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ABSTRACT The oscillatory properties of single thalamocortical neurons were investigated by using a Hodgkin-Huxley-like
model that included Ca®* diffusion, the low-threshold Ca2" current (/) and the hyperpolarization-activated inward current (/,,).
In was modeled by double activation kinetics regulated by intracellular Ca®~. The model exhibited waxing and waning oscillations
consisting of 1-25-s bursts of slow oscillations (3.5-4 Hz) separated by long silent periods (4—20 s). During the oscillatory phase,
the entry of Ca®* progressively shifted the activation function of /,,, terminating the oscillations. A similar type of waxing and
waning oscillation was also observed, in the absence of Ca2* regulation of /,,, from the combination of I+, /;,, and a slow K*
current. Singular approximation showed that for both models, the activation variables of /,, controlled the dynamics of thala-
mocortical cells. Dynamical analysis of the system in a phase plane diagram showed that waxing and waning oscillations arose
when /,, entrained the system alternately between stationary and oscillating branches.

INTRODUCTION

The thalamus is central to the generation of oscillatory ac-
tivity during slow wave sleep. Two types of rhythmical ac-
tivities of the electroencephalogram have been characterized,
spindle waves (7-14 Hz) and delta waves (0.5-4 Hz). Spindle
waves depend on both intrinsic and network mechanisms in
the thalamus (Steriade and Deschenes, 1984; Steriade and
Llinas, 1988). Until recently (Steriade ct al., 1990) dclta
waves were assumed to originate in the cortex. However, a
recent study conducted in cat in vivo (Curré Dossi et al.,
1992; Nunez et al., 1992) showed that the thalamus can gen-
erate spontaneous oscillations of (0.5—4 Hz cven after sev-
ering its connections with the cortex, which suggests an im-
portant thalamic contribution in the genesis of delta waves.

In vitro experiments on thalamocortical (TC) cells have
demonstrated an intrinsic low-threshold Ca” * spike (Jahnsen
and Llinas, 1984a) and a tendency to oscillate. Cat and rat
TC neurons display spontaneous slow oscillations in the delta
range (Haby et al., 1988; Leresche et al., 1990, 1991;
McCormick and Pape, 1990a) which are resistant to tetro-
dotoxin and therefore due to mechanisms intrinsic to the cell.
These slow oscillations have also been called “pacemaker
oscillations” (Leresche et al., 1990, 1991).

A waxing and waning oscillation was also found in cat TC
cells in vitro (Leresche et al., 1990, 1991). These oscillations
are composed of periods of 1.5-28 s of 0.5-3.2-Hz oscilla-
tion that wax and wane, separated by silent phases of 5-25-s
duration. They are resistant to tetrodotoxin and are caused by
mechanisms intrinsic to the TC neuron. By analogy with the
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waxing and waning of in vivo spindles, they have been called
“spindle-like oscillation” (Leresche et al., 1990, 1991). How-
ever in vivo spindles occur at a higher intraburst frequency
(7-14 Hz) and depend on interactions with neurons of the
thalamic reticular nucleus (Steriade and Deschenes, 1984;
Steriade et al., 1985, 1987, 1990), so they are quite different
from the waxing and waning slow oscillations studied here.

Electrophysiological investigations of the ionic mecha-
nisms responsible for the intrinsic properties of TC neurons
have revealed the presence of a low-threshold Ca?* current,
I, responsible for the generation of low-threshold spikes
(LTS) following hyperpolarization (Deschenes et al., 1984;
Jahnsen and Llinas, 1984b). More recently, voltage-clamp
studies of this current in TC cells (Coulter et al., 1989;
Crunclli et al., 1989; Huguenard and Prince, 1992) charac-
terized the kinetic properties of /1 and the characteristic ac-
tivation of this current in the subthreshold region of the mem-
brane potential.

A mixed Na*/K™ current, /,,, responsible for anomalous
rectification, has also been identified in TC neurons stud-
ied in vitro (McCormick and Pape, 1990a; Pollard and
Crunelli, 1988). The voltage-clamp technique has revealed
that [, is activated by hyperpolarization in the subthreshold
range of potentials (McCormick and Pape, 1990a; Soltesz
et al., 1991). This current was also shown to be involved
in the generation of the slow oscillations of TC neurons (Mc-
Cormick and Pape, 1990a; Soltesz et al., 1991) as well as in
the state control of TC neurons by several neuromodulatory
systems (McCormick and Pape, 1990a; McCormick and
Williamson, 1991; Pape, 1992). The regulation of [}, can also
control the transition between slow oscillations and waxing
and waning oscillations in cat TC cells (Soltesz et al., 1991).

The purpose of the present paper is to investigate possible
ionic mechanisms underlying the waxing and waning oscil-
lations observed in single TC cells in vitro using a model of
the TC neuron. The kinetic mechanisms in the model are
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based on voltage-clamp data of /1 and I;,. Special emphasis
is given to uncovering the role of [, in organizing the tran-
sitions between multiple oscillatory and resting states of the
TC cell.

MATERIALS AND METHODS

Our single compartment model of a TC cell used a Hodgkin-Huxley-type
scheme (Hodgkin and Huxley, 1952) for the ionic currents. The equation
describing the derivative of the membrane potential V was:

C,V= e V—E) -t — I, — L + 1, Q)]

where C,,, = 1 pwF/cm? is the specific capacity of the membrane, g, = 0.05
mS/cm?, and Ey. = —-86 mV are, respectively, the leakage conductance and
the leakage reversal potential. The value of g; was chosen to obtain a mem-
brane time constant of 20 ms, and E; was adjusted to match the resting
membrane potential to —60 mV (Jahnsen and Llinas, 1984a) when I,
was present, and to more hyperpolarized levels, when I, was blocked
(McCormick and Pape, 1990b). The total membrane area was assumed to
be 1000 wm?, the area of a typical TC cell soma. Dendrites were not taken
into account.

Only currents absolutely necessary to generate subthreshold oscillations
were included in the model. These currents were the low-threshold Ca?*
current Iy, the hyperpolarization-activated current /;, and the voltage-
dependent K* current [y, I, represents the external current applied to the
cell. Other Na* and K™ currents, such as the Iy, and Iy responsible for the
generation of action potentials, I o, In.p, 01 I were not included in the model
(for details on these currents see McCormick and Huguenard, 1992).

Kinetic models have been developed previously for I+ (Huguenard and
McCormick, 1992; Wang et al., 1991), for I, (Destexhe and Babloyantz,
1993; Huguenard and McCormick, 1992), and /x> (Huguenard and Mc-
Cormick, 1992). We use them as our starting point.

The low-threshold Ca?* current /¢

Voltage-clamp experiments (Coulter et al., 1989; Crunelli et al., 1989) show
that the dynamical properties of I can be accounted for by a Hodgkin-
Huxley-type formalism. A four-variable model of this low-threshold current
was recently proposed by Wang et al. (1991) and will be used here. The
kinetic equations read:

Iy = =ge,mh(V — E,)

P 1 _
m = Tm(V)[m m..(V)]

h=a,V[1 ~ h — d — K(V)k]

@

d=oa,(VIKV)(1 = h —d) - d],

where g, = 1.75 mS/cm? is the maximum value of the conductance of the
Ca** current and Ec, is the Ca®* reversal potential (in the presence of Ca2*+
diffusion, Ec, was calculated from the Nernst relation, and was taken as E,
= 120 mV otherwise). In this kinetic scheme, m is the activation and / and
d are two inactivation variables. The variable d accounts for the slow re-
covery of It from inactivation (Wang et al., 1991). The various functions
used here are listed in Table 1.

The hyperpolarization activated current /,,

Voltage-clamp studies on thalamocortical neurons (McCormick and Pape,
1990a; Soltesz et al., 1991) have shown that I}, is a noninactivating current
that activates slowly. This current is carried by both Na* and K* ions, and
its reversal potential lies between Ey, and Ex (McCormick and Pape,
1990a). I,, activates in the same subthreshold range of membrane potentials
as I.
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TABLE 1 Activation functions and time constants for the
voltage-dependent currents I+, I, and /xo.

Current  Variable Function
It m m.(V) = 1/{1 + exp[-(V + 65)/7.8]}
Tw(V) = 0.15m(V){1.7 + exp[-(V + 30.8)/13.5]}
h a (V) = exp[-(V + 162.3)/17.8]/0.26
K(WV) = \/0.25 + exp[(V + 85.5)/6.3] — 0.5
d ax(V) = I{m(V)[K(V) + 1]}
(V) = 62.4/{1 + exp[(V + 39.4)/30]}
I S, F, H.(V) = 1{1 + exp[(V + 68.9)/6.5]}
A\ 7(V) = exp[(V + 183.6)/15.24]
THV) = exp [(V + 158.6)/11.2)/
F, {1 + exp[(V + 75)/5.5]}
Lo m2 Mty = V{1 + exp —[(V + 43)/17]}
Tm2(V) = 2.86 + 0.29/{exp[(V — 81)/25.6]
+ exp[ —(V +132)/18]}
hy, hs hao(V) = 1/{1 + exp[(V + 58)/10.6]}
hy T (V) = 34.65 + 0.29/exp[(V — 1329)/200]
+ exp[ —(V + 130)/7.1]}
h> Th2(V) = 7,,(V) for V= —-70 mV

T2(V) = 2570 ms for V< —70 mV

These functions were chosen to fit voltage-clamp measurements of these
currents. All values were scaled to a temperature of 36°C assuming Q
values of 5 and 3 for I+ (Coulter et al., 1989), and of 2.6 for Iy, (Huguenard
and Prince, 1991). The screening charge effect was calculated assuming an
extracellular Ca®* concentration of 2 mM.

Recently, a kinetic scheme for 7, was introduced to account for the kinetic
properties of I, (Destexhe and Babloyantz, 1993). Two distinct activation
gates were assumed, namely F (fast activation) and S (slow activation)
according to the following kinetic scheme:

as aF
Sciosed = Sopen Fetones = Fopen> 3)
Bs BF

where Scioseq and Foosea represent the closed states of the slow and fast

activation gates of I, Sopen and Fopen represent the open states of these gates,

and ag, Bs, ar, and Br are voltage-dependent rate constants (see below).
The corresponding kinetic equations are:

I, =88 F(V-E,)

Sl = as(V)S, — Bs(V)S, “4)
Fi = ap(VIF, = B(V)F,,
where g, is the maximal conductance of 1, (in mS/cm?), E;, = -43 mV is
the reversal potential of I, (McCormick and Pape, 1990a), Sy = 1 - Sy, and

Fo=1-F;.S,and F,, represent the fraction of activation gates in the closed
state, whereas Sy and F' are the fraction of activation gates in the open state.
The conductance of I, is always proportional to the product S,F, in this
model.

The rate constants are related to the activation function H..(V) and the
time constants 75(V) and 7+V) by the following relations: ag = H../Ts,
Bs = (1 = H.)/7s, aF = H../tr and Br = (1 - H..)/7r. The activation
function H..(V) was chosen so that H2 fit the data of McCormick and
Pape (1990a) (see Table 1). The time constants 7(V) and 75(V) (given in
Table 1) were estimated from numerical simulation of voltage-clamp pro-
tocols (see Results).

Regulation of /,, by intracellular Ca2*

Two plausible ionic mechanisms which produce waxing and waning os-
cillatory behavior are presented in Results. One possibility, initially pro-
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posed by McCormick (1992), is the regulation of J;, by binding of intra-
cellular Ca?", as found in whole cell voltage-clamp studies of I, in sino-
atrial node cells (Hagiwara and Irisawa, 1989). Evidence for the control of
the voltage-dependent properties of /;, by intracellular Ca>* were also ob-
tained in cat neocortical neurons (Schwindt et al., 1992). As the Ca?* de-
pendence of /;, has not yet been studied in TC cells, it was assumed to be
similar to that of sino-atrial node cells.

The activation curve of I, in sino-atrial node cells shifts toward morg
positive potentials as the intracellular Ca®* concentration ([Ca];) is in-
creased (Hagiwara and Irisawa, 1989). Calmodulin and protein kinase C
were not involved in the Ca® " modulation of /,,, suggesting that Ca2* jons
directly affected [}, channels (Hagiwara and Irisawa, 1989). There is also an
increase of the conductance of /,, following the binding of Ca>*. We have
developed a kinetic model for intracellular calcium (Ca; ") binding to the
open channels of /, that is consistent with these data. The open state gates
Sopen and Fp., were assumed to have n binding sites for Ca;* which, when
occupied, lead to the open forms S,ounq and Fio,ng according to:

ki

2t —
Sopen T 1CATT =8,
k2

open

ki
Fow+nCal" =F,
k>
where &, and k> arc the forward and backward rate constants for Ca;~
binding.
If S5 and F> represent the fraction of gates bound to calcium, then, com-
bining Eqgs. 3 and 5, one obtains the following kinetic equations for /,:

I, =88, + SO)F, + F.)(V —E,)
S, = ayWs, — ByWIS, + &[S, — CS|]
Fi = ap(VIF, = BAVIF, + k[F, — CS)] (6)

S.= —kJ[S, — CS,]

F: = —k[F, = CF],

where Sy = 1 =8, =S5, Fy = 1 = F, = Fs, C = ([Cali/Ca.y)", and . Bs.
., and By were obtained from £, and 74 as before. The number of binding
sites was 11 = 2 in all of our simulations. We assumed &, = k»/Ca”, =
5 X 107 mM is the critical value of [Ca]; at which Ca2* binding on /,,
channcls is half-activated (if [Ca]; << Cag. the effect of Ca’* is negligible:
see Results for the estimation of this parameter from voltage-clamp data).
ky = 4 X 10~ ms~" is the inverse of the time constant of Ca;?~ binding on
I, channels. These values were chosen to match the slow time course with
which I, is modulated by intracellular Ca>*.

Influx and efflux of Ca2*

The dynamics of intracellular Ca®* were determined by two contributions:

(i) Influx of Ca®* due to I

Ca>" ions enter through /I channels and diffuse into the interior of the cell.
Only the Ca’* concentration in a thin shell beneath the membrane was
modeled. The influx of Ca>* into such a thin shell followed:

N

. k
[Ca);= - 3Fd Iy,

where F' = 96489 C mol~" is the Faraday constant, d = 1 um is the depth
of the shell beneath the membrane, and the unit conversion constant is k =
0.1 for I+ in uA/cm, and [Cal; in millimolar.

(i) Efflux of Ca®* due to an active pump

In a thin shell beneath the membrane, Ca" retrieval usually consists of a
combination of several processes, such as binding to Ca>* buffers, calcium
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efflux due to Ca®™ ATPase pump activity and diffusion to neighboring shells.
Only the Ca®" pump was modeled here. We adopted the following kinetic
scheme:

a o

Caj” +P=CaP— P + Ca’", 8)
where P represents the Ca®* pump, CaP is an intermediate state, Ca>" is the
extracellular Ca>" concentration, and ¢,. ¢», and ¢; are rate constants. Ca2*
ions have a high affinity for the pump P, whereas extrusion of Ca>" follows
a slower process (Blaustein, 1988). Therefore, c5 is low compared to ¢, and
¢2, and the Michaelis-Menten approximation can be used for describing the
kinetics of the pump. According to such a scheme, the kinetic equation for
the Ca** pump is:

K[Cal;

[Ca) = - [Ca), + K,

)
where Kt = 107" mM ms™" is the product of ¢5 with the total concentration
of P, and K, = ¢»/c, = 107 mM is the dissociation constant, which can be
interpreted here as the value of [Ca]; at which the pump is half activated (if
[Ca]; < K, then the efflux is negligible).

The parameters of the pump were adjusted in order to have a fast Ca>*
removal, based on an estimation made from the time course of the spike after
hyperpolarization in TC cells (McCormick and Huguenard. 1992). Slow
Ca®’ handling is unlikely since Ca®*-dependent channels would detect a
slow Ca** accumulation in TC cells.

The extracellular Ca®>" concentration was [Ca], = 2 mM as found in
vivo. The change of [Cal; due to the binding of Ca2' 1o [, channcls was
negligible and was neglected, as was the contribution of Ca* ' efflux to the
net Ca®" current in Eq. 7.

The Ca' reversal potential strongly depends on the intraccllular Ca*
concentration, and was calculated according to the Nernst relation:

(10)

where R = 831 J mol~! K=', T = 309° K, and the constant for unit con-
version is k" = 1000 for E¢, in mV. For [Ca]; = 2.4 X 10~ mM. which is
an average value at rest in the simulations presented here, E¢, was
approximately 120 mV.

Slow K* current /I,

Asecond plausible ionic mechanism for the generation of waxing and wan-
ing oscillations depends on the interaction between three ionic currents,
namely /v, I, and a slow outward current. Different types of K" currents
have been recently identified in TC cells (Budde et al., 1992; Huguenard and
Prince, 1991; McCormick, 1991). Among these, a slowly inactivating K
current activated by depolarization was characterized and termed /Iy by
Huguenard and Prince (1991). They reported that this current inactivates
very slowly with two time constants (around 250 ms and 3 s). A very similar
current was found in TC cells in the lateral geniculate nucleus (McCormick,
1991). A kinetic model for this current was proposed by Huguenard and
McCormick (1992):

Iy = gomy(0.6h, + 0.4h,)(V — Ey)

1
My = — ———(m, — m,, )
Tml(v) (] l)
. 1
h = - m(hl = Ny
. 1
h=— 7a(V) (hy = hyp)
where 2y is the maximum value of /> conductance and £, = =90 mV is

the reversal potential for K* ions. The activation function and the time
constant of the activation variables m», /1y, and /1> are given in Table 1.







































