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SUMMARY AND CONCLUSIONS 

I. We have developed compartmental models of guinea-pig 
medial vestibular nuclei neurons ( MVNns). The structure and 
the parameters of the model cells were chosen to reproduce the 
responses of type A and type B MVNns as described in electrophys- 
iological recordings. 

2. Dynamics of membrane potentials were modeled in 46 and 
61 branched electrical compartments for Type A and Type B 
MVNns, respectively. Each compartment was allowed to contain 
up to nine active ionic conductances: a fast inactivating sodium 
conductance, gNa, a persistent sodium conductance, gNap, a low- 
voltage activated calcium conductance, gcacLvAI, a high-voltage 
activated calcium conductance, gc+vAI, a fast-voltage activated 
potassium conductance, gKtfastI, a slowly relaxing voltage acti- 
vated potassium conductance, gK(slOwJ, a fast transient potassium 
channel, &(A), a slowly relaxing mixed sodium-potassium con- 
ductance activating at hyperpolarized membrane potentials, gn, 
and a calcium-activated potassium conductance gK(AHP). The ki- 
netics of these conductances were derived from voltage-clamp 
studies in a variety of preparations. Kinetic parameters as well as 
distribution and density of ion channels were adjusted to yield the 
reported electrophysiological behavior of medial vestibular neu- 
rons. 

3. Dynamics of intracellular free [ Ca2+li were modeled by in- 
clusion of a Ca2+ -pump and a Na+-Ca2+ exchanger for extrusion 
of calcium. Diffusion of calcium between submembraneous sites 
and the center of an electrical compartment was modeled by 25 
and 6 shell-like chemical compartments for the cell body and the 
proximal dendrites, respectively. These compartments also con- 
tained binding sites for calcium. 

4. The dynamics of active conductances were the same in both 
models except for &fast). This was necessary to achieve the differ- 
ent shape of spikes and of spike afterhyperpolarization in type A 
and type B MVNns. An intermediate depolarizing component of 
the spike afterhyperpolarization of type B neurons in part de- 
pended on their dendritic cable structure. 

5. Variation of the low threshold calcium conductance, 
gCa(LvA), shows that the ability to generate low-threshold spike 
bursts critically depends on the density of this conductance. So- 
dium plateaus were generated when increasing the density of gNap. 

6. The type B model cell generated rhythmic bursts of spiking 
activity under simulation of two distinct experimental conditions. 
The first experimental condition was the inclusion in the den- 
dritic compartments of a voltage-dependent conductance with 
properties replicating tonic activation of IV-methyl-D-aspartate 
(NMDA)-type of glutamate receptors. The second paradigm was 
the reduction of the density of gK(AHP). The emergence of oscilla- 
tory firing under these two specific experimental conditions is 
consistent with electrophysiological recordings not used during 
construction of the model. We, therefore, suggest that these mod- 
els have a high predictive value. 

INTRODUCTION 

The vestibulo-oculomotor reflex serves to stabilize the 
position of the eye with respect to space during movements 
of the head. The signal initiating this reflex is detected by 
the semicircular canals and the otoliths. The fundamental 
component of this reflex involves three neurons: primary 
vestibular neurons, which carry the signals detected by the 
semicircular canals and the otoliths; secondary (or central) 
vestibular neurons; and motoneurons, which innervate the 
eye muscles. Because of its simplicity and success, the vesti- 
bulo-ocular reflex has been chosen as a model in which the 
function of the central nervous system can be studied both 
at the cellular and at the system level (Churchland and Sej- 
nowski 1992; Ito 1982; Precht 1978; Robinson 1990). 
Much previous work has been designated to establish both 
the inputs to central vestibular neurons and their output. It 
has been shown that, at the level of the central vestibular 
neurons, a sensorimotor transformation takes place be- 
tween the sensory space (plane of semicircular canals and 
optokinetic input) and the motor space (given by the direc- 
tion of force developed by the eye muscles) as well as a 
transformation in the time domain (to achieve proper dy- 
namics). The substrate of these operations relies on the 
membrane properties, synaptic mechanisms, and connecti- 
vity of central vestibular neurons. The network properties 
emerging from these active membrane properties and syn- 
aptic mechanisms are difficult to elucidate without the ideal 
situation of having access to intracellular recordings from 
many vestibular neurons simultaneously. During recent 
years computational methods have become an alternative 
approach to extrapolate from known cellular properties, 
synaptic mechanisms and connectivity to network behav- 
ior (Koch 1990; Koch and Segev 1989; Traub and Miles 
1991). 

The aim of the present paper was to construct models of 
vestibular neurons that should serve as a starting point of 
such an approach. Among different strategies concerning 
the type of modeling, we chose the following. First, we de- 
cided for a relatively high plausibility of the biophysical 
mechanisms underlying these models. We used, therefore, 
Hodgkin-Huxley type of kinetics ( Borg-Graham 199 1; 
Hodgkin and Huxley 1952) for voltage-dependent ion 
channels and Michaelis-Menten type of kinetics for chemi- 
cal activation of ion channels and detailed modeling of 
Ca2+ dynamics. This approach has the relative disadvan- 
tage of being computationally intensive but has the advan- 
tage that each parameter could, at least in principle, be re- 
lated to physiological data. The second decision was to ac- 
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FIG. 1. Compartmen tal structure of type A and B medial vestibular 
nuclei neuron (MVNn ) models. The type A model has 3 identical 
branched dendrites and consists of 46 electrical compartments. To calcu- 
late radial diffusion of calcium, t he soma and the proximal dendrites were 
discretized into 25 and 6 shell-like chemical compartments. The type B 
model exhibits the same compartmental structure except for the additional 
dendri te, which increases the number of electrical compartments to 6 1. 

cept as the most stringent constraints for the value of param- 
eters in the models experimental data from recently pub- 
lished intracellular studies in medial vestibular neurons 
(Serafin et al. 1990, 199 la,b, 1992). Parameters which 
were not constrained by these data were additionally con- 
strained by experimental and modeling data from other 
preparations, in particular from neurons of the deep cere- 
bellar nuclei (Jahnsen 1986a,b; Muri et al. 1994) and hip- 
pocampal CA3 pyramidal cells (Traub and Miles 199 1). 

METHODS 

Morphology and electrotonic parameters 

Figure 1 shows the structure of the compartmental models for 
type A and B medial vestibular nuclei neurons ( MVNns). The 
type A MVNn model consisted of a spherical soma which gave rise 
to three proximal dendrites each of which branched into two distal 
dendrites. The type B MVNn model had the same overall struc- 
ture but was endowed with four proximal dendrites. The soma had 
a radius of 15.5 pm, the radius and length of the proximal dendrite 
were 1.5 and 99 pm, and the radius and length of the distal den- 
drites were 0.5 and 198 pm. Proximal and distal dendrites were 
represented by three and six compartments, respectively, whose 
electrotonic length was much smaller than 0.1 X (Parnas and Segev 
1979). This morphological structure was based on available data 
from these neurons. In particular, a fourth dendrite was added in 
the type B model, since type B MVNns seem to have more den- 
drites than type A MVNns. (M. Serafin, personal communica- 
tion ) . 

The specific membrane capacitance ( Cm) was 1 pFcme2, and 
the specific longitudinal (cytoplasmic) resistivity (Ri) was 150 
flcm. The specific membrane resistivity (R,) resulted from the 
contribution of voltage-independent conductances (leak conduc- 
tances) and active conductances. In the type A model at -65 mV, 
R, was ~3.6 k&m2 in the soma, ~32 k&m2 in the proximal 
dendrites, and = 147 k&m2 in the distal dendrites. The corre- 
sponding values for the type B model were ~3.2 kQcm2, ~37 
kQcm2, and = 170 kQcm2. R, values that are higher in the den- 
drites than in the cell body have been used also in other modeling 
studies (cf. Shelton, 1985; Traub et al. 199 I). Hyperpolarizing 

current pulses (-0.1 nA) delivered to the cells held at -65 mV 
revealed an input resistance and time constant of N 130 MQ and 
II 13 ms in the type A model and _N 150 MQ and N 16 ms in the type 
B model. Values for type A and type B MVNns reported in guinea- 
pig brain slices are 114.5 MQ/ 15.1 ms and 104.5 MQ/22.4 ms, 
respectively (Serafin et al. 199 la). 

Active membrane conductances 

The description of the active conductances was based on the 
general formalism formulated by Hodgkin and Huxley ( 1952). 
Briefly, each channel is controlled by at least one gate and is acti- 
vated if all gates are open. In most cases, each gate was allowed to 
be in two states, closed (C) or open (0). The transitions between 
these states were determined by forward and backward rate func- 
tions CY and p which depended on membrane voltage (V) and for 
the calcium-activated potassium channel (see below) also on in- 
tracellular Ca2+ concentration ([ Ca2+li) 

4V, [Ca2+l,) 

c-0 (0 
P(V, [Ca*+li) 

A scheme with two closed states (C, and C,) and one open state 
(0) was used to describe the inactivation of our low-voltage acti- 
vated Ca 2+ conductance 

“1,2(V) a2.3(v) 

(2) 
p1,2(v) a2,3(‘) 

The behavior of a population of channels was described by a 
state variable, YI, for each gate. The value of y2 lies between 0 and 1 
and indicates the fraction of channels with an open gate. In a 
two-state scheme the dynamics of each variable can be described 
by a steady-state value, n,, and a time-constant, r,, both of which 
depend on voltage and/or on [Ca2+]i 

h = _ n - Ha(V7[Ca2+li) 
GA KKa2+li) 

(3) 

The rate of transition from closed to open, (w,( V, [ Ca2’li), and the 
rate of transition from open to closed, ,L&( V, [ Ca2’li), are related 
to n,( V, [Ca2+]i) and 7,( V, [Ca2’]i) by 

n,( V, [ Ca2+]i) = cun( v9 iCa2+li) 
CY n ( V [Ca2+] ) + p 7 i n ( I/ [Ca2+]) 7 1 

(4) 

7n( V, [ Ca2+]i) = 
1 

Qn( V,[Ca2+li) + Pn( v7[Ca2+li) 
(5) 

For most of the channels, which are only dependent on the mem- 
brane voltage, we used the parametrization of Borg-Graham 
( 199 1) to describe the rate functions an(V) and p,(V) 

an( v, - exp( hc( V - VI,,)) 0 

8n( v, - exp( -b( 1 - c)( V - VI,,)) (7) 

with h = zF/RT ( R is the gas constant, T is the temperature, F is 
the Faraday constant and z is the charge of the gating particle). 
This formalism requires an additional parameter, 7, min, which 
gives a minimum value for T*( V) (Borg-Graham 199 1). 

The current I flowing through a channel with x activation gates 
and y  inactivation gates was assumed to be ohmic 

I = gm”hY( V - E) (8) 

where I: is the conductance of the fully activated channel and E is 
the Nernst potential of the ion carrying the current. We used this 
equation also for Ca2’ currents, but ,!&+ was set to a value which 
was lower than that given by the Nernst equation to account for 
the rectification described by the Goldman-Hodgkin-Katz equa- 
tion. The rate functions of all channels are given in Table 1. 

In the following our choice of rate functions for each channel is 
explained. 
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TABLE 1. Rate functions and parameters to Eqs. 4-8 for the kinetics of active conductances 

Channels Rate Functions Minimal 
and State Value 

gNa 

r 

gNap 

m 

gH 

n 

ti K( fast) 

n 

g” K(fast) 

n 

gAHP 

4 

gK(slow) 

n 

gA 

a 
b 

8Ca( HV A) 

gCa( LVA) 

m 

h 

gNa = 

a!, = 

&!h = 

gNap = 

CY, = 

gH = 

a!, = 

g” K(fast) = 

cYy, = 

2 K(fast) = 

a, = 

gAHP = 

aq = 

gK(slow) = 

a, = 

gA = 

a, = 

a), = 

gCa(HVA) = 

a, = 

cl!, = 

&a(LVA) = 

a, = 

I& = 

q2 = 

a 2,3 = 

k= 

jfNa/‘l’13h2 
5.0 X exp(O. 1 X (V + 39.5)) 
0.567 X exp(O.024 X (V + 35.0)) 
- 

gNapm 

0.12 X exp(0.12 X (V+ 56)) 

EHn 

0.02/( 1 + exp(( I/ + 90)/7.5)) 
- 
a” K( fast)n 

3 

0.16 X exp(O. 185 X (V + 42.3)) 

g” K( fast)n 
2 

5.82/( 1 + exp(-0.125 X (V + 3.3))) 

EAHP~~ 

3.5 X lo9 X [Ca2+]; 

gK(slow)n 

0.00 15 X exp(O. 156 X (V + 45.0)) 

g,a3b 
0.2 X exp(0.14 X (I/ + 65.0)) 
0.0 1 X exp(-0. 11 X ( V + 7 1 .O)) 

cCa(HVA)S2r 

2.0/( 1 + exp(-( V + 2) X 0.054)) 
min (0.01, 0.01 X exp(-( I’ + 60)/20)) 

ka(LVA)m3h 

3.3/( 1.7 + exp( -( V + 28.8)/ 13.5)) 

Pm = 5.0 X exp(-0.044 X (V + 39.5)) 7 min = 0.05 
ph = 0.567 X exp(0.275 X (v-t- 35.0)) 7 mi* = 0.3 

Pm = 0.12 X exp(-0.03 X (V + 56)) 7 min 
= 1 

0, = 0.02/( 1 + exp(-( V + 90)/7.5)) 

,f?, = 0.16 X exp(-0.033 X (V + 42.3)) 7min = 0.8 

& = 2.413/( 1 + exp(0.0675 X (I/ + 46.35))) 

p, = 0.074 

& = 0.00 15 X exp(-0.039 X ( V + 45.0)) ?rnin = 80.0 

& = 0.2 x exp(-0.035 X (I’+ 65.0)) 7 min = 1.0 
&, = 0.01 x exp(0.164 X (v+ 71.0)) 7min = 24.0 

Ps = -0.08 X (V + 15.9)/( 1 - exp(( I/ + 15.9) X 0.2)) 
p,=o.o1 -cy, 

3.3 X exp(-( I/ + 63)/7.8)/( 1.7 + exp(-( I/ + 28.8)/l 3.5)) 
2.5/(t x (1 + k)) P = k x cy12 
2.5 X exp(-(Y+ 160.3)/17.8) p, :‘: = k X ~~2’3 

vO.25 + exp(( V + 83.5)/6.3) - 0.5 t = 240/( 1'+ exp(( V + 37.4)/30)) 

For abbreviations, units and explanation see text. 

FAST INACTIVATING SODIUM CONDUCTANCE (&A). Action po- 
tentials of type B MVNns are fast (half-width 0.29 ms) (Serafin et 
al. 199 la) suggesting that gNa exhibits a fast activation. We also 
assumed a rather fast inactivation to limit the size of outward 
current required for repolarization of the action potentials. Fur- 
thermore, type B MVNns can fire with frequencies of up to 400 
Hz, indicating that gNa exhibits a very fast recovery from inactiva- 
tion (Serafin et al. 199 la,b). Consistent with these assumptions, 
we found that a m3h2 format for gNa was more appropriate than a 
m3h dependence. Expressions modifying the m3h format origi- 
nally used by Hodgkin and Huxley ( 1952) to fit the properties of 
sodium channels of squid giant axon have also been used in a 
number of previous modeling studies (e.g., Borg-Graham 199 1; 
Traub et al. 199 1). The rate functions were adjusted to reproduce 
as faithfully as possible the shape of the electrophysiologically re- 
corded action potentials. 

PERSISTENT SODIUM CONDUCTANCE (&A& In addition to gNa, 
Serafin et al. ( 199 la) reported the presence of a persistent Na+ 
conductance, g,,, , that is responsible for subthreshold plateau 
potentials. These plateaus do not inactivate during strong depolar- 
ization and are differentially sensitive to QX-3 14 compared with 
action potentials. Furthermore, long depolarizing pulses can inac- 
tivate spikes but not the persistent sodium current (French et al. 
1990; Stafstrom et al. 1985 ). These observations suggest that gNap 
is not the window current of g& but is carried by distinct channels. 
The persistent sodium channel was modeled with one activation 
gate using the steady-state activation described by French ( 1990) 
on the basis of data obtained in hippocampal pyramidal cells. As 

suggested by experimental data, we did not include any inactiva- 
tion of gNap (French et al. 1990; Stafstrom et al. 1985). Stafstrom 
found that the persistent sodium current attained its steady state 
level within 2-4 ms at 37°C. Our activation time was 1 ms at 0 mV 
and 5 ms at -60 mV. 

FAST VOLTAGE-ACTIVATED POTASSIUM CONDUCTANCE (&(PAST)). 
The only conductance with different kinetics in the type A and 
type B models was the potassium conductance responsible for 
repolarization of action potentials. We termed this conductance 
&fast) and &fast) for the type A and B models, respectively. The 
underlying channel might correspond to the channel termed de- 
layed rectifier in other studies, but gKcfastJ might also incorporate 
other channels such as BK channels (Moczydlowski and Latorre 
1983). Type A MVNns exhibit a deep monophasic afterhyperpo- 
larization (AHP), in contrast to type B MVNns, which show a fast 
AHP followed by a small depolarization and second hyperpolariz- 
ing component. In type B MVNns g&fast) must deactivate very 
fast at the resting membrane potential to allow generation of the 
small AHP, whereas in type A MVNns g&slJ turns off more 
slowly and generates the deep AHP. The shape of the action po- 
tentials in these cells provided further constraints on the rate func- 
tions of gKcfast). In the type B model we used n2 kinetics that re- 
sulted in a fast activation. Together with a high activation thresh- 
old, this channel generated very fast action potentials. In type A 
MVNns we used n3 kinetics and a lower threshold. As in the case 
of gNa in previous modeling studies, different exponents (number 
of gates) have been used to replicate the properties of different 
potassium channels (e.g., Rudy 1988; Traub et al. 199 1). The 
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resulting delayed activation yielded broader action potentials and 
the lower threshold caused the deep AHP. 

CALCIUM-ACTIVATED POTASSIUM CONDUCTANCE (gKtAHPj). The 
second AHP in the type B MVNn is blocked by apamin, Cd2’ and 
Co2+ (de Waele et al. 1993; Serafin et al. 199 la,b) and is, there- 
fore, most likely generated by a Ca2+-dependent K+ current. A 
current with similar properties, described in a variety of neurons, 
is not voltage-dependent, and is usually termed gkcAHP) (Lancaster 
and Adams 1986; Lancaster and Nicoll 1987; Lancaster et al. 
199 1). There are several published models of gKtAHP) that are 
based on different numbers of activation gates and binding sites 
for intracellular Ca2+ ( Borg-Graham 199 1; Yamada et al. 1989). 
We used two activation gates, each exhibiting three binding sites 
for Ca2+ ions. The corresponding expression (Table 1) can be 
interpreted as binding of Ca2+ to the channel with Michaelis-Men- 
ten-like kinetics (cf. Borg-Graham 199 1). The three binding sites 
for Ca2+ ions resulted in a steep Ca2+ dependence such that the 
conductance was not activated at resting calcium concentration 
( 50 nM) but was almost fully activated at a 1 O-fold higher [ Ca2+li. 
The kinetics of gkcAHP) were constrained by the ability of our mod- 
els to exhibit the reported spike accommodation of MVNns. 

FAST TRANSIENT POTASSIUM CONDUCTANCE (gKfAj). Type A 
MVNns show a rectification, which delays firing of the neuron. 
This effect can be explained by the activity of an A-like current, 
that deinactivates during hyperpolarization and activates rapidly 
if the cell is subsequently depolarized (Serafin et al. 199 la,b). 
Segal ( 1984) described an A-current in hippocampal neurons that 
is half inactivated at -75 mV, and that recovered from inactiva- 
tion with a half time of 20 ms at hyperpolarized membrane poten- 
tials. Activation of this current was very fast and occurred at po- 
tentials higher than -60 mV, and this current was sensitive to 
4-AP. However, in MVNns the A-like current was not sensitive to 
4-AP (Serafin et al. 199 1 a). An A-like current, which is not sensi- 
tive to 4-AP, and that activates at more hyperpolarized membrane 
potentials has also been described (Adams et al. 1982). Half inac- 
tivation of our &(A) was set to -7 1 mV to replicate the slow repo- 
larization of the AHP. The activation time constant was set be- 
tween 1 and 3 ms and the inactivation time constant was between 
24 and 50 ms. 

SLOWLY RELAXING VOLTAGE ACTIVATED POTASSIUM CONDUC- 

-l-ANCE (&(SLOW) ). In cortical neurons a persistent sodium current 
is accompanied by a slowly activating outward current (Stafstrom 
et al. 1985). This slow outward current counteracts the develop- 
ment of sustained Naf plateau potentials and shares several prop- 
erties with the M-current also reported in cortical cells (Brown 
1988) but might also partially represent slow depolarization-acti- 
vated Cl- currents and currents from electrogenic pumps and ex- 
changers. Since there is no experimental evidence for the existence 
of M-current in MVNns, we term this slow K-current lk(slow). 
Rather slow kinetics of IK(slow) were required to replicate the ob- 
served duration of Na+-dependent plateau potentials and the rela- 
tionship between intrasomatically injected current and firing fre- 
quency. 

SLOWLY RELAXING MIXED SODIUM-POTASSIUM CONDUCTANCE 
THAT ACTIVATES AT HYPERPOLARIZED MEMBRANE POTENTIALS 
(gH). Both types of MVNns showed a sag during injection of 
hyperpolarizing current pulses. This anomalous rectification is 
generated by a current that is often termed inward rectifier or lH. 
In cat cortical neurons this current is carried by Na+ and K+, has a 
reversal potential of about -50 mV, is half activated between -90 
and -80 mV, relaxes with a time constant of about 40 ms at 35°C 
and is independent of voltage in the range -60 to - 110 mV (Spain 
et al. 1987 ). In cerebellar Purkinje cells a similar current activates 
at potentials more negative than -65 mV, reverses between -56 
and -45 mV, and has a relaxation time constant between 52 and 

TABLE 2. Density and distribution of ionic conductances 
jbr type A and type B models 

Proximal 
Soma Dendrites Distal Dendrites 

A B A B A B 

GNa 20172 43000 6667 2880 0 0 
G -Nap 33 23.6 32.2 38 0 0 
GH 110 66 110 66 0 0 
G -A K(fast) 24073 0 6480 0 2430 0 
G -B -K(fast) 0 37530 0 2572 0 640 
G -AHP 2167 2716 0 0 0 0 
G -K( slow) 298 519 240 406 0 0 
G -A 1829 755 427 0 0 0 
G -Ca(HVA) 1110 2385 800 1417 350 350 
G -Ca(LVA) 0 166 0 651 0 50 
G -Na(leak) 30.2 37.8 0.88 0.7 0.88 0.7 1 
G -Ca( leak) 1.33 1.66 0.06 0.065 0 0 
G -Cl(leak) 59.6 74.6 1.25 1 1.25 1 
G K(leak) 132.8 166 4.6 3.69 4.6 3.68 

For abbreviations, units and explanation 
conductance per membrane area (pScmw2). 

see text. G i ndicates maximal 

86 ms at 35OC (Crepe1 and Penit-Soria 1986). The anomalous 
rectification in type A and B MVNns was eliminated by Cs+ 
(Crepe1 and Penit-Soria 1986: Serafin et al. 199 1 b; Spain et al. 
1987;). Our gu had a single activation gate, half activation at -90 
mV and a voltage-independent time constant of 50 ms. The rever- 
sal potential was set to -46 mV by separating gH into two compo- 
nents permeable for Na+ (gH,Na) and K+ (gu,k), respectively. 

HIGH-VOLTAGE ACTIVATED CALCIUM CONDUCTANCE (gcatHVAJ). 
We used a high-threshold, inactivating Ca2+ conductance, based 
on the experimental work of Kay and Wong ( 1987) and the model 
of the hippocampal pyramidal cell of Traub et al. ( 199 I). Our 
steady-state activation closely resembled that of Traub et al., how- 
ever we used a different time-dependence of activation. To ac- 
count for the fact that the experimental data of Kay and Wong 
were obtained at room temperature, our time-dependence of acti- 
vation for potentials between -30 mV and + 10 mV varied less 
with voltage compared with the model used by Traub et al. 
(1991). 

LOW-VOLTAGE ACTIVATED CALCIUM CONDUCTANCE (gcatLVAJ). 
The burst responses of type B MVNns are reminiscent of those 
described in thalamic or cerebellar nuclei neurons (Jahnsen and 
Llinas 1984a,b; Llinas and Miihlethaler 1988a,b; Serafin et al. 
1990). The kinetics of the low threshold Ca2+-conductance in the 
model is based on the experimental work of Coulter et al. ( 1989) 
and the model constructed from this data (Wang et al. 199 1). We 
scaled the rate functions from room temperature to 32°C using a 
Qlo of 3.3 and 2.5 for the rate functions describing activation and 
inactivation (Coulter et al. 1989). 

Density and distribution of ionic conductames 

We explored different soma-dendritic distributions of ionic 
conductance densities together with fine-tuning of the rate func- 
tions. For each conductance the density was the same in all com- 
partments of the proximal dendrites and all compartments of the 
distal dendrites. All simulations illustrated in the RESULTS section 
were obtained with a single set of parameters for the type A MVNn 
model (Table 2). For type B MVNns the three sets of parameters 
used were the following: the first defining a standard type B 
MVNn (Table 2), the second defining a type B MVNn, which 
could generate low-threshold Ca2+ spikes ( B+LTS, Table 3 ), and 
a third, which was capable of generating Na+ plateau potentials 
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TABLE 3. Density and distribution of ionic conductances for 
type B + LTS and type B + NAP models. Only parameters that 
are d$erent from those in the standard type B model are shown. 

Proximal Distal 
Soma Dendrites Dendrites 

B+LTS B+Nap B+LTS B+Nap B+LTS B+Nap 

GNap 59.4 86.3 
G -KW-W 1921 
G Ca( LVA) 1607 

For abbreviations, units and explanation see text. 

(B+NAP, Table 3). This reflects also the inhomogeneity of type B 
neurons described by Serafin et al. ( 199 la,b). The type B+LTS 
model had a higher value of gCa(LvA) whereas the type B+NAP 
model had a higher value of gNap and a lower value of gk(AnP) than 
the standard type B model (Table 3). 

In the following we explain our choices for the distribution and 
density of active conductances. 

- 
g,,. The value of gNa, 

dV 
was constrained by - during the upstroke 

dt 
of action potentials and by their width. In several types of neurons 
it has been described that dendrites can generate sodium action 
potentials (Lacaille et al. 1987; Matsukawa and Prince 1984; 
Stuart and Sakmann 1994; Traub et al. 199 1; Wong et al. 1979). 
Therefore, and in analogy to the model of a hippocampal CA3 
pyramidal cell by Traub et al., we included a small amount of & 
in the proximal dendrites. Our values for gNa are comparable with 
those reported in isolated hippocampal cells (Sah et al. 1988). 

gNap. Comparison of persistent Na+ currents recorded in slice 
with those measured in dissociated neurons (French et al. 1990) 
revealed that gNap is expressed mainly in the somatic membrane 
and in the proximal dendritic membrane. The value of&,, was in 
the range of 10 nS, consistent with the values reported by French 
( 1990) and by Stafstrom et al. ( 1985 ) and was adjusted in the type 
B+NAP model to obtain plateaus as observed in a subpopulation 
of type B MVNns (Serafin et al. 199 la,b). 
- 

gK ( fast) *  The values of gKcfast) were constrained by the width of the 
action potentials and by the shape of the AHPs. A relatively high 
gKcfast) was required in the distal dendrites of our type A model to 
suppress a third phase during repolarization due to longitudinal 
currents. In the type B model gKcfast) was smaller in the dendrites, 
resulting in a afterdepolarization due to longitudinal currents. 
- 
gK( AHP) - The density of this conductance was adjusted to replicate 
the second phase of spike AHP in type B neurons and the fre- 
quency accommodation observed during injection of long-lasting 
depolarizing currents. A relatively high value for &(AnP) was re- 
quired to obtain appropriate frequency accommodation at the 
beginning of a spike train. This conductance was incorporated 
only in the somatic membrane as suggested by indirect experimen- 
tal evidence obtained in hippocampal pyramidal cells (Knopfel 
and Gahwiler, 1992). 

OK. In type A MVNns, &(A) seems to be significant for a sec- 
ond phase of spike repolarization and for the lag in response to 
depolarizing current pulses superimposed on hyperpolarizing bias 
current. The value of &(A) in the type A model was chosen to 
reproduce this behavior; a smaller &(A) was included in the type B 
model. 
- 

gK( slow) - 

ported 
The value of &( slow) was adjusted to reproduce the 

relationship between th e amplitude of intrasomatically 
re- 
m- 

and to support termination of Na+ plateau potentials in the type 
B+NAP model. 

gH. The conductance of gH was distributed evenly on the soma 
and the proximal dendrites. The inward rectification seems to be 
more pronounced in the type A MVNns than in type B MVNns. 
We accounted for this. 

gCa(HVA)* Imaging of depolarization induced elevations in intra- 
cellular calcium concentration revealed that high-voltage acti- 
vated calcium channels are expressed in the soma as well as in the 
dendrites of neurons of the deep cerebellar nuclei cells (Muri et al. 
1994). Since these neurons share many properties with MVNns 
we assumed that the same was true for MVNns and distributed 
&(nvA) on the somatic and dendritic membrane of our models. In 
the type B models the value of&(HvA) was higher than in the type 
A model, as deduced from the observation that Ca2+ spikes are 
more readily induced in type B MVNns than in type A MVNns in 
the presence of K+ channel blockers. 

gCa(LVA)* Type A MVNns did not exhibit low-threshold Ca2+ 
spikes in the experiments of Serafin et al. ( 199 1 a,b) . Therefore, we 
included this conductance only in the soma and in the proximal 
dendrites of the type B models. 

NMDA-type glutamate receptors 
NMDA-type glutamate receptors gate a conductance that de- 

pends on voltage and extracellular magnesium concentration 
( [ Mg2+],). A multistate model for this conductance was described 
by Jahr and Stevens ( 1990). We implemented a variation of this 
model that involves a state variable with Hodgkin-Huxley like 
kinetics describing the voltage-dependent magnesium block of the 
channel (Ekeberg et al. 199 1) 

I =ENMDAXnX(V-ENMD~) NMDA 

CI!NMDA( V) = 3 X exp(0.035 X (V + 10)) 

P NMDA( V) = [ Mg2+], X exp( -0.035 X ( V + 10)) 

The reversal potential for NMDA currents, ENMpA, was set to 0 
mV, and [ Mg2+], was 2 mM. The time dependence of n is given by 
Eqs. 3, 4, and 5. The steady-state value of n is of the same form as 
given by Jahr and Stevens ( 1990). To compare the behavior of the 
model with experiments in which NMDA was applied to the bath, 
we incorporated NMDA-channels in the dendritic membrane (cf. 
Audinat et al. 1992) with a maximal conductance, eNMDA, of 2570 
pScmv2. 

Dynam its of intracellular calcium concentration 
The calcium-dependent conductance gk(AHP) had a critical influ- 

ence on the behavior of our model cells (see RESULTS). We, there- 
fore, decided on a relatively plausible modeling of the dynamics of 
intracellular calcium concentration. Calcium entering the cell was 
allowed to diffuse and to bind to calcium-binding proteins and 
was extruded by Ca-ATPase and a Na+/Ca2+-exchanger. We did 
not take into account uptake and release of calcium from intracel- 
lular organelles (Koch and Segev 1989; Lytton and Sejnowski 
199 1; Sala and Hernandez-Cruz 1990). 

Diffusion in the soma and proximal dendrites was modeled as 
radial diffusion (Yamada et al. 1989). The volume of the soma 
was divided into 2 1 shells of equal volume. The submembraneous 
shell was further divided into five thin shells of the equal volume 
and about 0.05 pm thickness. For the proximal dendrites, we used 
five thin submembraneous shells, each 0.05 ,rcrn thick, and a core 
volume. In the distal dendrites the whole volume of the compart- 
ment was used to compute the calcium concentration. We used 
the value D = 6 X 10e9 cm2 ms-’ for the radial diffusion constant 
of calcium ( Hodgkin and Keynes 1957). Longitudinal diffusion 
was not taken into account. jetted current and instantaneous frequency (Serafin et al. 199 1 a) 
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TABLE 4. Parameters usedfor modeling dynamics of intracellular calcium concentration 

Soma Proximal Dendrites Distal Dendrites 

A B A B A B 

Kex 3.3 x lo-l3 1.32 x lo-l2 3.21 x lo-l3 2.14 x lo-l2 4.85 x lo-l3 3.2 x lo-l2 
K ATPase 2.65 x 1O-9 3.97 x 1o-9 6.43 x 10-l’ 1.6 x 1O-9 9.6 x 10-l’ 1.55 x lo-lo 
PI 0.025 0.025 0.025 0.025 0.025 0.025 

For abbreviations, units and explanation see text. 

The action of intracellular calcium binding proteins (buffers) 
was explicitly taken into account. We assumed the buffers to be 
fixed and not diffusible (Sala and Hernandez-Cruz 1990; Yamada 
et al. 1989). They were equally distributed in the volume of the 
soma and dendrites at a concentration of 25 PM. The buffer was 
assumed to have one binding site. Binding and unbinding was 
calculated according to the following scheme 

[ Ca2’]i[ B] * [ Ca2+B] 
b 

(10) 

with f= 30 mM-’ ms-’ and b = O.O3ms-’ (Sala and Hernandez- 
Cruz 1990). This corresponds to a binding constant (K,) of 1 PM. 

The description of the Na+/Ca2+-exchanger used is based on 
studies of cardiac cells (Kimura et al. 1987; Mullins 1984). The 
exchanger was assumed to react instantaneously on changes in 
intracellular calcium. The resulting calcium flux, jNa+,ca2+ex, was 
calculated according to 

La +/ca2+ex = -k,,([Na13[Ca2’l,exP(E,~) 

- [Na]i[Ca2+]iexp(-E2V)) (11) 

The concentration of extracellular calcium, [ Ca2+],, was 2 
mM, extracellular and intracellular sodium concentration, 
[Na+],and[Na+]i,were152and7.6mM,E,was0.01315andE, 
was 0.0255. 

The Ca2+-ATPase had much slower kinetics than the Na+/ 
Ca2+-exchanger. In variance to other models we have introduced 
a binding site for calcium. The calcium flux generated by the 
Ca 2+ -ATPase, jATPase , was calculated according to 

JATPase = k ATPasen (12) 

ti = f[Ca2’]i( 1 - n) - bn (1-u 

The state variable fz denotes the fraction of occupied binding 
sites. The rate constants f  and b were 100 mM-’ ms-’ and 0.005 

-‘, respectively. The steady-state value ofjATPase is (Lytton and 
$inowski 199 1) 

JATPase = k 
[ Ca2+]i 

ATPase [Ca2+]i + (b/f) (14) 

The noninstantaneous interaction of calcium with the binding 
site of the Ca2+ -ATPase seems to be plausible and avoids the nu- 
merical problems introduced by the nonlinearity of [Ca2+li in 
expression Ey. 14. 

The membrane currents generated by the Ca2’-ATPase and the 
Na+/Ca2+ -exchanger contributed only to concentration changes. 
The electrical current caused by these two extrusion mechanisms, 
was neglected. 

The concentration of calcium binding proteins, the capacity of 
extrusion mechanisms together with our value of the calcium leak 
were constrained by an assumed resting calcium concentration of 
50 to 80 nM and by assuming that less than 5% of the total intra- 
cellular calcium was unbound at resting [Ca2’li (Neher and Au- 
gustine 1992). These parameters are summarized in Table 4. 

Calculation of membrane voltage 

The dynamics of the membrane voltage in compartment k, Vk, 
is given by the discretized cable equation 

kdVk 
c dt=- c con 

ion=Na+,Ca2+,K+,Cl- 

- c ( Vk - V1)/pk'l - Ifyn - rtx, (15) 
j next to k 

Here ck is the capacitance of compartment k and the right-hand 
side represents all currents entering compartment k. These are 
synaptic currents (I&J, currents injected through an electrode 
( lExp), currents flowing from neighboring compartments, 1, with 
voltage V’ along the longitudinal resistance pk7’ and the ionic 
currents flowing through the membrane of the compartment 
which are 

IkNa+ = (gka(leak) + Kka + g:ap + g&Na)( vk - ENa+) (16) 

Ika2+ = (gka(leak) + g?Ia(LVA) + gEa(HVA) )( vk - E(7a2+) (17) 

IkK+ = (gkK(leak) + !?k(fast) + gk(slow) + gk(AHP) 

+ &,A, + &,K)( Vk - EK+) WV 

I$- = (G$(leak))( vk - ECl-) (19) 

The reversal potentials for Na+ ( ENa+ ) , Ca2+ ( Ecaz+), K + ( EK+ ) 
and Cl- (EC*-) were 50, 80, -82, and -7OmV, respectively. gH,Na 
and gn,k are the components of &.i carried by Na+ and K+. 

Numerical methods 

The models were implemented on a simulator running under 
UNIX, having a X-window based user interface that will be de- 
scribed in detail elsewhere. Briefly, the integration routine uses a 
predictor-corrector algorithm with variable time steps, which is 
second-order accurate in time and space, consisting of an explicit 
predictor and an implicit corrector loop. (Cooley and Dodge 
1966; Yamada et al. 1989 ) . Simulations were performed on Sun 
Spare workstations. About 30,000 simulations were run to find 
the parameters of these models. The time that is needed for a 
simulation of 1 s of activity in the models depends on the accuracy 
of the simulation and activity in the cell. The simulator needed 
about 14 s on a Spare 10 for integrating 25 action potentials in the 
MVNn models. The maximal time step used was 250 ps; during 
an action potential the step size was reduced to 2 ps. 

RESULTS 

In a recent series of papers two main types of neurons in 
the guinea-pig medial vestibular nuclei (Serafin et al. 1990, 
199 1 a,b, 1992) were described and termed type A MVNns 
and type B MVNns. For ease of comparison of our models 
with the electrophysiological recordings most of our illus- 
trations directly refer to figures in Serafin et al. ( 199 la,b). 

Figure 2 (cf. Fig. 2 in Serafin et al. 199 1 a) shows the basic 
properties of the MVNn models as observed in current 
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FIG. 2. Basic firing properties of type A and type B 
MVNn models. A I and BI : spontaneous generation of action 
potentials in the type A (A I) and type B (BI) models. A2 and 
B2: action potentials induced by depolarizing current pulses 
(0.09 nA) superimposed on small negative bias currents 
(-0.04 nA in A2 and -0.16 nA in B2) in the type A (A2) and 

20mV type B (B2) models. C and D: superposition of action poten- 
tials and spike afterhyperpolarization (AHP) in the type A 
(A) and type B (B) models. Note the broader action potential 

0.1 nA in type A as compared with the type B model, the large mono- 
phasic AHP in the type A cell and the biphasic AHP in the 
type B cell (Fig. 2 cf. Serafin et al. 199 la). 
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clamp experiments. The type A MVNn and the type B 
MVNn model exhibited a resting activity which amounted 
to N 13 and ~23 spikes/s, respectively (Fig. 2, A 2 and BI ). 
Type A MVNns and type B MVNns have been differen- 
tiated according to their width of action potentials and their 
spike AHP ( Serafin et al. 199 1 a,b). Action potentials of our 
type A MVN model had a width of ~0.49 ms and were 
followed by a single sharp AHP with two phases during 
repolarization (Fig. 2, Al, A2, C and D) while our type B 
model exhibited spikes with a width of ~0.28 ms and a 
biphasic AHP (Fig. 2, Bl, B2, Cand D). In this respect, our 
models faithfully reproduce the behavior of MVNns de- 
scribed by Serafin et al. ( 199 la,b). 

The different AHPs were achieved by two distinct fast 
potassium conductances. In the model of type A MVNn 
gAKcfastJ had a lower threshold for activation and slower ki- 
netics than g&,, in the type B model. To achieve a large 
dV / dt value during the rising phase of the spike in the type 
B model, it was necessary to use a higher density of the 
sodium conductance gNa than in the type A model. In addi- 
tion, the higher threshold for activation of g& fast, favored a 
large upstroke velocity. COnVerSely, a lower density of gN, 
in the type A model and the lower threshold of gfttfastJ re- 
sulted in broader action potentials in the type A model. 
With the exception of the fast potassium conductances all 
other conductances had the same kinetics in both models. 
Based on our modeling work, we were able to make the 
prediction that the two types of cells have different mecha- 
nisms causing repolarization of the cell after an action po- 
tential. It might, however, be possible that all the other con- 
ductances have similar kinetics in both types of cells, since 
the different behavior of type A and type B cells could be 
reduced to differences in the distributions of the conduc- 
tances and in the morphology. 

how the various membrane potential respo nses emerge 
from the interplay of the different mem brane currents. 

Membrane currents 
in the type A model 

during electrical activity 

Figure 3 shows currents flowing through the somatic 
membrane and between soma and dendrites together with 
the time course of submembraneous calcium concentration 
during generation of an action potential. The conductances 
can be grouped into three classes, according to the magni- 
tude of current they produce during action-potential firing. 

As can be seen in Fig. 3, the sharp single-spike AHP of 
type A MVNns is mainly due to the activation of g&fastJ. 
The considerable contribution of the longitudinal current, 
I (low) 7 shows that it is important to include also the morpho- 
logical structure of the cells. This current tends to slow 
down the depolarization during an action potential and to 
depolarize the somatic membrane during the repolarization 
phase, if the action potential is generated in the soma. 
Currents with a medium magnitude (Fig. 3C) include the 
current generated by gKtAJ. The inactivation ofgKtA) is par- 
tially removed during the deep AHP resulting in the genera- 
tion of a second phase during the repolarization from 
the AHP. 

The onset of IKcAHPJ is delayed with respect to the onset of 
the action potential. The reason for this is a delayed rise in 
the intracellular calcium concentration (Fig. 3 A) caused by 
activation of the high-voltage activated calcium current 
gcacHVAJ. Only small currents are generated by gk(slow), gNap 
and g,. The tonic component in the activation of the per: 
sistent sodium conductance is responsible for the spontane- 
ous activity of this model cell. 

The action of gH is more clearly revealed with hyperpo- 
In the following, the behavioral features of our model larizing current pulses injected into the soma of the model 

cells will be described in more detail, and it will be discussed cell (Fig. 4, A and B). Under this condition gH generates an 
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FIG. 3. Active membrane currents flowing through the somatic mem- 
brane and between the soma and the dendrites and dynamics of submem- 
braneous calcium concentration during generation of an action potential 
in the type A model. A: membrane potential (I/m) and submembraneous 
calcium concentration ( [ Ca2’li). B: currents generated by gKtfastj (&& 
gNa ( INa), and current flowing between soma and dendrites (&J. C: 
currents generated by gK(A) (IK(A)), gK(AHP) (IK(AHP)), and &a(HVA) 

(IC~(HVA))- II: currents generated bY gK(slow) ( zK(slow)) 7 8H (I,) 7 and gNap 

(IN,,). Note that scaling of currents is different in B, C, and D. 

inward rectification that is small at the beginning of the 
hyperpolarization and reaches its maximum after about 
250 ms (cf. Fig. 8 in Serafin et al. 199 la). Suprathreshold 
depolarizing current pulses superimposed on a hyperpolar- 
izing bias current reveal the action ofgKtAJ (Fig. 4C). With 
this protocol, induction of action-potential firing is delayed 
due to the transient outward current produced by gKcAJ (cf. 
Fig. 3 D in Serafin et al. 199 la). Following depolarization 
from a more hyperpolarized membrane potential, both gH 
and gkcAJ are transiently activated. In the example illus- 
trated in Fig. 4 D (cf. Fig. 3B in Serafin et al. 199 la) the 
activity of gKtAJ overcomes that of g, resulting in a delay 
before generation of the next action potential (see arrow in 
Fig. 40). 

The frequency of action-potential firing, as a function of 
the strength of current injected into the soma, is a global 
indicator for the input-output relationship of a neuron. 
Due to different time-dependent processes, the instanta- 
neous frequency (given by the inverse of the interspike in- 
terval) is different for the first, second, and last interspike 
interval of a spike train induced by a long-lasting depolariz- 
ing current pulse. Figure 5 shows the current-frequency plot 

(FI-plot) obtained with the type A model. This plot closely 
resembles that shown in the electrophysiological study of 
Serafin et al. (cf. Fig. 9, 199 1 a). The conductance produc- 
ing the frequency accommodation at the beginning of a 
spike train is gKcAHP) in both models. Since gKcAHP) is cal- 
cium-dependent, the FI-relationship is strongly influenced 
by the dynamics of the intracellular calcium concentration. 
In the type A model the instantaneous frequency of the 
second interval is faster than that of the first interval for 
currents exceeding 0.5 nA. This is caused by a considerable 
activation of gKcAHP) following the first spike. The spike 
amplitude decreases during the first 5 spikes, which results 
in a reduced influx of calcium and, consequently, a reduced 
activation of gKtAHPJ. A similar decrease of the spike ampli- 
tudes at the beginning of a depolarizing current injection 
was also reported in the electrophysiological experiments 
(cf. Fig. 9, Al and A2 in Serafin et al. 199 la). Frequency 
accomodation is supported by an accumulation of intracel- 
lular calcium that causes an additional activation of 
gk(AHP). Notably, deactivation of gk(AHP) is slowed down 
during periods of elevated calcium levels between the ac- 
tion potentials. The gradual build-up of gk(slOw) signifi- 
cantly contributes to the frequency accommodation at a 
later phase of a spike train. The contribution ofgKcA) during 
the first intervals is small in this experimental protocol, 
since the cell was not depolarized from a hyperpolarized 
potential. 

Membrane currents during electrical activity 
in the type B model 

Figure 6 shows all active somatic membrane currents to- 
gether with the time course of submembraneous calcium 
concentration during spontaneous generation of an action 
potential in the type B model. In contrast to the single sharp 
spike AHP observed in type A MVNns, type B MVNns 
exhibited a two-component spike AHP, which in our mod- 
els was generated by the interplay of currents generated by 

B 
gK( fast) 7 &( AHP) and currents flowing between the cell body 
and the dendrites. The first component of spike AHP is 
mainly generated by gEcfast), while the second component 
results from the action of gk(AHP). The latter conductance 
activates only after repolarization of the action potential, 
since the submembraneous calcium concentration is de- 
layed compared to the voltage. The depolarizing compo- 
nent between these two hyperpolarizing potentials depends 
on the dendritic cable structure of the model. Several prop- 
erties of the different conductances are required to get this 
characteristic shape of the AHP. As mentioned above, the 
fast potassium conductance must deactivate very fast near 
the resting membrane potential, but develops its full power 
during the repolarization phase. A very fast repolarization 
of the spike is needed to induce a large potential gradient 
between the soma and the proximal dendrites (Storm et al. 
1987 ) . Due to this gradient, depolarizing currents will flow 
into the soma until the gradient vanishes. The tail of this 
compensatory current causes the small afterdepolarization 
between the two AHPs. 

The influx of calcium is caused by the high-voltage acti- 
vated conductance gCa(HvA). Almost no current flows 
through the &a( LVA) conductance, due to the inactivation of 
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this conductance at potentials near the resting membrane 
potential. The amount of calcium flowing into the cell dur- 
ing an action potential is about the same as in the type A 
model, despite the more than two times higher maximal 
conductance of gca(HvAJ in the type B model. The broader 
action potential of the type A cell allows for a higher activa- 
tion of this conductance and hence a smaller maximal con- 
ductance is needed. 

The other conductances generate only small currents 
during an action potential. However, these conductances 
have a significant influence on the active membrane proper- 
ties at a slower time scale as it is expressed in the FI-plot (see 
below). Thus, as in the type A model, gNap supports sponta- 
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FIG. 5. Relationship between firing frequency and injected current in 
the type A model. The instantaneous firing frequency was determined as 
the inverse of the first (o), second (o), and last (A) interspike interval of a 
spike train induced by long lasting (2 1.2 s) depolarizing current pulses, 
superimposed on a small negative holding current ( -0.05 nA). Note, that 
for large currents, the second interspike interval is shorter than the first 
one. 
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FIG. 4. Action of g, and gKcAI in the type A 
model. A : intrasomatic injection of hyperpolarizing 
current pulses ( -0.1 to -0.6 nA) reveals slowly devel- 
oping inward rectification due to activation ofg,. B: 
current-voltage relationship measured at times as in- 
dicated in A (A and o: shortly and about 500 ms after 
onset of hyperpolarizing current pulse, see arrows). 
C: action potential firing induced by a depolarizing 
current pulse superimposed on a hyperpolarizing 
bias current ( -0.17 nA). D: transient depression of 
action-potential firing during a hyperpolarizing 
current pulse (bias current 0.05 nA). The arrow in C 
and D indicates a notch preceding onset of action- 
potential firing due to the activity of gKtA). 

neous activity in the type B model. The slow potassium 
conductance builds up during long-lasting depolarizing 
current injections. During spontaneous activity it regulates 
the activity of the cell opposing the action of the persistent 
sodium conductance. In the type B model gA does not reach 
values as high as in the type A model. As a consequence, the 
type B model does not exhibit a significant delay before 
generation of an action potential after a long lasting hyper- 
polarization as it is seen in the type A model (cf. Fig. 4C). 

Interestingly, the morphology had a marked influence on 
the shape of the AHP. This can be demonstrated by varying 
the number of dendrites (Fig. 7). With a reduced number 
of dendrites the amplitude of the spike and AHP increases 
due to the decreasing longitudinal currents flowing between 
the soma and dendrites. With no dendrites there is a mono- 
phasic AHP. 

The significance of gKtAHPJ for the second component of 
the AHP can be clearly seen when gKtAHPJ is set to 20 per- 
cent of its standard value (Fig. 8). The resulting voltage 
trace closely resembles that obtained when gKtAHPJ was 
blocked by apamin in type B MVNns (de Waele et al. 
1993). 

Finally, our model of type B MVNns faithfully repro- 
duces the described FI-plot (cf. Fig. 9 in Serafin et al. 
199 la). The instantaneous frequency in the first interval is 
dominated by the action ofgK(AHPJ and to a lesser extent by 
gKtAJ. Following the first few spikes of a spike train, build- 
up of the slow potassium conductance causes a significant 
contribution to the frequency accommodation. With in- 
creasing amplitudes of the injected current, the second 
AHP disappears, strongly increasing the instantaneous fre- 
quency. This leads to a secondary range in the FI-plot for 
the first interval. Contrary to the type A MVNns, the instan- 
taneous frequency decreases monotonically with time. In 
the experiments, as well as in the models, no decrease in the 
amplitudes of the action potentials is seen (Fig. 9, BI and 
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FIG. 6. Currents and dynamics of submembraneous calcium concen- 
tration during generation of an action potential in the type B model. A : 
membrane potential (V,) and submembraneous calcium concentration 
([ Ca2+li). B: currents generated by gKtfastJ ( IK(fastj), 13~~ ( INa), and current 
flowing between soma and dendrites ( Ilong). C: currents generated by 

~K(AHP) (IK(AHP)) and &~(HVA) (I~z~(HVA))- D: cuflents generated bY S?K(S~OW) 

UK(Sh) >y gH (‘Hh &(LVA) (I,,(LVA)), gK(A) (IK(A)h and c!?Nap tlNap). Note 

that scaling of currents is different in B, C, and D. 

82, cf. Serafin et al. 199 la), and hence the influx of cal- 
cium is about the same during every action potential. 

Type B MVNns exhibiting low-voltage activated 
spike bursts 

A subpopulation of MVNns has been described to ex- 
hibit low-voltage activated (LVA) spike bursts (Serafin et 
al. 1990, 199 la). In our standard type B model the density 
of&i(LVA) was too low to actively generate LVA bursts, 
which were, however, seen when increasing the density of 
&(LvA). Figure 10 shows LVA bursts in our type B+LTS 
model. This higher value of &(LvA) did not significantly 
affect the shape of the action potential or the spike AHP, 
but the frequency was slightly increased due to the addi- 
tional depolarizing Ca2+ currents in the proximal dendrites 
( not illustrated). 

Type B MVNns exhibiting Na+-dependent 
plateau responses 

Another portion of MVNns was able to produce Na+-de- 
pendent plateau responses (Serafin et al. 199 la,b). Again, 
our standard type B model did not actively generate these 
plateau responses. Thev could, however, be reproduced 
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FIG. 7. Effects of varying the number of dendrites in the type B model. 
Somatic voltage traces from left to right show spontaneous action poten- 
tials and AHPs with 5,4, 3, 2, 1, or 0 dendrites attached to the cell body of 
the type B model. 

when increasing &, and slightly decreasing &HP). Figure 
11 shows the Na+-dependent plateau responses in our type 
B+NAP model (Serafin et al. 199 la). 

Rhythmic burst firing 

Two experimental protocols have been reported that can 
bring about rhythmic burst firing in type B MVNns. The 
first experimental paradigm involves activation of NMDA- 
type of glutamate receptors (Serafin et al. 1992). The sec- 
ond condition under which membrane potential oscilla- 
tions emerge is the application of apamin (de Waele et al. 
1993 ) , which blocks gk(AHP). Both processes are potentially 
of functional significance, because NMDA receptors as well 
as the Ca2’ -activated potassium conductance gk(AHP) are 
dynamically controlled by neurotransmitters. A small hy- 
perpolarizing current needed to induce the rhythmic burst 
firing in both experimental situations (de Waele et al. 1993; 
Serafin et al. 1992) could be provided by synaptic inputs. 

These electrophysiological observations were not used to 
constrain the parameters of the models and could, there- 
fore, be used to validate their predictive utility. The behav- 
ior of the standard type B model, under the experimental 
protocols described above, is shown in Figs. 12 and 13. The 

‘standard 

FIG. 8. Effect of lowering &(AHP) in the type B model. The two super- 
imposed traces were obtained with the standard type B model (standard) 
and with the same parameters except for &(AHP) set to 20% of its standard 
va1ue coa2 gK(AHP) ). Note the depression ofthe second AHP with depres- 
%On Or gK(AHP)* 
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FIG. 9. Relationship between firing frequency and injected current in 
the type B model. The instantaneous firing frequency was determined as 
the inverse of the first ( 0), second (o), and last (A) interspike interval of a 
spike train induced by long lasting (2 1.2 s) depolarizing current pulses 
superimposed on a small negative holding current (-0.12 nA). 

standard type B model exhibits a regular firing pattern, and 
with injection of hyperpolarizing currents of increasing am- 
plitudes the firing frequency decreases until firing termi- 
nates. Thus, as in the electrophysiological recordings (de 
Waele et al. 1993; Serafin et al. 1992) hyperpolarizing 
current injections fail to induce bursts under control condi- 
tions. 

However, with a steady activation of NMDA-receptors in 
the proximal dendrites the model exhibited a rhythmic 
burst firing with inter-burst intervals that strongly de- 
pended on the amount of hyperpolarizing current injected 
into the cell. In the model the slow potassium conductance 
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FIG. 10. Low-voltage activated calcium spikes in the type B+LTS 
model. A: low-voltage activated calcium spikes induced by depolarizing 
current pulses superimposed on a negative bias current. B: generation of 
low-voltage activated calcium spikes following transient hyperpolariza- 
tion. Holding current was -0.5 nA in A and -0.16 nA in B. 

A 

---- 

I  

1OOms 

: 

I 20mV 

I 0.1 nA 

I 20mV 

1 0.5nA 

1 OOms 

FIG. 11. Plateau potentials generated by gNap in the type B+NAP 
model. A : long-lasting plateau responses evoked by short-lasting depolariz- 
ing current pulses superimposed on a -0.18 nA holding current. B: 
plateau responses induced by switching the holding current from -0.48 nA 
to -0.18 nA. 

gK(slOw~ accounts for the termination of a burst since its activ- 
ity builds up during a spike train until it is strong enough to 
terminate a burst. During the hyperpolarization phase, 
deactivation of gKtslowJ leads to a slow depolarization of the 
cell until a potential is reached at which the voltage-depen- 
dent NMDA channels activate sufficiently for induction of 
new burst. 

Figure 13 shows rhythmic bursting of the type B model 
with gK(AHP) set to zero a situation corresponding to the 
electrophysiological experiments with apamin (de Waele et 
al. 1993). Again, the burst frequency and duration de- 
creases with increasing hyperpolarizing current injection. 
The mechanism responsible for termination of the bursts is 
the same as in the NMDA experiment, while gNap, gH and 
,&a( LvA) contribute to the depolarization inducing a’ new 
burst. 

DISCUSSION 

In the present paper, we describe models of type A and 
type B MVNns in the guinea-pig. As the most stringent 
constraint for the adjustment of parameters we used the 
data provided by Serafin et al. ( 199 1 a,b). The properties of 
our models might therefore deviate from those described in 
neurons in vestibular nuclei other than the MVN or in 
other species. However, we expect that the present models 
can easily be modified to replicate the behavior of vestibu- 
lar neurons in other species or neurons of the deep cerebel- 
lar nuclei, which share many functional properties with 
MVNns. 

Our models faithfully reproduced the published electro- 
physiological behavior of these cells as described in current- 
clamp recordings. Properties of type B MVNns, which are 
not consistently seen in each neuron recorded (LVA bursts, 
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FIG. 12. Tonic activation of N-methyl-D-aspartate (NMDA) receptors 
causes rhythmic bursts of spiking activity in the standard type B model. A: 
regular firing in the absence of NMDA receptor activation. Injection of a 
step-wise incremented amount of hyperpolarizing current caused a reduc- 
tion of firing frequency but did not affect the regular firing pattern. B: with 
tonic activation of dendritic NMDA-receptors the model cell exhibited a 
rhythmic bursting activity during hyperpolarizing current injections 
(-0.28 nA). 

plateau responses), could be reproduced by changing the 
density of some ionic channels in the models. In addition, 
the predictive potency of these models was verified by dem- 
onstrating their ability to exhibit some properties (oscilla- 
tions induced by NMDA-receptor activation or depression 
of ZKCAHPj) that were not used to tune the parameters of the 
models. 

During the modeling work it turned out that for both 
models at least nine different conductances, each of which 
represents a functional class, are required to reproduce all 
the experimental observations. For instance, it is conceiv- 
able that gK(fast) is-with respect to its influence on the elec- 
trical behavior-represented on the molecular level by the 
combined action of a delayed rectifier and an 1,. The ki- 
netics of eight of the implemented conductances were equal 
in both models. Only the kinetics of the fast potassium con- 
ductance, gK(fast), had to be different in the two models to 
reproduce the different widths of action potentials and the 
different shape of spike AHP. With the exception of this 
conductance, only the distribution of the conductances and 
the morphological structure differ in the two models. In 
type A MVNns the fast potassium conductance generates a 
deep AHP that has interesting consequences for the integra- 
tive properties of the cell. Immediately after an action po- 
tential the membrane potential is much more negative than 
the threshold of the fast sodium conductance. This opposes 

high-frequency firing, as can be seen in the FI-plot. In addi- 
tion, the expression of an A-conductance causes a delay 
before firing the next action potential. These properties 
support a regular firing of the cells even with a fluctuating 
synaptic drive. 

On the contrary, the initial AHP component in type B 
MVNns is small and the fast potassium conductances in 
these cells seem to deactivate rather quickly. These proper- 
ties support firing at high frequencies. Immediately after an 
action potential the membrane potential settles to a value at 
which several small conductances are activated. This pro- 
vides a basis for modulation of the excitability of the cell. 
The most significant of these conductances is the AHP con- 
ductance, which is responsible for the second delayed AHP. 
In the FI-plot this conductance is responsible for the second- 
ary range in the instantaneous frequency related to the first 
interval. Blocking this conductance changes the excitability 
of the cell drastically and can induce oscillatory firing pat- 
terns. Notably, this conductance is modulated by neuro- 
transmitters in many cell types. 

These different intrinsic properties of type A and type B 
MVNs might correspond to the segregation of MVNns into 
tonic and phasic neurons (Shimazu and Precht 1965), with 
the excitability of the phasic neurons being under neuro- 
modulatory control. 

The ultimate goal of this work is to provide models of 
MVNns that can be incorporated into a network model of 
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FIG. 13. Rhythmic bursting activity caused by depression ofg,(,,,, in 
the standard type B model. With gKcAHP) set to zero the model cell exhib- 
ited burst firing during injection of hyperpolarizing current (A: -0.04 nA, 
B: -0.07 nA, and C: -0.098 nA). The time scale is the same in A and B. 
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the vestibulo-ocular reflex pathway. It is, therefore, impor- 
tant to know the specific function of type A and type B 
MVNns. The MVNns receive primary vestibular afferents 
from the horizontal canals and project to motoneurons in- 
nervating the extra-ocular muscle rectus lateralis (Precht 
1978). This suggests that at least a fraction of the MVNns 
mediate the horizontal VOR. Since activity of secondary 
vestibular neurons in the MVN can readily be recorded 
with extracellular microelectrodes, it is likely that they pro- 
vide a major fraction of neurons successfully impaled in the 
intracellular recordings of Serafin et al. ( 199 la,b). Unfor- 
tunately, we do not know how this fraction correlates with 
the population of type A and type B neurons but we hope 
that future experiments will answer this pertinent question. 
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