP, sAHP, and the average somatic [C’az‘l']m of the Working model under control conditions,
in response to 0.8bnA current steps. Durations of the steps were adjusted to evoke from one to ten spikes. For
these simulations the “true” steady-state [C'a®t];,, of about 66nM was used as an initial condition (obtained after
allowing the system to relax for about 20 seconds). The mAHP peak can be readily distinguished, preceeding the
sAHP peak after each spike train. The peak of the sSAHP for the shorter trains occurs about 200 milliseconds
after the stimulus end. Note that the PHPs during the spike train are about six millivolts, starting from about
-62mV until spike threshold between -56 and -5bmV.
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Figure 16: Repetitive firing in response to 0.19nA current step showing the delay in the initial spike mediated by
Ip (cf. Figure 2e. in Storm, 1988b). In both traces Ca®t currents, Iy and Iy were blocked, and Ip is blocked
in the trace on the right. Although the resting potential of this model was -65mV, a virtual holding potential
of -75mV was used to enhance Ip by partial deinactivation. This corresponds to the figure mentioned above in
Storm, 1988, where the resting potential of the cell was -74mV.
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Figure 17:

/1 plot for the Working model under control conditions (compare with Lanthorn et al., 1984). Each trace is the
instantaneous firing frequency for the spike interval indicated on the right, for different intensities of long (1000
millisecond) current steps.
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Reference Temp. Cell Type/ Frest Rin o
Method (m (M) (ms)
Turner and Schwartzkroin, 1980 CA1/S 28+£7 11+4
CA1/S 4344 15+1
Brown et al., 1981 37.5°C CA3/S 3943 1942
DGC/S 38£3 121
Thompson et al., 1985 37°C CA1/S -6449 3049
27°C -6017 52413
Staley et al., 1992 32°C DGC/S -7442 5443 1442
DGC/P -84+1 228+14 2741
CA1/PP -6442 104410 2842
Spruston and Johnston, 1992 32°C CA3/PP -66+1 135+8 664
DGC/PP -7442 446487 4344
Buckmaster et al., 1993 35°C CA3c, burst?/S -6240.9 | 52+3.5 16+1.2
Scharfman, 1993 CA3c, burst/S -66+£2 63+5 23+2
Major et al., 1994 20-24°C CA3/P 1907 93!
CA1/S -66+1 3842
Zhang et al., 1994 33°C CAI/PZ -60+1 5942
CA1/P -63x1 5143
CA1, non-burst/S | -63+3 2548 8+2
M.S. Jensen et al., 1996 33.5°C CA1, burst/S -63+3 267 14+5
CA1, all/S -6313 2647 1345
Fraser and MacVicar, 19967 34-35°C CA1/P -654+0.1 | 14943 | 20.7+0.4
Working Model -65.7° 39 14

Table 1: Values of measured linear parameters from various sources, along with those for the Working model.
For "Method”, S = sharp microelectrode, P = whole-cell patch electrode, PP = perforated patch electrode. For
this and subsequent tables, most values are rounded to 2 significant figures, and are followed by the reported
standard deviation when available; a blank field means parameter not given or not applicable, "DGC" dentate
granule cell. Measurements from CA1l and CA3 are all from pyramidal cells. Patch pipettes in both Major et
al. and Fraser and MacVicar were filled with K-gluconate solutions. For the different temperatures tested by
Thompson et al., and the different patch pipette filling solutions tested by Zhang et al., there was a statistically
significant difference in the R;,, values, but not the E,.s;. In the different firing classifications used by Jensen et
al., there was a significant difference in the value of 7y between bursting and non-bursting CA1 HPCs. Notes: 1
- Average of 4 cells. 2 - KMeSOy, filled patch pipettes. 3 - K-gluconate filled patch pipettes. 4 - Data from 188
cells. 5- “True” E,.s obtained after 20 second relaxation to steady-state from a holding potential of -6bmV.
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Reference Temp. Thresh.(H.P.) Amplitude | dV/dt Rise | dV/dt Fall | Duration
(mV) (mV) (mV/ms) (mV/ms) (ms)
Thompson et al., 1985 37°C -50(-55) 78+10 394490 105421 .784+0.1
27°C -45(-55) 79410 265179 4347 1.540.3
Andersen et al., 1986 34°C -49(-65)
Storm, 1987a 28-33°C | -55/-45(-60/-70) 9848 238+16 85419
Spruston & Johnston, 1992 32°C -55(-66)
Buckmaster et al., 1993 35°C 661 2.6%.1
Scharfman, 1993 -47(-63) 8542 410£25 8745 1.7£0.2
M.S. Jensen et al., 1996 33.5°C -56+3(-63+3) 8945
Working Model -54(65) 78 467 938 .83

Table 2: Values of single spike parameters of regular spiking cells (except for that from Scharfman, which were
quasi-bursting cells), compared with that for the Working model. Cell types are either CA1 pyramidal cells or
CA3c cells (Buckmaster et al. and Scharfman), and recordings are either with sharp electrodes or perforated patch
(Spruston and Johnston). In all cases parameters were taken from either the single spike in response to a brief
current pulse or the initial spike in response to a sustained, near threshold stimulus. " Thresh.(H.P.)" refers to
the spike threshold, with the holding potential in parentheses - note that this may or may not be the "true”
resting potential. The values given for Storm, 1987a, are ranges. Spike threshold in Andersen et al. (1986) was
defined as the point at which dV/dt was greater than 50mV/ms, for the Working model this point was taken
as when dV//dt was greater than 12mV/ms, and the thresholds reported in Jensen et al. (1996) were apparently
determined “by eye’. Similarly, the remainder of the values were estimated by the author from figures in the
cited reference. Spike amplitude was measured from threshold in all cases, except for Storm, where amplitude
was referenced from the holding potential, and Buckmaster et al., who defined spike onset as the point at which
dV/dt > 12mV/ms. The maximum rates of rise and fall were reported by Thompson et al., and used for the
Working model. Storm used the 10-80% and 80-20% points (relative to spike threshold and peak), Scharfman
the slope of lines fitted from the threshold to the peak and the peak back to the threshold voltage, as references
for the rate of rise and fall, respectively. The spike duration was taken in Thompson et al. and the Working model
as the width at half amplitude, for Buckmaster et al. as the time from spike onset to the recrossing of the onset
voltage, and for Scharfman and Jensen et al. the time from spike threshold to the recrossing of the threshold
voltage.

Reference Cell Temp. Location A[Ca®T]/spike | Decay T
(nM) (ms)
soma 2.1 > 500°%
Jaffe et al., 1992 HPC 30°C 60um from soma 3.5 > 500°°F
>250um from soma no change
Spruston et al., 1995 | HPC CA1 | 22-24°C | within 400pm of soma 60 500¢%¢
Schiller et al., 1995 LV CPC 24°C proximal dendrite 110 560
34°C 110 300
soma 11 2000°°"
Christie et al., 1995 | HPC CA1 30°C 1-50pm from soma 16 600°7
50-200pm from soma 11-16 400°°7
Working Model soma 12 1000°%*

Table 3: Values for [C'a®t];, changes in response to current-evoked spikes from the literature and the Working
model, expressed as A[Ca’t]/spike. Values marked with est are measured directly from figures in the cited
reference. LV CPC - layer V cortical pyramidal cell.
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Channel Major Gating FErey g P Major Functional Role
Ton(s) Equation | (mV) (uS) | (cm?®/s)
Ina Nat T +65 1.2 Spike Upstroke
Tocan Ca®t m°h +135! le-8 Trigger Icr, lamp
Icar Ca’t m? +135¢ 3e-9 Ca®* Spikes
Icar Ca’T m>h +135! 3e-9
Ip KT x4y4 -95 0.05 Sub-threshold integration
Ipr KT Ty -70 0.4 Spike repolarization
Ia KT zty -70 2.3 Spike repolarization
Icr KT T -80 0.4 Repolarization of
first spikes in train
Iar KT 2 -80 0.4 Medium adaptation
ITamp KT w? -85 0.02 Slow adaptation
I K+,Na+ y -17 0.003 Stability of Fyrest

Table 4: Summary of the channels used in the Working model. The z particles in the gating expressions for
Ing and Icp are the Markov gating particles shown in Figure 9, with parameters given in Tables 6 and 8. The
parameters for the remaining particles referenced in the gating expressions, defined with the extended Hodgkin-
Huxley model, are given in Table 5. The parameters § and p characterize ohmic and GHK current equation based
constant-field conductance models, respectively. Note 1: Based on the Nernst potential equation with resting
[Ca®t];,, of 50nM and [C'a?*],u¢ of 1.8mM - this overestimates the true driving force since the current for these
channels is calculated using the GHK current equation.

| Channel | Particle | order | z | ~ | K (1/ms) | Vi (mV) | 7o (ms) |

Icar m 2 4.6 -1 1.5
Ioan m 2 3.4 -21 1.5
h 1 -2 -40 75
Icar m 2 3 -36 1.5
h 1 -5.2 -68 10
Ip T 4 3 -63 1
y 4 -2.5 0 2e-4 -73 0
Ipr T 1 3 0.8 1.7e-1 -5 0.8
y 1 -1 -68 300
Ia T 4 2.8 0.85 8e-2 -41 1
y 3 -3 1 4e-2 -49 2
T T 2 6 0.6 3e-3 -45 8
Iy y 1 -2 -98 180

Table 5: Parameters of the extended Hodgkin-Huxley model particles in the Working model. The number of
particles of a given type assigned to a channel is given by the "order’ parameter, as listed in the “Gating
Equation” column in Table 4. An empty entry for K means that 1/K << 7, and thus the time constant for the
particle is essentially voltage independent and equal to 7y. In this case the entry for 7 is blank since this parameter
only effects the voltage dependent time constant. The parameters oy and [y described in Section 8.4.2 are 0 for
all these models.
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| Transition | 1/Tmaz (1/ms) | k (mV) | Vi (mV) | 1/Tmin (1/ms) |

C> — O 0 1 -51 3
O — G 0 -2 -57 3
Ci =0 0 1 -42 3
O —C 0 -2 -51 3
I — C 0.01 -1 -53 1
Cr — Gy 0.01 -1 -60 1
| O=>1 | n/a | n/a | n/a | 3 |

Table 6: Parameters of the Iy, Markov gating in the Working model, according to Figure 9 and Equation 4. The
O — I transition is voltage-independent and is equal to 3/ms. The 7,,;, parameter represents a rate-limiting
step: its inverse gives the maximum rate for a state transition. Likewise, the inverse of 7,4, acts as a voltage-
independent additive rate for a transition. In this version of the Iy, model, the rates for the transitions I — O,
C1 — I and (s — C are assumed very small and thus ignored.

Transition | 1/Tmax k Vise 1/Tmin o 3 n
(1/ms) | (mV) | (mV) | (1/ms) || (mM™") | (1/ms)
O—=1 0 -3.5 -64 10
I =-C 0 -10 -120 0.1
C—=0 1 7 -20 1000 le6 3
0O—-C n/a n/a n/a n/a 0.05

Table 7: Parameters of the Icp Markov gating in the Working model, according to Figure 9, Equation 4 (the
Tmae. k. Viyz and Tin parameters), and Equations 5 and 6 (the «, 3 and n parameters). Note that the C'— O
transition is defined (Equation 7) as the product of the a(V) (Equation 4) and a[Ca®*]". The 7, parameter in
Equation 6 is taken as zero. Note that the units of « in this table, mM~", lacks 1/ms as implied by Equation 6
to account for the units of Equation 4. The exponent n in the units for a is the number of bound C'a?t ions,
as given in the table. Similar to the model of Iy, for /o7 the rates for the transitions I — O and C' — I are
assumed very small and thus ignored.

| Particle | order | o (ms_1 mM™") | 3 (1/ms) | n | 7o (ms) |
| w ] 2 ] 2el4 | oot [4] 100 |

Table 8: Parameters of I yp Ca’t-dependent gating particle w in the Working model, as defined by
Equations 5 and 6. The exponent n in the units for a is the number of bound Ca?t ions, as given in the
table.
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