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Ionic Mechanisms in the Generation of Subthreshold Oscillations and
Action Potential Clustering in Entorhinal Layer II Stellate Neurons

Erik Fransén,'” Angel A. Alonso,” Clayton T. Dickson,® Jacopo Magistretti,*
and Michael E. Hasselmo®

ABSTRACT: A multicompartmental biophysical model of entorhinal cor-
tex layer Il stellate cells was developed to analyze the ionic basis of physio-
logical properties, such as subthreshold membrane potential oscillations,
action potential clustering, and the medium afterhyperpolarization. In par-
ticular, the simulation illustrates the interaction of the persistent sodium
current (Iy,p) and the hyperpolarization activated inward current (1)) in the
generation of subthreshold membrane potential oscillations. The potential
role of I, in contributing to the medium hyperpolarization (mAHP) and
rebound spiking was studied. The role of I, and the slow calcium-activated
potassium current I, ,p, in action potential clustering was also studied.
Representations of I, and I ,, were developed with parameters based on
voltage-clamp data from whole-cell patch and single channel recordings of
stellate cells (Dickson et al., ] Neurophysiol 83:2562-2579, 2000; Magistretti
and Alonso, ] Gen Physiol 114:491-509, 1999; Magistretti et al., ] Physiol
521:629-636, 1999a; ] Neurosci 19:7334-7341, 1999b). These currents
interacted to generate robust subthreshold membrane potentials with ampli-
tude and frequency corresponding to data observed in the whole cell patch
recordings. The model was also able to account for effects of pharmacolog-
ical manipulations, including blockade of I;, with ZD7288, partial blockade
with cesium, and the influence of barium on oscillations. In a model with a
wider range of currents, the transition from oscillations to single spiking, to
spike clustering, and finally tonic firing could be replicated. In agreement
with experiment, blockade of calcium channels in the model strongly re-
duced clustering. In the voltage interval during which no data are available,
the model predicts that the slow component of I,, does not follow the fast
component down to very short time constants. The model also predicts that
the fast component of 1, is responsible for the involvement in the generation
of subthreshold oscillations, and the slow component dominates in the gen-
eration of spike clusters. o 2004 Wiley-Liss, Inc.
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INTRODUCTION

In this work, biophysical modeling is used to study the
ionic basis of salient electroresponsive properties of layer
II stellate cells (SCs), such as subthreshold membrane
potential oscillations (MPOs), action potential clustering
and the medium afterhyperpolarization (mAHP) (Klink
and Alonso, 1993). We show how these physiological
properties of SCs could strongly depend on a hyperpo-
larization activated cation current I;. In particular, the
role of this current in the generation of MPOs was ana-
lyzed because it has been shown in SCs that the I, rather
than a slow potassium conductance, is critically involved
in the repolarizing phase of the oscillation (Dickson etal.,
2000), and h-channels are highly abundant in SCs
(Alonso and Llinas, 1989; Dickson et al., 2000; Vasilyev
and Barish, 2002). Further, clustering is known to de-
pend on a calcium influx (Klink and Alonso, 1993), pre-
sumably affecting a Ca-dependent potassium current.
However, the residual clustering remaining after a Ca-
conductance block (Klink and Alonso, 1993) is shown to
be due potentially to I, deactivation. Simulation of these
physiological properties in detailed compartmental sim-
ulations is an important step in investigating their role in
network dynamics.

A number of different currents have been proposed to
play a role in subthreshold MPOs in different neuronal
populations (Alonso and Llinas, 1989; Wang, 1993;
Gutfreund et al., 1995; Pape et al., 1998), but different
neuronal subtypes appear to show subthreshold oscilla-
tions, depending on different sets of currents. Most pre-
vious work on subthreshold oscillations in entorhinal
cortex stellate neurons (Wang, 1993, White et al., 1995,
1998) has focused on a potential interaction between a
persistent sodium current and an outward rectifier. How-
ever, recent experimental data (Dickson and Alonso,
1998, Dickson et al., 2000), modeling work (Fransén et
al., 1998, Dickson et al., 2000), and the present model-
ing analysis suggest that interactions between the persis-
tent sodium current and the hyperpolarization activated
inward current (I,) are the crucial elements for the gen-
eration of MPOs in these neurons. The biophysical sim-
ulations we now present provide a detailed analysis of this
potential role of I, in generating subthreshold oscilla-
tions.

A hyperpolarization-activated nonselective cationic
current has been described in a number of different cell



types, including cardiac pacemaker cells (DiFrancesco et al.,
1986), where it is termed I as well as a rich diversity of brain
neurons (Pape, 1996) and thalamic neurons (McCormick and
Pape, 1990). While these different currents share a common pro-
file of activation, causing a depolarizing “sag” of the membrane
potential during the later stages of a hyperpolarizing current injec-
tion, several differences in the gating of these currents are evident
in different neuronal subtypes, and they are related to the expres-
sion of different h-channel subtypes (Ludwig et al., 1998; Santoro
etal.,, 1998). Significantly, native h-currents exhibit greater diver-
sity in their gating behavior than the different h-channels isoforms,
when expressed in heterologous cells (Robinson and Siegelbaum,
2003) caused by the expression of different h-channel subtypes
(Santoro et al., 2000). Therefore, a number of models of the h-
current have been presented based on experimental work in a va-
riety of cell types. Using a model of the steady-state activation and
the activation time constant, voltage-clamp and current-clamp
simulations have been carried out for neurons of the rat sensori-
motor cortex (Spain et al., 1987; Hutcheon et al., 1996a,b), and
thalamic relay neurons (McCormick and Pape, 1990; McCormick
and Huguenard, 1992; Huguenard and McCormick, 1992; Wil-
liams et al., 1997).

Subthreshold oscillations are present in the brain at various lo-
cations. We will focus on the oscillations that depend on the acti-
vation of a persistent type of sodium current, and not on the
oscillations that depend on calcium conductance (Llinas and
Yarom, 1986; McCormick and Huguenard, 1992). Even models
that use a persistent sodium conductance often focus on an inter-
play with a slow potassium conductance, as in models of subthresh-
old oscillations in somatosensory cortex (Wang, 1993), frontal
cortex (Gutfreund et al., 1995), and amygdala (Pape et al., 1998).
In contrast to these models, subthreshold oscillations can also be
obtained due to an interaction of the persistent sodium current
with the hyperpolarization activated current (Alonso and Llinas,
1989). This interaction has previously been proposed as the basis
for subthreshold membrane potential resonance in response to
oscillatory intracellular current injection in the sensorimotor cor-
tex (Hutcheon et al., 1996a,b). Previous simulations of entorhinal
cortex SCs have incorporated a representation of persistent Na
current and a slow outward current (K) or deactivation of a slow
inward current (h), in order to perform a bifurcation analysis
(White et al., 1995) and to study the role of channel noise (White
et al., 1998). More recently, these simulations have been under-
taken in order to analyze resonance properties (Brunel et al., 2001;
Erchova et al., 2001) and synchronization properties (Acker et al.,
2001). In the present study, we have analyzed the generation of
subthreshold oscillations by combining data and modeling work
on the slowly inactivating “persistent type” Na current (Alonso and
Magistretti, 1998; Magistretti and Alonso, 1999; Magistretti et al.,
1999a,b ), and new data on the hyperpolarization activated h-
current (Dickson et al., 2000), both in SCs of the entorhinal cor-
tex. In Dickson et al. (2000), we used a one-compartment model to
study the interaction of I,p and I}, qualitatively. The present work
first presents an analysis of the validity of using a Hodgkin-Huxley
type gate model for I, and provides a more accurate formulation of
the kinetics in the voltage interval of the subthreshold oscillations.
We also analyze the contribution of the deactivation of I, at more
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depolarized potential levels during spiking. For Iy,p, the slow in-
activation is included to provide a more complete model. We also
make more detailed comparisons to voltage-clamp and current-
clamp data of, e.g., membrane potential sag and oscillations. More-
over, the role of I in, e.g., action potential shape, mAHP, and
spike clustering, is also studied. In the second part of this report, we
show that the I}, and I, models still produce oscillations in the
presence of other currents with their respective kinetics. For I, we
analyze the two components, the fast and the slow, separately and
study their respective roles in oscillations and action potential clus-
tering. For clustering, the analysis is extended to include Iy syyp),
and we show support for the involvement of both Iy fypy and Iy, in
clustering. Finally, the use of a multi-compartment model permit-
ted the study of the effects of a nonuniform conductance distribu-
tion, as well as possible components of space clamp in the experi-
mental data. The initial results of the present work have been
reported in abstract form (Fransén et al., 1998).

MATERIALS AND METHODS

Biophysical Simulation

Biophysical simulations were developed using the GENESIS
simulation package (Bower and Beeman, 1995). These simulations
focus on the reproduction of both voltage-clamp and current-
clamp experimental observations to analyze whether the interac-
tion of I and the persistent sodium current could underlie the
subthreshold MPOs observed in these neurons. Simulation of the
voltage-clamp data on I, presented in Dickson et al. (2000) was
combined with simulations of the voltage-clamp data on the per-
sistent-type sodium current published separately (Magistretti and
Alonso, 1999; Magistretti et al., 1999a,b ).

In these simulations, the entorhinal cortex layer I SC (Klink
and Alonso, 1997¢) has been reduced to an equivalent cylinder
model composed of seven compartments (Fig. 1C). One compart-
ment represents the soma; one compartment represents the initial
segment; three compartments connected in succession represent
the primary, secondary, and tertiary segments of a single principal
dendrite (to provide appropriate dendritic attenuation for synaptic
inputs to the cell); and two connected compartments represent all
remaining dendrites lumped together to constitute the main “load”
to the soma. The proximal of the principal compartments and the
proximal of the lump compartments and the initial segment are all
connected to the soma. The lengths and cross sections of the three
principal dendrite compartments were adjusted to give the den-
drite a length constant of 2 (sealed-end condition). The compart-
ment profile is found in Table 1. Further, resting membrane po-
tential, input resistance, and membrane time constant were
adjusted to comply with this experimental data.

Passive parameters

Ry = 5.0 Om? (50,000 Qcm?)
R, = 1.0 Om (100 Qcm)
Cy = 0.01 F/m® (1.0 pF/cm?®)
E., = —0.083V (83 mV)
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FIGURE 1. Model of voltage-clamp data on the hyperpolariza-
tion activated cation current (I,)). A: Model of steady-state activation
of I,, found in normalized tail current data from voltage-clamp exper-
iments. The fast component, which is the steeper one, has data points
indicated by circles. The slow component has data points indicated by
asterisks (*). B: Time constants were derived from activation and
deactivation data. As noted in the physiological results, two exponents
had to be used to obtain the best fit to the activation and deactivation
data, resulting in two separate time constants at each voltage level (fast
time constants indicated by circles, slow time constants by asterisks).
The voltage dependence of the time constants was described by two
dual exponential equations of membrane potential (solid lines), with
a fast component maximum at ~80 ms and the slower component
maximum ~400 ms. C: Schematic representation of the compartmen-

The value of the membrane reversal potential E,, depends on
contributions from leakage Na™ and leakage CI™ currents (the K*
leak current is represented explicitly as a separate current). One
may also view synaptic background activation with slow kinetics,
e.g., N-methyl-D-aspartate (NMDA) and +y-aminobutyric acid
(GABAy), as part of the leakage current. Note that as the K
current is represented separately, its conductance should be added
to the value of Ry given above when comparing to other data.

Previous simulations have used a wide range of membrane cur-
rents to replicate sharp electrode current-clamp recordings from
these neurons (Fransén et al., 1998, 1999). Those simulations
included Hodgkin-Huxley currents underlying spike generation.
The simulations presented in the latter portion of this report
present a revision of this multi-current model with the newly de-
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tal model used in the simulation of the intrinsic properties of stellate
cells. The dimensions of each component of the model are summa-
rized. D: Simulation of the multi-compartment model with minimal
set of currents (I, + Iy,p + Ix(eca) showing time course of Iy, cur-
rents derived from voltage-clamp data during a step change from —60
mV to —70, —90, —110 mV and to —50, —40 mV in the activating
and deactivating direction, respectively. Note the similarity of the
time course of the current with physiological data shown in Figure
5A,B of Dickson et al. (2000). Absolute current levels were derived
from the steady-state current at —90 mV, corresponding to approxi-
mately 50% activation. The data were obtained by subtraction of
currents observed by total blockade of I, (corresponding to the ex-
perimental application of ZD7288) from those observed in control
conditions.

rived models of I} and I,p. However, in order to analyze fully the
interaction of specific currents in generation of subthreshold oscil-
lations, the simulations presented in the first part of the present
report used a simplified neuronal representation containing only
the hyperpolarization activated nonspecific cation current (I,,), the
persistent low-threshold sodium current (Iy,p), and the potassium
leak current (Iyj.y0). For the simplified model, we thus have

I

ion

= ]/7 + [NaI’ + ]K(leak)

The dynamics of these currents were represented using the for-
mal structure of the Hodgkin-Huxley equations (Hodgkin and
Husxley, 1952) with the parameters listed in the following equa-
tions (membrane potential V in volts, time in seconds):
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Compartment Profile With Conductances for the Currents

Compartment Length (pm) Diameter (um) gH (fast) (5/m?) gH (slow) (S/m?) gNaP (S/m?) gK (leak) (S/m?)
Soma 20 15 0.98 0.53 0.38 0.58
IS 50 22 0.0 0.0 0.0 0.58
Proximal dendr 100 19 0.98 0.53 0.38 0.58
Medial dendr 100 1.9 0.98 0.53 0.38 0.58
Distal dendr 100 1.9 0.98 0.53 0.38 0.58
Proximal lump 200 55 0.98 0.53 0.38 0.58
Distal lump 200 55 0.98 0.53 0.38 0.58
IS, initial segment compartment; dendr, principal dendrite compartment.
h-current 1
. (V) = T

Reversal potential E,,, = —0.020 V o, + B,

Activation: 1

V) =
7, (fast)(V) inf 1 + exp[(V + 0.0488)/0.00998]
0.00051

" exp[(V — 0.0017)/0.010] + exp[—(V + 0.34)/0.52]

T,,(slow)(V)

B 0.0056
~ expl(V—0.017)/0.014] + exp[—(V + 0.26)/0.043]

1
(V) = (7 exp[(V'+ 0.0742)/0.00978)]"%

1
Mo (V) = (175 exp[(V + 0.00283)/0.0159)]*

Gate exponent = 1

NaP current
Reversal potential E,,, = +0.087 V
Activation:
0.091 - 10°(V + 0.038)
1 — exp(—(V+ 0.038)/0.005)

a,(V) =

~ —0.062 - 10%(V + 0.038)
B.(V) = 1 — exp((V + 0.038)/0.005)

1
(=g 8,
B 1
il V) = 1 + exp[—(V + 0.0487)/0.0044]
Gate exponent = 1
Inactivation:
B —2.88V — 0.0491
(V) =7 exp[(V — 0.0491)/0.00463]
6.94V + 0.447
Bh(V) =

1 — exp[—(V + 0.447)/0.00263]

Gate exponent = 1

The “persistent-type” slowly inactivating Na ™ current was mod-
eled according to Magistretti and Alonso (1999) and Magistretti et
al. (1999a,b) for the steady-state activation and inactivation and
kinetics of inactivation, and for the reversal potential. It was mod-
eled according to McCormick and Huguenard (1992) for the ki-
netics of activation and the exponents of the activation rates m, h.
The maximal conductance was adjusted to the conductance of I;, to
permit the development of subthreshold oscillations.

The K(leak) conductance was considered to be linear and uni-
formly distributed with a conductance of 0.58 S/m* (58 .S/cm?)
and a reversal potential E , = —0.083 V . The value of the reversal
potential was taken from Dickson et al. (2000).

The resulting passive properties of the simulated neuron were as
follows:

Resting membrane potential —53.5 mV

Input resistance 130 M{Q) (this reduced to 50 M(Q after the “sag”
caused by activation of 1) for a hyperpolarizing current step

Membrane time constant 10 ms

Length constant of dendrite 2

The method for numerical solution to differential equations was
the default exponential Euler method. A time step of 50 s was
used for the current-clamp simulations and a time step of 5 s for
the voltage-clamp simulations. For the analysis of experimental
voltage-clamp data, Origin 4.1 was used. For the curve fitting, the
simplex algorithm in the optimization tool box in Matlab 5.2 was
used.

The current-clamp simulations included a conductance-
based noise source. This represents potential effects of channel
noise (White et al., 1998; Shalinsky et al., 2002) or synaptic
noise in actual neural function. The noise was generated from a
Poisson process with a mean of 200 Hz, reversal potential 45
mV, time constant 3 ms, and conductance 9.4 pS, and was
placed on the proximal lumped dendritic compartment. It may
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TABLE 2.

Compartment Profile of the Full Model"

Prox + med dendr/lump

Dist dendr/lump

Current IS (S/m?) Soma (S/m?) (S/m?) (S/m?)
gNa 150 38 38 19
gKar 215 107 107 54
gKe 0.0 13,400 0.0 0.0
K arap 0.0 0.1 0.1 0.1
gCap 0.0 1.0 1.0 1.0
gCAN 0.0 280.0 0.0 0.0
gH (fast) 0.0 112 112 112
gH (slow) 0.0 0.605 0.605 0.605
gNaP 0.0 0.69 0.69 0.69
gK (leak) 1.2 1.2 1.2 1.2
Peatpmppoct 0.0 6134107 97.37-1012/16.73 - 10" 2191-102/3.76 - 101

Prox, proximal compartment; med, medial compartment; dist, distal compartment; dendr, principal dendritic

compartment.

"Maximal conductances g and calcium conversion factor ¢ for each compartment. For some currents, the
density was assumed to be uniform. For the others, the general profile, with a higher conductance at the
soma, and gradually lower conductances for more distal dendritic compartments, was adopted from Traub
et al. (1991). The criteria selected to adjust the conductances do not give a unique solution (Traub et al. 1991;

DeSchutter and Bower, 1994).

be noted that the occurrence and stability of MPOs did not
require the presence of noise (data not shown), but its presence
increased the parameter interval within which oscillations were
stable (see Discussion).

To verify that the oscillations produced by I}, and I, are intact
when all the major currents are present, as well as to study the spike
clustering of the SCs, we developed a model with a wider range of
additional membrane currents, including the Na™ and K™ cur-
rents responsible for fast action potentials, a high-threshold Ca**
current, a calcium-dependent K current, a fast calcium- and volt-
age-dependent K™ current, and a nonspecific Ca>*-dependent
cationic current. See Appendix 1 for the details of these currents
and Table 2 for the respective conductances used.

RESULTS

Biophysical simulation of the detailed data on the activation
kinetics of I}, provided further evidence for its potential interaction
with the persistent sodium current in generating subthreshold
MPOs and spike clustering. Therefore, the h-channel model was
first analyzed before we addressed how specific aspects of the h-
current could be involved in oscillations and spike clustering. The
SC model was first used to fit the voltage-clamp data on I, and was
then combined in the simulation with the persistent sodium cur-
rent (Magistretti and Alonso, 1999; Magistretti et al., 1999a,b ) to
simulate the current-clamp data.

h-Channel Gate Model

The I, current was modeled with equations in the Hodgkin-Hux-
ley formalism, as described in the Materials and Methods section. It

showed a linear (ohmic) instantaneous I-V relation and had a limiting
relaxation (a slope smoothly approaching zero in both ends) up and
down for the steady-state activation. Time constants were derived
from activation and deactivation data. In the fit to find the time con-
stant for each voltage level for activation and deactivation, two expo-
nents had to be used, indicating biphasic kinetics. The voltage depen-
dence of the time constant was described by two bell-shaped functions
of membrane potential, the faster component with a maximum of
~80 ms and the slower component a maximum of ~400 ms (Fig.
1B). For the curve fitting, the common biexponential curve was used.
The relative contribution from each component to the conductance
varied with voltage, and to vary the conductances accordingly, two
steady-state activation curves were used, as discussed below. The
steady-state activation of I was in the first step described by a Boltz-
mann-style equation. The steady-state activation curve was fitted to
normalized tail current data. The experimental data showed no sign of
inactivation. A weighted higher-order Boltzmann curve (with the ex-
ponent as a free parameter in the optimization) was used in the next
step to get a good fit of the data in the most depolarized region. This
turns out to be important, as this is the region in which the oscillations
develop; a fit with an exponent of 1 causes a large overestimate of the
current, and underestimates the derivative of the current. Using the
amplitude of the two time constants of activation (the coefficients of
the exponential fitting functions), steady-state activation curves were
derived for each of the two components (Fig. 1A). Thus, in effect the
two components, fast and slow, were independently modeled with
equations in the Hodgkin-Huxley formalism, which is summarized
below.

A reversal potential of —20 mV, derived from experimental data
(Dickson et al., 2000), was used. In the experiments, the reversal
potential from chord conductances was compared to I-V extrap-
olation. A gate exponent of 1 was determined from the time course



of activation in voltage-clamp data. The activation state variables,
mg, and m,, thus had gate exponents of 1, but the steady-state
activation m;,{fast/slow) had exponents of 1.36 and 58.5, respec-
tively. Different exponents are necessary when the steady-state ac-
tivation curve needs a higher rate for a good fit, but the time course
of activation does not show much delay (Huguenard and McCor-
mick, 1992). The maximal conductance of I;;, G, was adjusted to
give a current of the order measured in whole cell patch clamp
recordings at —60 mV. The initial conductance of the I\, was
similarly adjusted, and fine-tuning was done by studying the gen-
eration of MPOs.
In summary:

]/7 = ]h(faSt) + ]h(SlOW) = G(mfast + mslow)(E - Erev)

and the fast and slow state variables mg, , and my,, obey
dm
= (1 —m)—B,m where
_ Ming _ (1 - minf)
®, = and i —

m

Voltage-Clamp Simulations

The model of I}, was evaluated in a voltage-clamp simulation.
Whereas the one-compartment model used in Dickson et al.
(2000) was able to reproduce the general features of the current
response, we were able to show in this work that the use of a
multi-compartment model further increased the fit to data. Using
the derived equations for I, voltage-clamp simulations were thus
performed with the multi-compartment model described in the
Materials and Methods. The result was compared to the experi-
mental data, as shown in Figure 1D. The simulated voltage-clamp
currents show good agreement with experimental data in time
course and relative amplitude. The simulation also effectively rep-
resents the change in voltage-clamp properties induced by
ZD7288 (see Fig. 5 in Dickson et al., 2000). The contribution of
the multi-compartment model was most notable in the time period
following a step in voltage (see also the discussion on space clamp).
With the multi-compartment model, we were also able to study the
effects of a nonuniform distribution of channel conductances.
With a high distal and low proximal and medial conductance of I,
the fit to voltage-clamp data improved further (data not shown, see
also the Discussion).

Membrane Potential Sag and Oscillations

The model was used to simulate current-clamp phenomena,
including the “sag” in membrane potential during hyperpolarizing
current steps and the subthreshold MPOs. The simulation of the
sag in membrane potential is shown in Figure 2A and the simula-
tion of subthreshold MPOs in Figure 2B-D.

Generation of subthreshold MPOs required combining the I,
current with a representation of the persistent low-threshold so-
dium current. The simulations show that an interplay between I,
and I,p is necessary to account for the generation of MPOs in
layer II SCs, as shown in Figure 2C. Figure 2C also shows the
relative time course of the increase in persistent sodium during the
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depolarizing phase of oscillations, followed by the increase in I,
during the hyperpolarizing phase of oscillations. The oscillations
depend on the delayed feedback from I,. Interestingly, if the time
constants for activation of I}, were set to be the same as the time
constants for I,p, there were no oscillations (data not shown).

For the minimal model containing only I, Ix;,p, and Iy the
stimulation current used to test oscillations at different levels was
negative as many currents influencing membrane potential are
missing. In the more complete model, this is no longer the case and
stimulation intensities are positive.

Simulation of the partial blockade (65%) of I}, by cesium caused
a decrease in the amplitude and frequency of subthreshold oscilla-
tions corresponding to that observed in current-clamp recordings
(Fig. 3A). In the experiments, the blockade was estimated to be
60-75% in 2 mM Cs. The oscillations became unstable, with
either dampened or growing amplitudes, around a block of 72%,
indicating the approximate blocking needed to prevent stable os-
cillations. In consequence, and as observed experimentally with
7D7288, full block of I, in the model also completely abolished
the oscillations (data not shown). Simulation of the blockade of the
leak current by barium (paired with blockade of synaptic iono-
tropic transmission) caused an increase in amplitude of oscillations
accompanied by a small slowing of frequency (Fig. 3B), as in ex-
periments (Dickson et al., 2000).

Figure 4A presents a phase diagram plotting I, current against
the Iy,p current, illustrating the cyclical interaction of these cur-
rents, which underlies the subthreshold MPOs in the simulation.
The power spectrum of the subthreshold oscillation data is shown
in Figure 4B, illustrating the peak at 3.0 Hz.

The current of I, and I,p for a linear current ramp is shown in
Figure 5A. It is shown that the amplitude of the membrane oscil-
lation follows an inverted U-shape relative to injected current (Fig.
5B), as in experiments (Alonso and Klink, 1993) (Fig. 4C). The
amplitude of oscillations initially increases and then decreases as
current injection increases. This occurs because over the interval,
Inap increases (Fig. 55D) and I, decreases (Fig. 55C), giving a
window of sufficient combined current for the oscillations. Thus,
Inap limits the amplitude as the injected current decreases and I,
limits the amplitude as the injected current increases.

To study the relative importance of the fast and slow component
of I, for the oscillations, the two components were studied sepa-
rately for two consecutive periods of oscillations (Fig. 6A). As can
be seen, the fast component shows a relative larger variation in
conductance, the slow component remaining almost constant. In
terms of current, the difference between maximum and minimum
activation is 17-fold larger for the fast than for the slow component. In
a separate test, the fast component was given a very slow time constant
of 10 s. No oscillations were observed within the full range from
resting to tonic firing (data not shown). We conclude that the fast
component is the major factor in the oscillation generation.

Medium AHP and Clustering

In experimental data, the action potential of the SCs is followed
by a stereotyped mAHP (Alonso and Klink, 1993). Given the fast
kinetics of I, in the SCs, it is possible that I, also contributes and/or
is a major determinant of the mAHP in these neurons. In fact,
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FIGURE 2. Minimal model sag and oscillations. A: Simulated  during subthreshold oscillations. Note that increases in I, due to

membrane potential trace demonstrating the “sag” in membrane po-
tential due to activation of I;, during a hyperpolarizing current step of
—0.05 nA. Note the similarity of the time course of sag with physio-
logical data shown in Dickson et al. (2000); see Fig. 2A. (The absence
of voltage-dependent sodium and delayed rectifier currents in the
simplified simulation results in a depolarizing overshoot without ac-
tion potentials at the end of current injection.) The sag% is 38%,
within the experimentally reported value of 30% for sharp electrodes
(Alonso and Klink, 1993) and of 48% for whole cell patch recording
(Dickson et al., 2000). B: Simulation of subthreshold membrane po-
tential oscillations arising from interaction of I, and I p. At depo-
larized values, the membrane potentials undergoes oscillations of a
frequency and amplitude corresponding to those observed in experi-
ments (Dickson et al., 2000; see Fig. 1D). C: Changes in I}, and I,

block of I, with ZD7288 largely reduces the mAHP (Dickson et
al., 2000) which, in contrast, is minimally affected by Ca-conduc-
tance block (Alonso and Llinas, 1989; Klink and Alonso, 1993).
Figure 6B demonstrates that a rapid depolarization by a current
pulse mimicking an action potential causes a fast and substantial
deactivation of the I, current. Thereafter, during the hyperpolar-
ization, I, activates progressively, while Iy,p remains relatively
constant. The net effect, compounded with the membrane time
constant, produces a time course of repolarization analogous to the
medium afterhyperpolarization observed in current-clamp record-
ings. The U shape of the membrane potential constituting the
mAHP can be understood by studying the sum of I, and Iyp.
After the action potential and fAHP, there is a net outward current,

hyperpolarization correlate with the onset of the rising phase of os-
cillations, after which increases in Iy,p provide the driving force for
depolarization. Decreases in Ij, due to depolarization correlate with
the peak of membrane potential and onset of the falling phase of the
oscillation. (I, and Iy, p are the only voltage-dependent conductances
in this simulation). To see the two components of I, separately during
an oscillation, see Fig. 6A. Bottom left scale I, p, right scale I;. The
phase shift between Iy, and I, is 213 degrees lagging I, (+33
degrees from out of phase, as compared to the experimental value of
+40 in Dickson et al., 2000). As in experiments (Alonso and Klink
1993; Fig. 4A), the oscillations are frequently asymmetric, with the
rising phase showing a smaller slope than the falling phase. See the
discussion for further details. D: Simulation of sustained subthresh-
old oscillations. Oscillation frequency is 3.3 Hz.

due to the leakage current, which gradually hyperpolarizes the cell.
As T, activates, the outward current decreases, and at the bottom of
the mAHP, the sum of Ij, and I, balances the leakage current.
The continued activation of I, eventually brings the membrane
back to resting.

Stellate cells typically fire in clusters. To study the spike
clustering of the SCs, we developed a model with a wider range
of additional membrane currents, including the Na* and K*
currents responsible for fast action potentials, a high-threshold
Ca®™ current, a calcium-dependent K™ current, a fast calcium-
and voltage-dependent K™ current, and a nonspecific Ca’™*-
dependent cationic current. For the more complete model, we
thus have
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FIGURE 3. Minimal model blockade simulations. A. Simulation
of the effects of cesium by reducing I;, conductance by 65% (lower
trace) causes a decrease in amplitude (to ~1 mV) and frequency (to
~2 Hz) of oscillations, which become more irregular. Simulations
with a blockade of 72% become unstable (upper trace). B: Simulation
of the effects of barium by blockade of the K(leak) current by 100%

I

on

= [Na+ + [K,J, + [Cax, + [KAHP + ]K(; + [CAN + [/9 + ]NaP + [K(leak)

See Appendix 1 for details on these currents. This model enables
a comparison to spiking data from experiments conducted with
sharp electrodes (Alonso and Klink, 1993; Klink and Alonso,
1993). The more complete model is compared to data conducted
at 35°C. To compensate for this increase of 11°C, we used shorter
current time constants and higher current conductances. We used
a Q10 of 4.5 (Magee, 1998) for the h-activation time constant.
The higher conductances used give a smaller input resistance and a
shorter membrane time constant, in accord with experimental
data.

Figure 7A,B displays the transition in the model from oscilla-
tions via single spiking to clustering and finally tonic firing. The
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FIGURE 4. Minimal model phase plane and frequency analysis.
A: Simulation data showing a phase plane plot of NaP current versus
h-current during the subthreshold membrane potential oscillations
shown in Fig. 2C. These currents trace an elliptical circuit through
current space during their oscillatory interaction. B: Power spectrum
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(synaptic transmission, e.g., synaptic noise is also blocked by 100%
because the experiments were conducted with excitatory and inhibi-
tory synaptic transmission blockade). Membrane potential oscilla-
tions increase in amplitude and show a slight decrease in frequency
(i.e., 3.7 Hz) (consistent with Dickson et al., 2000; see Fig. 10F).

cluster frequency of the middle trace is 1.3 Hz. The experimental
data for the cluster frequency have a range of 1-3 Hz (commonly
~1.6 Hz). The frequency within clusters is ~4 Hz, which is lower
than in experiments, where within cluster frequencies are ~10 Hz.
The calcium-dependent potassium current K, 4p is 2 possible main
contributor to clustering. In accord with experimental data (Klink
and Alonso, 1993) (Fig. 2), blockade of calcium influx in the
model caused a significant reduction in clustering, resulting in a
more direct transition from subthreshold oscillations and single
spikes to tonic firing when the stimulating current is increased
(data not shown). Changes in the conductance of the Ca-sensitive
K-current K,;;p were analyzed in detail, as shown in Figures 8B

and 9B,C, as discussed below.

log power

Hz

of simulation data during subthreshold membrane potential oscilla-
tions showing peak in the power spectrum at ~3.0 Hz, within the
range of the experimental data 3.1 % 0.7 Hz. Twenty seconds of data
was used for the analysis.
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FIGURE 5. Minimal model showing the development of oscilla- Hz. C,D: Over the interval of injected current values between 0 and

tions during a current ramp. A: Simulation consisted of a 100-s linear
ramp of the current from 0 to 0.1 nA. B: Soma membrane potential.
The amplitude of the membrane potential oscillation is shown to
follow an inverted U-shape, as in experiments (Alonso and Klink
1993; Fig. 4C). That is, increases in current injection initially cause
increased amplitude of oscillations but eventually lead to a decrease in
oscillations amplitude. The average frequency of oscillations was 2.8

The subthreshold oscillations persist in this larger model. Figure
7A demonstrates the appearance of subthreshold MPOs in the
more detailed simulation. The additional currents thus do not
prevent the appearance of subthreshold MPOs. Figure 7A presents
traces of increased current injection showing initiation of sub-
threshold oscillations, increased amplitudes, and single spiking.
The frequency of the oscillation is ~9 Hz for the top trace and 12
Hz for the two traces below this. The experimental range is 5-12
Hz, with an average of 8.6 Hz. The amplitude of the oscillations
ranges within 0.2-1.7 mV. The experimental range is 0.5-9.7 mV,
with an average of 2.6 mV. The oscillations develop slightly above
—60 mV and the first spikes appear for an average potential around
—54.5 mV; both values are in accord with experimental data. The
AHP only goes to potentials around —62 mV, also in accord with
experimental data.

The model also now shows the rebound spiking of SCs. If the
cell is released from a hyperpolarized potential of sufficient depth,
the cell fires a rebound action potential (Fig. 7C). The sag shown

0.1 nA, the I, increases (C) and I, decreases (D), giving a window of
sufficient combined current for the oscillations. Thus, the decreasing
NaP current limits the amplitude as current injection decreases, and
the h-current limits the amplitude as the current injection increases.
Ionic currents (pA) are plotted on the y-axis relative to injected cur-
rent (nA) plotted on the x-axis.

led to a percentage change (sag%) relative to baseline of 28, as
compared to the experimental value for sharp electrodes of 30%
(Alonso and Klink, 1993). The dash-dotted line in Figure 7 also
depicts a cell with all the h-current placed on the fast component;
the dashed line represents all current on the slow component. With
the fast component, a rebound produces a spike followed by a
hyperpolarization. With only the slow component, two spikes are
produced, followed by an increased depolarization, indicating a
potential role of the slow component in clustering.

To study further the role of the currents Iy, I,p, and Iy (zpyp) in
the clustering, these currents were plotted in a three-dimensional
(3D)-phase plane (Fig. 8). A linear current ramp injected in the
soma produced the membrane potential record shown in Figure
8A. As would be expected, and in accordance with experiments,
oscillations develop first, followed by single spikes, clustering, and
finally tonic firing. Single spikes separated by one or two cycles of
subthreshold oscillations are present, as well as cluster doublets and
multiplets. A spike may thus be preceded by either a spike, one
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FIGURE 6. Minimal model, showing analysis of generation of
oscillations and of mAHP. A: The fast component of I, is responsible
for subthreshold oscillations. A linear current ramp simulation is
carried out. Two consecutive cycles of oscillations are used. The fast
(upper trace) and slow component’s normalized conductances (lower
trace) are plotted versus membrane potential (around —55 mV). As
shown, the slow component is almost constant. The fast component
gives 17 times larger variation in current than the slow component,
i.e., it is the major factor in the oscillation. B: Simulation demonstrat-
ing potential role of I, in medium afterhyperpolarization (mAHP).
Top: Membrane potential trace showing the fAHP and mAHP ap-
pearing directly after an action potential-like current stimulation.
Bottom: Changes in Ih and INaP current during the mAHP, showing
a strong decrease in Ij, induced by the brief depolarization of the
action potential, with a time course corresponding to that of the
mAHP. To see how I}, conductance develops during a spike, see Fig.
9A,C,D. I, I, current; I p, I,p current; sum, sum of I, and I p.

oscillation, or two oscillations. In the phase plane plot of the cur-
rents (Fig. 8B), it can be seen that there are three different families
of trajectories for a spike, depending on whether it is preceded by
two (A), one (B), or no (C) oscillations. Thus, the history of the
potential in terms of oscillations and spikes can be extracted by
observing the family (A, B, or C) within which a curve falls. The
main difference separating the families is along the vertical I pip)-
axis, indicating that this is the main contributor to this segregation.
This shift can also be seen in Figure 9C for the conductance of
Ii(anp) for two consecutive spikes in a cluster.

Ik (amp) is not, however, the only factor influencing the cluster-
ing. Based on experimental observations that the block of I, by
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ZD7288 was commonly accompanied by an increased spike width
and decreased fast AHP (Dickson and Alonso (unpublished data),
we were interested in studying whether I also had a role in the
clustering. Results from simulations supported this, as was already
discussed in relation to Figure 7C. The fast and slow components
were studied separately. As can be seen in Figure 1B, the fast
component has a very fast time constant during a spike, i.e., it
closes completely at an early point. As can be seen, there are only
data up to —40 mV. This primarily affects the uncertainty of the
slow component, as the fast component is already relatively close to
its closed state. The slow component may also smoothly approach
its closed state, or it may level off and reach a constant value above
zero. The test described below was intended to investigate the
sensitivity of the model to this uncertainty in the data, as well as to
look in greater detail at the role of the slow component. In the
model, the slow component has a minimum of 20% conductance
during a spike, i.e., it never closes completely, in agreement with
experimental data (Spain et al., 1987) and the data just outlined
above. Our modeling gives three indications of the involvement of
the slow component of I;.

First, if the slow component is given a time constant of 10's, only
oscillations, single spikes and tonic firing is seen, but no clusters are
seen within the full voltage interval from resting to tonic firing
(data not shown).

Second, in Figure 9D (together with Fig. 9A,C), we demon-
strate that the slow component shows a decrease in current over a
period of two consecutive spikes in a cluster, whereas the fast com-
ponent does not change. The conductance of Iy z31p) also shows a
corresponding shift (data not shown). The reduction of the slow
component during the second spike might be contributing to stop-
ping the spiking, i.e., producing a cluster according to the follow-
ing: During a spike, the h-current is deactivated, but it is then
strongly activated during the following afterhyperpolarization
(Fig. 9C as well as Fig. 6B). This induces a rebound current, similar
to that seen after an experimentally induced hyperpolarization,
that leads to a greater propensity for another spike to be generated
after one has been generated (Fig. 7C). But, with reduced h-cur-
rent, the rebound is also reduced. This may terminate spiking,
forming a spike cluster out of what would otherwise have been
tonic firing. The K(AHP) current, which by itself can not produce
clustering but only spike frequency adaptation, can however add to
the termination of the cluster and hence play a role in the forma-
tion of clusters. More specifically, as noted above in relation to
Figure 9D, the I, reduction occurs primarily in the slow compo-
nent. This component is relatively fast at depolarized levels during
the spike (Fig. 1B), and thus has time to deactivate, but during the
AHP and depolarization to threshold, the component attains its
slowest kinetics and therefore does not have time to activate before
the second spike appears.

Third, Figure 9B shows that both the time constant of the slow
component, as well as the conductance of the K(AHP) current,
have a reasonably wide, but limited, interval that permits the oc-
currence of clusters. Figure 9 investigates the role of the slow com-
ponent, together with the role of the K(AHP) current. A set of
simulations with a variation in conductance of Iy y;py and a vari-
ation in time constant of the slow component was conducted.
Every point shown in Figure 9 corresponds to a full run of a sweep
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of the current from low to high. A dark square indicates a low
rating of clustering and a bright square indicates a higher rating of
clustering capability. From this simulation result, we draw the
following conclusions. First, the clustering is a relatively robust
phenomena, the regime of full function (white) is quite extended.
Second, the two factors can be seen to limit the parameter region
where clustering exists. The two factors set boundaries (black and
dark gray), outside of which clustering does not occur but within
which clustering of various forms can be sustained. For low values
of Ixapp) there is only tonic firing, for high values only single
spikes and tonic firing. For small time constants of the slow I,
during the spike, (large value), there are only single spikes and tonic
firing, for large time constants (low values) there is rarely good

, P NN

clustering. Third, because of the presence of noise, the boundaries
between firing modes (doublets, triplets, and mixed doublets/trip-
lets) are not sharp. This was verified in a map winding number plot
(a plot of the ratio between number of spikes and number of
oscillations versus injected current), where no clear boundaries
between the different firing modes were present, indicating that
the system does not show mode locking (data not shown). Based
on these observations, we may hypothesize that the I, slow com-
ponent time constant does not fall to very low values (in the range
of ms), as the fast component does. As was demonstrated, when the
time constant of the slow component becomes close in scale to the
order of the spike duration (1 ms), the current closes almost com-
pletely, and apparently clustering is thereby prohibited. Thus,
analysis of clustering indicates a possible role for both the Iy a5p)
and slow component of the I, current.

DISCUSSION

The simulation data demonstrate that representations of I; and
Inap based on voltage-clamp data (Fig. 1) interact in a manner
which causes voltage “sag” and subthreshold oscillations resem-
bling those observed during current-clamp recording (Fig. 2). This
further supports the potential role of I, in generation of subthresh-
old oscillations. In a model with a more complete set of currents,
spike clustering is reproduced. The full model can show the full
transition from subthreshold oscillations, through single spiking to
spike clustering and tonic firing at higher intensities. In the simu-
lation, the I}, and Iy (y;yp) currents are necessary for the appearance
of spike clustering. Further, the possible role of I, in the generation
of the mAHP is studied. In the voltage interval =40 mV — 10 mV,
where no data are available, the model predicts that the slow com-
ponent of I, does not follow the fast component down to very short
time constants. The model also predicts that the fast component of
I, is responsible for the involvement in generation of subthreshold
oscillations, and the slow component dominates in the generation
of spike clusters. Simulation of these physiological properties in
detailed compartmental simulations is an important step in inves-
tigating their role in network dynamics.

FIGURE 7. Simulation of subthreshold membrane potential os-
cillations in a more detailed simulation containing a wider range of
membrane currents in addition to the two currents used in the sim-
plified representation. A: These additional currents do not prevent the
appearance of subthreshold membrane potential oscillations. For in-
creased current amplitudes (0.0, 0.02, 0.05, 0.07, 0.082 nA, respec-
tively), the oscillation amplitude increases. The frequency for the top
three traces is 9-12 Hz. B: Transition from single spiking to cluster-
ing and finally tonic firing. Increased current stimulation from top to
bottom 0.078 nA, 0.083 nA and 0.098 nA, respectively. C: Rebound
spike following termination of a hyperpolarizing current injection of
—0.12 nA. The sag% is 28%, close to the experimentally reported
value for sharp electrodes of 30% (Alonso and Klink 1993).The dash-
dotted line shows a cell with all the I, -current set to the fast compo-
nent. The dashed line shows all currents on the slow component. With
only a fast component, a rebound produces a spike followed by a
hyperpolarization. With only a slow time constant, two spikes are
produced, followed by an increased depolarization, indicating the
potential role of the slow component in clustering.
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FIGURE 8. Phase plane plot of clustering in the full model. A:

Soma membrane potential is plotted versus time. During simulation,
the current is increased linearly. Single spikes are separated by one or
two cycles of oscillations, cluster doublets and multiplets are also
shown. B: Phase plane plot of currents during the simulation in 8A.
Iy, Inaps and Iy o yyp) currents. The view is a plane projection along the
diagonal of the I,-Iy,, plane (i.e., as axes indicate along constant
I (anpy and with Iy, increasing to the right and I,, to the left). There
are three different families of trajectories for a spike, depending on
whether it is preceded by two (A), one (B), or no (C) oscillations. As
can be seen, they are primarily separated along the Iy s yyp)-axis indi-
cating that the time evolution of clusters and oscillations depends on
decay of spike associated Ca-influx affecting Iy ,yip). In the inset the
three classes of trajectories are drawn schematically. A trajectory starts
at 1 and goes to 2, 3, and then repeats; 1 represents the subthreshold
oscillation portion, 2 the rising, and 3 the falling part of a spike.

Oscillation Characteristics

A number of factors contribute to the size of the amplitude and
the frequency of the subthreshold oscillations. First, a match be-
tween the cell membrane time constant (cell resonance frequency)
and the oscillation frequency is important. Second, it is important
that all compartments have a sizable conductance for I; and I,p in
order to participate in the membrane oscillation. Third, the slope
of the activation curves of I} and I, determines the amplitude of
the current difference (between peaks and troughs) during the
oscillation in membrane potential. This affects the oscillation am-
plitude and frequency. Fourth, the h-current time constant,
mainly I, (fast), affects the oscillation frequency. Fifth, oscillation
frequency increases with increased conductance of I, and Iy,p.

In experiments, the oscillation amplitude decreases above —55
mV. In the model, however, the amplitude decreases at a point that
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was 4 mV more depolarized. This difference may result from de-
polarization activating an additional outward rectifying potassium
current in the cell, which is lacking in the model. Alternatively, the
Na current of the model may activate at a somewhat too hyperpo-
larized level.

In the simulations, as well as in experiments (Alonso and Klink,
1993) (Fig. 4A), the oscillations frequently are asymmetric, as
noted in conjunction with Figure 2C. Typically, the rising phase
shows a smaller slope than the falling phase. This can be explained
by the difference in net current change between the rising phase
and the falling phase which originates in the difference between I,
activation rate constants & and deactivation rate constants 3. This
variation in current is amplified by I,p, and the amplification
factor depends on the slope of the activation curve of I,p.

Oscillations appear as a relatively robust phenomenon in the
model. During this research, a number of variations of parameter
values have been performed. Variations have included parameters
controlling electrotonic length, compartment structure, input re-
sistance, soma membrane time constant and conductance profile
(specifically for I, and Iy,p). Further, the shape of the steady-state
activation curve and the activation time constant curves were var-
ied, in addition to explorations of the effect of using one versus two
steady-state activation curves. In most of these cases, oscillations
were still obtained in the simulations. Overall, the oscillations were
most sensitive to the balance between conductances g, and gy.p
and the rate of change of I and I, (the derivative of the steady-
state activation curve) in the oscillation interval. In some cases,
quite large oscillation amplitudes were obtained (=5 mV). How-
ever, these cases were rather sensitive to changes in the current and
conductance balance of the cell. For more moderate amplitudes,
like those presented in Figures 2, 3, 5, 7, 8, the amplitudes were
much more consistent. The oscillation amplitude and frequency
appeared over a narrower range in the model than in the real cell.
An interesting observation is that the oscillation depends on a
difference between time constants of I, and Iy,p; if the two are
equal, oscillations do not develop.

Stable oscillations can be obtained within a limited parame-
ter range without the need for adding noise to the simulation
(data not shown). (See also the one-compartment model of
Dickson et al., 2000.) This is primarily of theoretical interest
because it shows that not only fixed point, but limit cycles
(oscillations), exist as (numerical) solutions to the equations for
I;, and I,p. Stable oscillations also exist in a wider parameter
interval if noise is present. This is of more practical interest, as
noise is present in real tissue, and the oscillations are facilitated
by it. This also reduces the model’s sensitivity to variations in
parameter values. The source of this noise is unknown. White et
al. (1998) argued that NaP-channel noise could be the source.
Noise could also come from a noisy cation current (Shalinsky et
al., 2002). In vivo, this channel noise may be rather small com-
pared to synaptic noise, but the experimental data show oscil-
lations in the presence of synaptic blockers (Dickson et al.,
2000). The oscillations are not dependent on the particular
amplitude or frequency of this noise. Additionally, by adding
noise to the simulations, one also avoids the risk of a simulation
result, depending on a very specific set or sequence of state
variables. The fast component is the main source of the oscilla-
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FIGURE 9. Full model, analysis of the generation of clustering
due to Iy zyp) and I. The same data are plotted in A, C, and D to
permit comparisons of time and conductance dependence. B: Sepa-
rate study of Iy s ;yp) and 1. Both the I 4 ;yp) and the slow component
of I, contribute to clustering. A: Plot of simulated membrane poten-
tial showing two consecutive spikes in a cluster (doublet) during
spiking induced by current injection. After the second spike, there is
a much longer delay before generation of another spike (not shown).
B: To investigate the role of the slow component further, together
with the role of the K(AHP) current, a variation in conductance of
I (app) and variation in time constant of the slow component of I,
was conducted. The original value of Iy s y;p) and the slow component
of I, is indicated by an asterisk (*). These two components enclose a
region of robust clustering. Note that every point corresponds to a full
run with a linearly increased current ramp. The firing was then clas-
sified according to the following: black: only tonic firing, dark gray:
only single spikes with oscillations between as well as tonic firing,
medium gray: doublets and single spikes and tonic firing, light gray:
triplets and single spikes and tonic firing, white: doublets, triplets,
single spiking and tonic firing. The value for Iy syp) is percentage
change from original value (—100 means Iy, yyp) = 0, +100 means a
doubling of Iy syp)). The value for I, slow time constant was varied
by fixing the peak of the curve and compressing or expanding the
curve along the time constant axis, with the multiplicative factor (in

tions together with Iyp, as shown in Figures 6A and 7C, and also
demonstrated by the absence of oscillations in the absence of a fast
component of I;. As shown in Figures 6A and 7C, as well as the
absence of oscillations in the absence of a fast component of I, the fast
component is the main source of the oscillations together with I,p.
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percentage change from original value) indicated. This means that
—100 corresponds to a constant value at the peak 390 ms, —50 cor-
responds to the tails of the curve only reaching halfway down to the
control value. (For increases, i.e., values above 0, a lower limit of 1 ms
was used.) C: Normalized conductance of the fast and slow compo-
nents of I as well as Iy s yyp) are plotted versus time to show how these
conductances change in relation to the membrane potential plot
shown in A. (To see how currents develop over time, see also Fig. 6B.)
Left scale shows magnitude of conductance of I,, fast and slow, while
right scale shows magnitude of conductance of I 5 g;p). Note the clear
increase in I, yp) With the second spike. Decreases in h(slow) are
shown in D. D: Fast (larger orbit) and the slow component’s normal-
ized conductances (smaller orbit) are plotted versus membrane poten-
tial (—60 to +10 mV). Relation to time can be seen in C. As shown in
the larger orbit, the two cycles are almost superimposed, indicating
that the fast component does not change significantly between the two
spikes, i.e., it does not contribute to making a difference between the
first and the second spike. The slow component, in contrast, decreases
(shifts downward) between the two spikes. The reduction of the slow
component is 6.4 times larger than the reduction of the fast compo-
nent, indicating that reduction in the depolarization caused by deac-
tivation of the slow component of the current may contribute to the
clustering.

Fast and Medium Afterhyperpolarizations

With regard to the modeling of the mAHP in Figure 6B and
modeling of spike clustering phenomena, the I;, time constants are
not known for voltages greater than —40 mV, but the action



potentials go well beyond this value. Therefore, the size of the I,
time constants during the spike are not known. In any event, it
seems clear that I}, does not have time to close fully during the spike
(Spain et al., 1987). Consistent with this possibility is the observa-
tion that blocking of I with ZD7288 affects the shape of the spike
and the subsequent mAHP. If some degree of current remains
during the spike, the period after the spike will be affected, and
thus the membrane will retain a sort of memory for the last spike,
as indicated in Figure 7C. Because of this, I; may also influence
phenomena such as spike clustering.

The relatively shallow fAHPs of SCs may be due to h-current
activation during the repolarization. Further, a better fit to the
shallow fAHDPs in the experimental data was obtained when the
simulations included an initial segment compartment. In addition
to this influence, inclusion of the initial segment also gave a better
fit for the action potential and spike frequency adaptation, as in
other work (Ekeberg etal., 1991; Traub etal., 1994; Driesang and
Pape 1997).

Clustering

A number of factors may contribute to the phenomenon of
clustering. The calcium-dependent potassium current KAHP ap-
pears to play an important role in causing clustering. An additional
source of clustering may be the noisy properties of the Na channel,
as suggested by White et al. (1998). In experiments as well as in
these simulations, reduction of calcium influx strongly reduces the
clustering tendency (Klink and Alonso, 1993), which is under-
standable, since KAHP activation counteracts repeated spiking. As
shown in Figure 9B, Iy z5ip)> plays a key role in clustering together
with the slow component of I;. Spiking leads to Ca-influx that
activates the Ca-sensitive Ixp) and the depolarized potential
levels during the spike lead to deactivation of the slow component
of Ij,. As shown in Figure 9, the region of parameters producing a
full range of features, oscillations, single spikes, clustering, and
tonic firing is quite extended. This analysis indicates the region of
existence of these physiological components. The region in which
these are produced frequently and robustly is smaller, but it also
shows robustness for the parameters. The operating point for clus-
tering that was found for the slow time constant of I, and for the
conductance of Iy sgp) is rather close to the border of the I}, time
constant scaling value of +5 beyond which only single spikes are
seen. This is a common feature in control theory, where systems are
located close to the boundary (but with some safety margin) to
facilitate rapid state transitions.

In conclusion, clustering might depend on two components,
one depolarizing on a shorter time scale, and one hyperpolarizing
on a longer time scale. I}, rebound after the fAHP could contribute
to the first component, and subsequent IKAHP and I, (slow) acti-
vation to the second component.

Space Clamp

The uniform distribution of I, in this modeled neuron is an
assumption. In CA1 pyramidal cells, there is a high distal density of
I,,, as shown by immunohistochemistry (Santoro et al., 1997) and
electrophysiology (Magee, 1998). In the voltage-clamp recordings,
the current does not undergo the immediate step increase which
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would be expected in response to the voltage step starting from a
potential which gives a conducting state of I, Instead, the current
increase shows a finite slope during the initial rise in response to the
voltage step. In the model, an increased density of I, in the distal
portions of the dendrite gave an overall better fit to this portion of
the voltage-clamp data (data not shown). The possibility of space
clamp affecting a sizable Ij, current at distal locations is further
supported by the fact that a version of the cell model with larger
dendritic attenuation (longer and thinner compartments) gave fur-
ther improved fit to the experimental data (data not shown).

Apart from this effect on the rising phase of the current, would
a distal location of I, lead to incorrect results due to dendritic
filtering? Previous research suggests that spatial segregation of
channels from recording should not have a large effect on the
determination of reversal potential (Spruston et al., 1993). Neither
should this segregation affect the channel kinetics, which are rather
slow for I, (Spruston et al., 1993). There might be some minor
effect on the steady-state activation curve due to differences in
potential between the recording site and the potential at the site of
the channels themselves. These would primarily affect slope, but
might also affect the half-activation potential (Spruston et al.,
1993). The passive delay of a distally generated Iy, current due to
the low-pass filtering of the dendrite may not be as large, however,
in the model as in the real cell.

Role of Iy,p and I,

Some properties of how I,p and I}, influence membrane poten-
tial changes have been observed during the simulation work. The
derivative of the Iy,p steady-state activation curve controls the
amplification of voltage fluctuations and hence the stability of the
membrane potential (the risk of runaway depolarization leading to
spikes). NaP current inactivation may stabilize the excitability of
cells due to the inactivation during long periods of depolarization.

For the h-current, the steady-state activation had to be modeled
quite accurately around the positive end. A regular Boltzmann
approximation will overestimate the current in this region. This
will then have to be compensated by a larger conductance for Ip.
This will give an extra depolarizing bias current, which will change
the resting potential or the input resistance. Further, the slope of
the regular Boltzmann is not as large as the experimentally ob-
served curve in this region. Use of the smaller slope of the regular
Boltzmann would impair the generation of subthreshold oscilla-
tions in the simulation (data not shown).

The time constant of activation was best fitted with two expo-
nentials. The amplitudes of these two components varied with
voltage, with almost equal amplitudes around —60 mV and in-
creasing relative size for the fast component on each side of this. To
include this in the model, the steady-state function was split into
two components. The effect of this within the oscillation potential
interval is a small change in relative contribution of the fast com-
ponent to the slow component, and a small change in the rate of
change of the fast component.

In the present work, we have described how the two compo-
nents of I;, may serve different roles in the activity displayed by the
cell: the fast component in the generation of subthreshold oscilla-
tions, and the slow component in the generation of clusters. It is
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also interesting to note the similarities in time constant of the two
components of I; when they exert their contribution. The fast
component contributes primarily to oscillations, and in the oscil-
lating regime the time constant is ~60 ms. The slow time constant
contributes mostly to the clustering, and in the spiking regime
(around —10 mV), the time constant is 26 also 60 ms. This obser-
vation may be paralleled with the experimental data on the average
frequency of subthreshold oscillations, 8.6 Hz, and the frequency
of spikes within a cluster, commonly ~10 Hz.

Functional Implications

The factors influencing subthreshold MPOs may play an im-
portant role in the network dynamics of entorhinal cortex and its
interactions with the hippocampal formation. Cholinergic modu-
lation has a strong effect on inducing subthreshold oscillations in
the slice (Klink and Alonso, 1993, 1997a,b) and also influences
theta rhythm field potential oscillations in whole animal prepara-
tions (Alonso and Garcia-Austt, 1987). Cholinergic depolarization
in the SCs is mediated by the activation of a “noisy” cation current,
known as Iycy (Shalinsky et al., 2002). This current has a quite
slow kinetics and would not affect spike or oscillation properties,
but NCM-channel noise could, as discussed above, promote the
generation of more robust oscillations. The influence of currents
underlying subthreshold oscillations could make the network res-
onate at theta frequency. The detailed single cell simulations con-
taining these currents presented in this study will permit analysis of
their role in network dynamics. SCs are rhythmically and strongly
inhibited by layer I-II interneurons (Dickson and Alonso, 1997).
The presence of I, not only enables the cell to show subthreshold
membrane oscillations, but also to give a rebound spike in response
to a hyperpolarizing input. In consequence, if a population of
oscillating SCs is inhibited simultaneously, they will respond to
this input by synchronizing their activities through a “reset” phe-
nomenon implemented by I.

The relative timing of neuronal activity within the entorhinal cor-
tex and hippocampus could be very important to the functional inter-
action of these regions. Different cell types show preferential activity
during different phases of theta in both hippocampus (Fox et al.,
1986; Skaggs and McNaughton, 1996), and entorhinal cortex
(Alonso and Garcia-Austt, 1987). This may allow afferent input to
arrive in the hippocampus at a particular phase relative to intrinsic
dynamics. In particular, it has been suggested that alternating phases
of dominant afferent input and intrinsic excitatory spread may en-
hance the encoding and retrieval of activity sequences within the hip-
pocampal formation (Wallenstein and Hasselmo, 1997; Sohal and
Hasselmo, 1998). In network simulations of potential mechanisms of
episodic memory function of the hippocampal formation, phasic
changes in neuronal activity prove important for terminating prior
retrieval activity during the initiation of a new retrieval cycle (Has-
selmo and Wyble, 1997, Hasselmo et al., 2002).
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NOTE ADDED IN PROOF

In a recent experimental HCN1 knockout study in entorhinal
cortex (Nolan et al., 2003), several of the conclusions in this work
were supported. The current studied had a biphasic kinetics as the
one in our study. In the knockout, sag was absent, as well as
subthreshold oscillations, and spike clustering was affected.
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Voltage-dependent conductances were modeled using a
Hodgkin-Huxley type of kinetic model. Reversal potentials were
for Na* + 87 mV, K" — 83 mV, and Ca>" + 80 mV. The Na*
current responsible for the fast action potentials had a kinetics
taken from a model of hippocampal pyramidal cells (Traub et al.,
1991, 1994). Both the Na as well as the K current were shifted +5
mV to make the spiking threshold more positive, around =50 mV.
The spatial distribution and maximal conductance of all currents
on the different compartments are found in Table 2. The maximal
conductances were adjusted to match the action potential rate of
depolarization (Na™) and rate of repolarization (K™), as well as
spike threshold, amplitude, and duration (Na* and K*) of exper-
imental data (Alonso and Klink, 1993).

Na
320 - 10%(0.0131 — V)
V) = S p[(0.0131 — 1)/0.004] — 1
280 - 10°(V — 0.0401)
B.(V) = exp[(V = 0.0401)/0.005] — 1
a,(V) = 128 exp[(0.017 — 1)/0.018]
4 - 10°
BV =17 exp[(0.040 — 1)/0.005]
Kdr
16 - 10°(0.0351 — V)
(V) = exp[(0.0351 — 1)/0.005] — 1
B.,.(V) = 250 exp[(0.020 — V)/0.040]
Ca,

The high-threshold Ca?" current was modeled according to
Traub et al. (1994). The maximal conductance was set to the same

value as in Traub et al. (1994).

~ 1.6 - 10°
o, (V) =17 exp[—72(V — 0.065)]
20 - 103 V—10.0511

exp[(V = 0.0511)/0.005] — 1

I<AHP

The calcium-dependent K (afterhyperpolarization) current
was modeled according to Traub et al. (1991), with the slope 6.0

and the saturation 30 (arbitrary units). The maximal conductance
was adjusted to match the SAHP depth (Alonso and Klink, 1993).

o,,([Ca?"]) = min(6.0 - [Ca** ], 30)
B,=1.0

Kc

The fast calcium- and voltage-dependent K™ current was mod-
eled according to Traub et al. (1991). The maximal conductance
was adjusted to match the fAHP depth, and Ca-dependent spike
repolarization rate (Alonso and Klink, 1993).

V'=0.050

B exp(53.872V — 0.66835)
o, (V) = 0.018975

B,.(V) = 2000{exp[(0.0065 — 1)/0.027]} — «,,
V> 0.050
a,,(V) = 2000{exp[(0.0065 — V)/0.027]}
B,.(V)=0

CAN

The nonspecific Ca>*-dependent cationic current was modeled
similarly to the calcium-dependent K™ current found in Traub et
al. (1991). The maximal conductance was adjusted to match the
depolarization following carbachol application (Klink and Alonso,

1997a,b).
a,,([Ca**]) = min(0.02 - [Ca’" ], 10)
B,=1.0

CA%* BUFFERING

The Ca*>* diffusion and buffering was modeled according to
Traub et al. (1991) and McCormick and Huguenard (1992). To
take into account the differences in distances and diffusion con-
stants for the calcium related to the different currents, the calcium
kinetics was modeled separately for each case. For the calcium
related to the calcium-dependent K current, the diffusion rate
constant of 0.2 s was set to give the spike frequency adaptation rate
according to Alonso and Klink (1993). The conversion factor, ¢,
from charge density to concentration for each compartment is
found in Table 2, and the minimal [Ca® " ], was set to 5.0 * 1073,
For the fast calcium- and voltage-dependent K current, the cal-
cium values were 0.5 ms, 17.402 + 10'%, and 5.0 - 10™°, respec-
tively, and the related values for the nonspecific Ca>*-dependent
cationic current were 0.133s5, 17.402 - 10'', and 5.0 - 1077,
respectively.



