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Abstract Chemical lesions of the brain stem region containing glycinergic omnipause neurons (OPNs) cause saccade
slowing with no change in latency. To explore the mechanisms responsible for this deficit, simulation studies were
performed with a conductance-based model of premotor excitatory burst neurons (EBNs) that incorporated multiple
membrane channels, including the T-type calcium channel.
The peak speed of a normal saccade was determined by the
T- and NMDA currents in EBNs after the OPNs shut off.
After OPN lesions, the model made slow saccades, because
the EBN activity was lower than normal due to a reduced
T-current (caused by the loss of hyperpolarization), and a
reduced NMDA current (caused by a reduced glycine concentration around the receptors). Thus, we propose that two
biophysical mechanisms are responsible for saccade slowing
after OPN lesions: reduced T-current and reduced NMDA
current, both of which are caused by the loss of glycine from
OPNs.
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Introduction
Saccades are the fast eye movements that enable us to rapidly
redirect our line of sight (Leigh and Zee, 1999). Many studies have been devoted to understanding the neural circuit that
controls this class of eye movements (for a recent review, see
Scudder et al., 2002). The premotor burst neurons for saccade
generation (short or medium lead burst neurons, MLBNs)
have been identified. MLBNs, which consist of both excitatory and inhibitory burst neurons (EBNs and IBNs), are
distributed in the midbrain, pons and medulla (Hepp et al.,
1989; Scudder et al., 2002; Sparks, 2002). For example,
EBNs for horizontal saccades are in the pontine reticular
formation, projecting to ipsilateral abducens nucleus, and
IBNs for horizontal saccades are in the medullary reticular
formation, projecting to contralateral abducens nucleus
(Büttner-Ennever and Büttner, 1988; Hikosaka et al., 1980;
Scudder et al., 1988; Strassman et al., 1986a; Strassman et al.,
1986b). The activities of these MLBNs are closely related to
the duration and velocity of saccades (Keller, 1974; Scudder
et al., 1988; Strassman et al., 1986b; Van Gisbergen et al.,
1981). Thus, it is believed that the ipsilateral EBNs provide
the saccadic drive to the agonist muscle’s final common pathway, and the ipsilateral IBNs inhibit the antagonist muscle’s
premotor neurons on the contralateral side. The contralateral
EBNs are off throughout the saccade, because of inhibition
from the ipsilateral IBNs. The contralateral IBNs fire a
brief burst before saccade end, (Van Gisbergen et al., 1981)
and may play a role in stopping the saccade (Quaia et al.,
1999).
The system generating saccades also includes another
class of brain stem neurons, referred to as omnipause neurons
(OPNs), which are located in the pontine nucleus raphe interpositus, RIP (Büttner-Ennever et al., 1988). It has generally
assumed that OPNs inhibit MLBNs, acting as an inhibitory
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gate for the driving system of the saccades, based on the
following observations. In awake animals, OPNs have tonic
activity that ceases during saccades in any direction (Cohen
and Henn, 1972; Keller, 1974; Luschei and Fuchs, 1972).
Single unit recordings have also demonstrated that the pause
of OPNs, caused by a hyperpolarization of their membrane
potential, starts just before MLBNs begin firing (Keller,
1974; Yoshida et al., 1999). Anatomical findings demonstrated that OPNs project most densely to regions containing
EBNs and IBNs (Langer and Kaneko, 1990; Strassman et al.,
1987). Stimulation in the OPN region during saccades stops
movements of the eyes immediately (Keller and Edelman,
1994).
Kaneko (1996) and Soetedjo et al. (2002) demonstrated
that the peak velocity of saccades was decreased when
the RIP, which contains the OPNs, is damaged. This phenomenon can not be explained if the only function of the
OPNs is as an inhibitory gate system; they must also contribute, in some way, to the drive signal for saccade generation. The slow saccades suggest that the RIP lesion
makes the firing rate of the EBNs smaller, which would
result from a reduced outward membrane current in EBNs
during saccades. Thus, this experimental finding gives a
clue to the sources of the currents that form the activity of EBNs, which, in turn, determines the dynamics of
saccades.
Previous physiological findings showed that there is
a particular class of voltage-dependent calcium channels
that activate at a low membrane potential (Huguenard,
1996, 1998; Perez-Reyes, 2003), referred to as “lowvoltage-activated calcium channels” or, simply, T-type
calcium channels. This class of channel mediates a transient
calcium current, called the low-voltage-activated current,
low-threshold calcium current or T-current, in response to
a stepwise change in membrane potential from a hyperpolarized to a depolarized level (Huguenard, 1996, 1998;
Perez-Reyes, 2003). Under physiological conditions, the Tcurrent requires hyperpolarizing the membrane potential and
subsequently allowing synaptic input to activate it (Koch,
1999). Experiments with the techniques of electrophysiology and molecular physiology have discovered detailed
features of this class of channels (Perez-Reyes, 2003).
Furthermore, in previous theoretical studies, the T-current
in thalamic relay neurons (Huguenard and McCormick,
1992) and reticular neurons (Destexhe et al., 1994) has
been quantitatively modeled. These discoveries motivated
us to hypothesize that this current contributes to the activity
of EBNs. Prior to saccade generation the MLBNs are
inhibited by OPNs, and hence they would be hyperpolarized
before saccades. The release from this inhibition, with
subsequent synaptic inputs, would induce a significant
amount of T-current. An inactivation of OPNs would result
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in the absence of this hyperpolarization of EBN membrane
potential before saccades. At least, the membrane potential
before saccades is higher when the OPNs are inactivated
than when it is normal, leading to the prediction of a smaller
T-current under OPN inactivation. Thus, this current may be
a potential biophysical mechanism by which the saccades
are accelerated if OPNs are intact, but slowed if OPNs are
missing.
In a previous study (Miura and Optican, 2003), we constructed a detailed model of the saccade generator, including
the MLBNs. In that model, the MLBNs were implemented
as a nonlinear dynamical element, in which we assumed the
existence of two phenomenological factors: post-inhibitory
rebound depolarization (PIR) and a threshold for firing. With
these two factors, the experimental findings from RIP lesion
studies, i.e., saccade slowing without a change in latency,
were successfully reproduced. Unfortunately, the modeling
of the MLBNs in the previous study did not incorporate any
biophysical mechanisms for producing the PIR or setting the
threshold. Extending the model by incorporating details at
the level of membrane currents would enable predictions of
the effects of different receptor agonist and antagonist ligands. Thus, here we construct a conductance-based neuron
model of MLBNs that incorporates the T-current, as well
as standard synaptic channels that are commonly involved
in any neuron models. This membrane model was used for
the MLBNs in a simple, lumped saccade model to simulate
the dependence of saccadic waveforms on membrane conductance changes. Through simulation studies of saccades
generated with this model, we will show that the inclusion of
a T-current can successfully reproduce the saccade slowing
after OPN lesion/inactivation seen by Kaneko’s group
(Kaneko, 1996; Soetedjo et al., 2002). We also studied a
possible contribution of NMDA receptors to saccade slowing after OPN inactivation. The neurotransmitter of OPNs
is glycine (Horn et al., 1994), which has two major actions
in synapses. First, it is inhibitory at strychnine-sensitive
receptors, and second it is a positive neuromodulator, or
co-agonist, at NMDA receptors (Johnson and Ascher, 1987;
Thomson et al., 1989). Thus, the inactivation of OPNs may
reduce the concentration of glycine around both types of
receptors on EBNs. Reduction at the inhibitory receptor
would reduce the hyperpolarization of the EBNs before
saccades, and reduction at the NMDA co-agonist cite would
reduce the glutamatergic saccadic drive on EBNs. Thus,
the loss of the co-agonist could slow saccades by reducing
the effectiveness of the normal saccade drive. We will show
here the magnitude of this effect. Based on the present
results, we will discuss the importance of the biophysical
properties of MLBNs on the saccade slowing seen after
OPN lesion/inactivation, as well as on the generation of
saccades.
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Methods

h ∞ (V ) = 1/(1 + exp [(V + 80)/5])

Model design

τm (V ) = 0.44 + 0.15/(exp [(V + 27)/10])

We used a conductance-based, single-compartment model of
EBNs to examine the contributions of the biophysical properties of membrane channels to the generation of saccades
before and after OPN lesion. We started with the HodgkinHuxley equations for modeling the action potential. Four
other channels were added to model effects of excitatory and
inhibitory inputs. A T-type calcium channel was added to
model membrane rebound, a glycine channel to model OPN
inhibition, and non-NMDA and NMDA channels to model
excitatory inputs.
The conductance-based membrane model
for EBNs

+ exp [−(V + 102)/15])

(6)

(7)

τh (V ) = 22.7 + 0.27/(exp [(V + 48)/4])
+ exp [−(V + 407)/50])

(8)

where gT and ET (= 120 mV) denote the maximal conductance and the reversal potential of this channel, respectively.
The activation variable is m, and m∞ and τ m are its steady
state value and its time constant, respectively. The inactivation variable is h, and h∞ and τ h are its steady state value and
its time constant, respectively. The properties of this channel
are summarized in Fig. 1A, B and C.
Fast sodium and potassium currents

The equation used for describing the time evolution of the
membrane potential of a neuron is:
C

dV
= −I L − IT − I N a − I K − IGly − IGlu
dt

(1)

where V is the membrane potential of the EBN unit, C is
the membrane capacitance (set to 1 µF/cm2 ). IL , IT , INa , and
IK , denote the leak current, T-current, fast sodium current
and delayed rectifier potassium current, respectively. IGly and
IGlu are synaptic currents mediated by glycinergic and glutamatergic synapses. (Note that inward currents have a positive
sign.)

The action potentials were modeled using Hodgkin-Huxley
kinetics for the sodium current, INa , and the delayed rectifier current, IK . It is well known that the EBNs produce a
train of action potentials with unusually high frequency, i.e.
over 1 kHz, during saccades. Here, to simulate action potentials of EBNs during saccades, we scaled the kinetics of the
Hodgkin-Huxley model according to the modifications of
Enderle and Engelken (1995). In addition, we chose a recent
formalism for the kinetics of INa and IK that was used in a
model of hippocampal pyramidal cells by Traub et al. (1991).
The equations for INa are as follows:
I N a = g N a · m 2 · h · (V − E N a )

Leak current
The leak current is described in standard form as: I L =
gL (V − E L ), where gL (= 0.4 mS/cm2 ) and EL (= −70 mV)
denote the conductance and reversal potential of the leak
current, respectively.

(9)

dm
= ϕ · (αm · (1 − m) − βm · m)
dt

(10)

dh
= ϕ · (αh · (1 − h) − βh · h)
dt

(11)

T-current

αm (V ) =

0.32 × (−46.9 − V )
exp [(−46.9 − V )/4] − 1

(12)

For this current, we adopted the model that was used by
Destexhe et al. (1994). The current mediated by this channel,
IT , is described as follows:

βm (V ) =

0.28 × (V + 19.9)
exp [(V + 19.9)/5] − 1

(13)

IT = gT · m 2 · h · (V − E T )

(2)

1
dm
=−
(m − m ∞ (V ))
dt
τm (V )

(3)

1
dh
=−
(h − h ∞ (V ))
dt
τh (V )
m ∞ (V ) = 1/(1 + exp [−(V + 52)/7.4])

(4)
(5)

αh (V ) = 0.128 × exp [(−43 − V )/18]
βh (V ) =

4
1 + exp [(−20 − V )/5]

(14)
(15)

where gNa (= 120 mS/cm2 ), ENa (= 45 mV) and ϕ denote the
maximal conductance, the reversal potential of this channel
and a scaling constant, respectively; m and h are, respectively,
activation and inactivation variables of the sodium channel.
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Fig. 1 Channel properties of
the neuron model for EBN units.
A: steady state properties of
activation and inactivation
variables (m and h) of T-channel.
B and C: time constant as a
function of membrane potential
for the activation and
inactivation variables of
T-current. D: Relationships
between the firing rate and the
input current (F-I curves) for
different gains are shown. E and
F: the time constant of
activation and channel open
probability of non-NMDA
channel as a function of [Gluin ]
at α nonNMDA = 0.1. G and H: the
time constant of activation and
channel open probability of
NMDA channel as a function of
[Gluin ] at α NMDA0 =
0.05.
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Fig. 2 A block diagram of the
simulation system for the
generation of saccades. To avoid
clutter in the figure, details of
the OPN unit are omitted. s
denotes the Laplace variable. Tin
denotes the time constant for the
glutamate input to EBN unit. K
is a constant. See text for these
values. T1 is set to 5 ms. Lines to
EBNs with flat ending and with
arrows indicate inputs to the
glycine channel (i.e., inhibitory)
and to the glutamate channels
(i.e., excitatory), respectively.
See text for more details.
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α m (V) and β m (V) are the voltage-dependent forward and
backward rate variables for activation, and α h (V) and β h (V)
are those for inactivation. The equations for IK are:

5 ms did not change essential properties of saccade slowing
after OPN inactivation.)
Glutamatergic currents

I K = g K · n · (V − E K )

(16)

dn
= ϕ · (αn · (1 − n) − βn · n)
dt

(17)

0.016 × (−24.9 − V )
exp [(−24.9 − V )/5] − 1

(18)

αn (V ) =

βn (V ) = 0.25 × exp [(−40 − V )/40]

(19)

where gK (=10 mS/cm2 ) and EK (= −95 mV) denote the
maximal conductance and the reversal potential of this channel, respectively, and n is the activation variable of the potassium channel. α n (V) and β n (V) are the voltage-dependent
forward and backward rate variables for activation. To fit the
EBN firing rate, the kinetics of the sodium and potassium
currents are multiplied by 8 (i.e., ϕ was set to 8), so that the
model can generate action potentials at over 1 kHz. This implementation was necessary to examine the behaviors of the
T-current during the high frequency oscillation of membrane
potential during saccades (see also Discussion section). The
relationships between firing rate of the neurons (F) and injected tonic current (I), i.e., F-I curves, generated by these
equations are shown in Fig. 1D for reference.
Glycinergic current
It is known that inhibitory neurons that project to EBNs, i.e.,
OPNs and contralateral IBNs, use glycine as their neurotransmitter (Horn et al., 1994; Spencer et al., 1989). Therefore,
our EBN model includes a glycinergic inhibitory synaptic
channel. Previous studies have demonstrated that the glycine
receptors act in a rapid manner when near body temperature.
Specifically, a deactivation time constant in the range of
1.3–5.4 ms has been suggested (see discussion in Harty and
Manis, 1998). The current, IGly is defined as follows:
IGly = ggly · s · (V − E Gly )
ds
s
= αgly · Glyin · (1 − s) −
dt
τgly

(20)
(21)

where gGly (=1 mS/cm2 ), EGly (= −80 mV) and s denote the
maximal conductance, the reversal potential and the opening
probability of this channel, respectively, and α gly and τ gly
are constants. α gly was set to 5.0, so that the inhibition by the
OPN unit, whose design is described below, is immediate
and opens more than 90% of the channels. τ gly is the closing
time constant of this channel, which was set to 2 ms in the
simulations. (Note that changing the time constant from 1 to

Although the excitatory neurotransmitter used in the neural
circuit of the saccade generator is not known, it is reasonable to assume that it is glutamate, because the predominant
fast excitatory neurotransmitter of the vertebrate central nervous system is glutamate (Koch, 1999). There are two major subclasses of glutamate channel receptors, a rapid type
(non-NMDA receptors, e.g., AMPA receptors) and a slower
type (NMDA receptors), which usually co-exist (McBain
and Mayer, 1994). We incorporated both channel types in
our model, hence Iglu is defined as InonNMDA +INMDA . The kinetics of InonNMDA were essentially taken from the model of
the AMPA receptor in Tegnér et al. (2002).
InonNMDA = gnonNMDA · s · (V − E nonNMDA )

(22)

ds
s
= αnonNMDA · Glu in · (1 − s) −
dt
τnonNMDA

(23)

where gnonNMDA , EnonNMDA (=0 mV) and s denote the maximal conductance, the reversal potential and the opening probability of this channel, respectively; α nonNMDA and τ nonNMDA
(= 2 ms, which is taken from Tegnér et al. (2002 )) are
the activation rate and time constant of deactivation, Gluin
is the drive input to the MLBNs from upstream, which is
related to the motor error (in degrees, for details see below).
The activation rate, α nonNMDA , was set to 0.1 ms−1 deg−1 . For
reference, the activation time constant and channel opening
probability in steady state as a function of Gluin are shown
in Fig. 1E and F, respectively.
The kinetics of INMDA were modified from Tegnér et al.
(2002) with an added term describing the effect of glycine
concentration around the receptor. The equations are as
follows:
I NMDA = g NMDA · s · b Mg · bGly · (V − E NMDA )

(24)

ds0
s0
= α NMDA0 · Glu in · (1 − s0 ) −
dt
τ NMDA0

(25)

s
ds
= α NMDA · s0 · (1 − s) −
dt
τ NMDA

(26)

1
1 + [Mg 2+ ]e−0.062·V /3.57

(27)

dbGly
bGly
= αGly N · Gly NMDA · (1 − bGly ) −
dt
τGly N

(28)

b Mg =

where gNMDA , ENMDA (=0 mV), s and s0 denote the maximal
conductance, the reversal potential, the channel opening
probability and a synaptic variable proportional to the
Springer
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neurotransmitter concentration of the NMDA channel,
respectively. bMg represents the effect of the magnesium
block, where we assumed that [Mg2+ ] = 1 mM, as in Tegnér
et al. (2002 ). We set the constants α NMDA0 , τ NMDA0 , α NMDA ,
and τ NMDA to 0.0015 ms−1 deg−1 , 2 ms, 0.5 and 100 ms,
respectively. Except for α NMDA0 , the values were taken from
Tegnér et al. (2002). We set the value of α NMDA0 by assuming
the activation time constant was 30–40 times larger than that
of the non-NMDA channel, so that NMDA channels had a
relatively slower activation (Koch, 1999; McBain and Mayer,
1994). For reference, the activation time constant and channel opening probability at steady state as a function of Gluin
are shown in Fig. 1G and H, respectively. bGly is introduced
here to represent the binding rate of glycine to the receptor.
Glycine is also a co-agonist at NMDA channels (Johnson
and Ascher, 1987; Thomson et al., 1989). Here, we consider
the effect of a variable amount of glycine (supplied by the
OPNs) on NMDA channel currents. We modeled the time
course of this factor with first order kinetics. The value of
τ GlyN was determined as 200 ms, which falls in a realistic
range based on physiological findings (Johnson and Ascher,
1992) and a temperature correction (1 sec at room temperature, assuming Q10 of 2–3). α GlyN was set to 0.01. GlyNMDA
was defined as the sum of a constant, the scaled output of
OPNs (multiplied by 8.9), and the input from the inhibitory
part of the feedback controller. In our main simulations, the
constant was set to 0.1, and the output of OPNs was multiplied by 8.9, so that the binding rate of glycine is 0.17 when
the OPN unit is inactivated and is 0.95 when it is normal. The
choice of these values is uninformed by any behavioral or
physiological data. Here, we assume a large difference in the
binding rate of glycine associated with OPN conditions to
see the possible contribution of NMDA channels to saccade
slowing after OPN inactivation. To estimate the relative contribution of the reduced NMDA currents to saccade slowing
after OPN inactivation, we also simulated saccades without
an OPN contribution to the glycine concentration around the
receptors, in which the constant was set to 9.0, achieving a
constant glycine binding rate of 0.95 on its own.
The output from the neuron
The output from this neuron model is defined by
1/(1+exp(−(V+15))), which acts as a threshold to convert
the membrane voltage into a train of action potentials.
The simulation system for saccade generation
To simulate saccades with the conductance based neuron
model of MLBNs, we prepared a simple lumped system for
saccade generation. The primary purpose of this implementation was to examine whether the biophysical mechanisms
incorporated in the neuron model could be responsible
Springer

for the saccade slowing seen after OPN inactivation. The
details of the closed-loop system around the EBNs are not
of interest here. Therefore, we kept the saccade model as
simple as possible.
Premotor circuit and feedback controller
The simulation system involves two EBNs. Here, the same
neuron model above described is applied to both of them.
A feedback controller provides the input to the EBNs based
on the motor error. The EBN unit ipsilateral to the ongoing saccades receives a motor error related signal through
the glutamatergic synapses, i.e., non-NMDA and NMDA
channels. The feedback controller calculates a transformed
motor error φhr (êm ), where êm denotes the estimated motor
error that is defined by the desired eye displacement (ed )
minus the estimated eye displacement (see below), φ hr denotes a half-wave rectification function. Then the signal is
fed to the EBN unit through a low pass filter (time constant
of Tin ). For the EBN unit contralateral to the ongoing saccades, the input is calculated in the same way as that for the
ipsilateral EBN unit, but by replacing êm with−êm . The feedback controller also provides an inhibitory signal (choke) to
these EBNs through the glycine channel, which simulates
a putative inhibitory input from the contralateral IBN. The
inhibitory inputs are calculated based on the estimated motor
error. For EBNs ipsilateral and contralateral to the ongoing
saccades, the inputs are defined as φ hr (−êm ) and φhr (êm ),
respectively. One possible neural circuit that achieves this
feedback control, and its justification, will be described in
the Discussion section.
OPN unit
One OPN unit is included in this system, and it projects to
both EBNs. The OPN unit is defined like those of classical
models (Van Gisbergen et al., 1981). The state of the OPN
unit is defined by the sum of a constant bias (= 1), a brief
inhibitory trigger (20 ms inhibitory pulse = −2) starting
at the same time the drive input reaches the EBNs, and an
inhibitory latch signal. The magnitude of the latch signal
is defined as the sum of outputs of left and right EBNs
multiplied by 100, fed through a low pass filter (time constant
50 ms), so that the latch is effective if one of the two EBNs
has a firing rate of at least 100 Hz. The state was rectified with
the function φ hr and then this signal was fed to the glycine
channel on all EBNs. To simulate the RIP lesion/inactivation
condition, the output of the OPN unit was always zero.
Downstream pathway
The downstream pathway from the premotor input, i.e., the
neural integrator and extraocular muscles and tissues was
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lumped together with a gain element (K) that determines
the excursion of the eyes caused by one spike, an integrator
and a low pass filter with an uncompensated time constant
(T1 = 5 ms). This is a reduced description of the downstream pathway in Van Gisbergen’s model (Van Gisbergen
et al., 1981), involving a pulse-step parallel pathway (onezero system) to the oculomotor plant (two-pole system, with
one of the poles being compensated by the zero in the pulsestep pathways). The signal sent to this structure is defined
as E B Ni (t) − E B Nc (t), the difference between the outputs
of ipsilateral and contralateral EBNs. The same signal is fed
back, temporally integrated and multiplied by K, to estimate
the current displacement. This estimate of current displacement is used to calculate the estimate of dynamic motor error.
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we assume a first-order approximation (i.e., one time constant). The number of glutamate channels (non-NMDA and
NMDA) on EBNs also affects the temporal characteristics of
the synaptic current. Although these numbers are unknown,
we assume that only their ratio is important. We regarded
these two properties as parameters and examined whether
the temporal characteristics have an effect on the activity
of EBNs and resultant saccades before and after OPN inactivation. We used two parameters to adjust the temporal
characteristics of the synaptic drive current during saccades,
i.e., the time constant of the input to EBN units (Tin ) and the
maximal conductance of NMDA channel (gNMDA ). All simulations were performed with MATLAB and SIMULINK
(The Mathworks, Natick, MA), running on a PC/AT compatible computer.

Preliminary simulations
Results
The conductance values for the non-NMDA current
(gnonNMDA ) and the T-current (gT ) in the neuron model, and
the gain of the system (K), were adjusted so that the resulting saccades generated by the entire simulation system had
peak velocities similar to those described in Soetedjo et al.
(2002). The peak speed of saccades of ∼10 deg amplitude
was about 400 deg/s before, and 250 deg/s after, OPN inactivation. Note that the maximal conductance of the NMDA
current only slightly affects the peak velocity for saccades of
this size (see below for the details). The adjustment of these
three constants was made by hand in a trial-and-error manner.
The other constants, described above, were fixed. We now
briefly describe the general effects of changing these values.
The change in behavior of the proposed model is monotonic
relative to an increase/decrease in these three constants. Generally, increasing gT and gnonNMDA increases the firing rate of
the EBN unit during ipsilateral saccades, making the simulated saccades faster. Increasing K also makes the simulated
saccades faster, because this determines the amount of movement caused by one spike of the EBN unit. An increase in gT
increased the difference in peak velocity of simulated saccades before and after OPN inactivation. Choosing gT of 1.2,
gnonNMDA of 0.25 and K of 4.5 reproduced saccade slowing
observed in the previous experimental studies. A similar reduction in peak velocity after OPN inactivation was achieved
by increasing gT and decreasing gnonNMDA (e.g., gT of 1.3 and
gnonNMDA of 0.2) without a reduced NMDA current. However,
we used the former values in our main simulations (below),
to explore the possible contribution of NMDA channels to
saccade slowing after OPN inactivation.
In this study, we assumed that the input to EBNs is dependent on the dynamic motor error, which is a simplification
of our previous models (Lefèvre et al., 1998; Optican and
Quaia, 2002; Quaia et al., 1999). Although the actual temporal characteristics of the input to the EBNs are not known,

First, we describe the properties of normal saccades, simulated using our simplified model, with the characteristics
of EBN units described above. Second, simulated saccades
during channel blockade will be shown to clarify the functional role of individual membrane channels in driving the
saccades. Finally, we will show the results of saccade simulations under OPN inactivation conditions, which predict
how the drive currents in the EBNs are modulated after the
inactivation.
Normal saccades
Figure 3 shows an example of simulated normal saccades of
5, 10 and 20 deg. The spike counts (7, 13 and 26, respectively)
for individual saccades are approximately linearly related to
the saccade size (0.8 deg/spike). The peak velocity of the
saccades increases in a non-linear manner (336, 412 and 476
deg/s, respectively). The peak firing rate of the EBN unit
was 500, 584 and 654 Hz, respectively. The firing rate was
defined as the reciprocal of the inter-spike interval (the time
difference between two successive spikes, assigned to the
time of the earlier spike). The peak firing rate was defined as
the maximum firing rate after spline interpolation. The firing
rate, which is directly related to eye velocity, increases as
saccade size increases. The eye position data were smoothed
with a digital two-pole Butterworth low-pass filter (cut-off
frequency of 80 Hz) to get a robust estimate of peak velocity,
which was defined as the maximum eye velocity computed
from the smoothed eye position temporal profile.
To better understand the behaviors of the present model,
the properties of the EBN unit ipsilateral to the ongoing saccade are summarized in Fig. 4. Figure 4A shows the membrane potential during a simulated saccade of 10 deg whose
eye movement temporal profiles are shown in Fig. 3A and
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Fig. 3. Simulated normal saccades of 5, 10 and 20 deg. These saccades
were simulated with the simulation system that has gT = 1.2 (mS/cm2 ),
gnonNMDA = 0.25 (mS/cm2 ), K = 4.5 (dimensionless), Tin = 5 ms, gNMDA
= 20 gnonNMDA (mS/cm2 ). A: eye position temporal profiles. B: eye
velocity temporal profiles. C: output of the EBN unit ipsilateral to
saccades. The short bars indicate the time of an action potential (i.e.,
spike trains). Time zero means the onset time of the drive input to
ipsilateral EBN.

B. While the OPN unit is active, the membrane potential
stays at −77 mV because the glycine channel is open. At
the instant of release from inhibition by the OPN unit, the
drive input begins (time zero), the membrane of the ipsilateral EBN unit starts to depolarize and quickly reaches the
threshold for action potential generation, followed by the
generation of a spike. The feedback controller provides an
excitatory input to the EBN unit through the glutamatergic
synapses, until the motor error reaches zero, thus generating
a train of action potentials. As the eyes reach the desired
position, the feedback controller sends an inhibitory signal
to the EBN unit through glycine channels (presumably from
contralateral IBNs) to suppress the activation of the EBN
unit ipsilateral to the ongoing saccade. At this time, both ipsilateral and contralateral EBNs become silent and the OPN
unit is reactivated to keep all the EBN units silent. Note that
the contralateral EBN unit was silent throughout the saccade.
In this example saccade, the total current in the ipsilateral
EBN (Fig. 4B) is given by the sum of glutamatergic currents
that consist of non-NMDA (Fig. 4E) and NMDA mediated
(Fig. 4D) currents, and the T-current (Fig. 4C). As an aid
to understanding the behaviors of individual channels, we
show both raw traces after clipping the data during action

T-current (µA/cm2)

0

NMDA-current (µA/cm2)

0
-20

non-NMDA current (µA/cm2)

eye velocity (deg/s)

B

spikes

0

-80
-20

600

Springer

A

0

C

-10
-20
-30
-20
0

D

-10
-20
-30
-20
0

E

-10
-20
-30
-20

Fig. 4 Details of EBN unit during the saccade of 10 deg shown in
Fig. 3. A: temporal profiles of membrane potential. B: Total outward
current. C: T-current. D: NMDA mediated currents. E: non-NMDA
mediated current. Light blue lines show raw traces after the removal of
the data during action potentials. Blue lines show smoothed traces (see
text for details). Time zero means the onset time of the drive input to
ipsilateral EBN.

potentials (light blue lines) and smoothed traces (blue lines)
after applying a digital three-pole Butterworth low-pass filter
(cut-off frequency of 30 Hz). These low-pass filtered traces
show the rough time course of the currents, as well as the
conductance of individual channels. Roughly speaking, the
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Fig. 5 The relationship between the instantaneous motor error and firing rate of ipsilateral EBN during saccades of 5, 10, 15 and 20 deg, for
different synaptic drive currents (i.e., ratio of gNMDA to gnonNMDA ). These saccades were simulated with the same parameters as Fig. 3.

non-NMDA channel acts as a low-pass filter with a short time
constant (i.e., high cut-off frequency). The NMDA channel
also acts as a low-pass filter, but with a much longer time
constant than the non-NMDA channel (i.e., lower cut-off frequency). The T-channel acts as a high-pass filter that is less
dependent on the motor error. Note that the NMDA channel has slower activation kinetics and is blocked by Mg2+
near or below the resting potential, resulting in a smaller
contribution to the net driving signal even with its large
maximal conductance. Thus, for a saccade of this size (∼10
deg), the non-NMDA current and T-current are the primary
sources of activation of the ipsilateral EBN unit. The contributions of individual currents will be explained next.
Modifying temporal characteristics of the synaptic drive
current changes the time course of the firing rate of the EBN
unit ipsilateral to the ongoing saccades, and thus the temporal waveform of saccades. Importantly, we found that the
temporal characteristics of the synaptic drive current significantly changed the relationship between the instantaneous
motor error and the firing rate of the EBN unit ipsilateral
to the ongoing saccades. Either an increase in Tin or gNMDA
changes this relationship. Note that the increase in Tin makes
the synaptic drive current more sluggish. The increase in
gNMDA also makes the total glutamatergic input more sluggish, because of the slower kinetics of NMDA relative to
non-NMDA channels. Thus, the increase in Tin and gNMDA
changes the temporal characteristics of the synaptic drive
current in a similar way. Figure 5 shows examples of the
relationship between the instantaneous motor error and the
firing rate of the EBN unit for different values of gNMDA .
Each panel in Fig. 5 shows phase plots representing the relationships for saccades of 5, 10, 15 and 20 deg. Under gNMDA
= 0 (Fig. 5A, the extreme case), the phase plots obtained
from saccades of different sizes were separate. The EBN unit
showed a larger firing rate for smaller saccade sizes even at
the same instantaneous motor error. Increasing gNMDA decreases this separation of the phase plots for different sizes
of saccades. In the rightmost panel (gNMDA = 20 gnonNMDA ),
the phase plots for saccades of different sizes overlapped,
which roughly corresponds to an invariant relationship between the firing rate and the instantaneous motor error. Note

that “gNMDA = 20 gnonNMDA ” does not necessarily mean that
the number of NMDA channel is twenty times larger than
that of non-NMDA channel. It has been suggested that a
single NMDA channel may have a much larger conductance
than that of a single non-NMDA channel (Jahr and Stevens,
1987). Not surprisingly, a similar tendency in phase plots
was seen when we changed Tin (not shown), because of a
similar qualitative effect on the synaptic drive current. Van
Gisbergen et al. (1981) examined the relationship between
the instantaneous motor error and the firing rate of EBNs in
monkeys. They reported that some EBNs showed separated
phase plots for saccades of different sizes, similar to the simulation results in which gNMDA and/or Tin are small. They
also found that the majority of EBNs (more than 64%) had
a roughly invariant relationship between the instantaneous
motor error and firing rate, similar to the simulation results
in which gNMDA and/or Tin are large. One interpretation of
these results is that different EBNs may have different densities of NMDA receptors, and that the EBNs with the densest
NMDA receptors are the main mediators of the major part
of the drive signal for saccade generation.
Selective blockade of channels
To better understand the properties of the drive current
components on the model EBN unit during ipsilateral
saccades, we examined the effects of selective blockades
of different channels on the properties of saccades. The
results of T-channel blockade, NMDA channel blockade
and the blockades of both channels are summarized in
Fig. 6. Generally, each blockade reduces the speed of
saccades, because each removes the corresponding drive
current component. However, because of the difference in
temporal characteristics of these channels, the reduction of
drive current, as well as of the speed of resultant saccades,
is somewhat different in each case.
The selective blockade of the T-channel (simulated by
setting gT = 0, green lines) shows general reductions in
the peak velocity of saccades. As described above, the Tchannel acts as a high-pass filter. Therefore, the blockade of the T-channel reduces the early component of the
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Fig. 6 Comparisons of saccades and properties of the model’s ipsilateral EBN unit. Columns A, B and C are simulations for saccades of
5, 10 and 20 deg, respectively. Panels (top to bottom) are eye position,
eye velocity, T-current, and NMDA-channel mediated current. In the
panels for currents, we show smoothed traces obtained by applying a
low-pass filter to the raw traces after clipping the data during action
potentials. Blue lines indicate temporal profiles of saccades and properties of the ipsilateral EBN unit during normal saccades. Other traces

are after the blockade of the T-channel (magenta lines), the NMDA
channel (green lines) or both of these channels (cyan lines). (The current traces under the simultaneous blockade of T- and NMDA channels
were always zero. Onset time of the drive input to the EBN unit is at
time = zero. These saccades were generated by the system that has gT
= 0 under the blocked condition or 1.2 (mS/cm2 ) otherwise, gnonNMDA
= 0.25 (mS/cm2 ), K = 4.5 (dimensionless), Tin = 5 ms, gNMDA = 0
under the blocked condition or 20 gnonNMDA (mS/cm2 ) otherwise.

drive current, resulting in a slower acceleration of initial eye
movement.
The selective blockade of the NMDA channel (cyan lines)
has a different effect from the blockade of the T-channel, as is
easily predicted from the differences in temporal properties
of these channels. A remarkable consequence of the selective
blockade of NMDA channel is that the amount of decrease
in peak velocity is dependent on the size of saccades. This
is due to the slower activation kinetics of the NMDA channel. For saccades of 5 deg, the final eye position is reached
before the NMDA channel is effectively opened. Therefore,
the effect of the blockade of the NMDA channel on 5 deg
saccades is fairly small. The effect of the blockade becomes
more evident as saccades become larger because the duration of saccades becomes longer as saccade size increases.
The reduction in saccade velocity caused by the selective
blockade of the NMDA channel is seen well after the onset

of saccades (say, 15–20 ms). The effect on the initial development of saccades is almost negligible, indicating that
the initial part is dominated by non-NMDA and T- channel
currents.
The simultaneous blockade of both channels (magenta
lines) shows a general decrease in drive currents, as well as in
saccade velocity. In this case, the drive current consists only
of the current mediated by the non-NMDA channel, which
acts as a low-pass filter with a small time constant (less than
2 ms for both the activation and deactivation phases).
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Slow saccades after OPN inactivation
We have succeeded in adjusting the system parameters so
that the present model can generate either normal saccades or
saccades after OPN inactivation that are consistent with previous experimental findings. Figure 7 shows a comparison
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Fig. 7 Comparisons of simulated saccades and properties of the ipsilateral EBN unit before and after OPN inactivation. Red lines indicate
temporal profiles of saccades and properties of the ipsilateral EBN
unit after OPN Inactivation. Traces, top to bottom, are eye position,
eye velocity, membrane potential, T-current, NMDA channel mediated

current, respectively. Other conventions as in Fig. 6. These data were
obtained from the system with gT = 1.2 (mS/cm2 ), gnonNMDA = 0.25
(mS/cm2 ), K = 4.5 (dimensionless), Tin = 5 ms, gNMDA = 20 gnonNMDA
(mS/cm2 ).

of eye velocity temporal profiles of saccades and properties
of the EBN unit before and after OPN inactivation. This
confirms that the peak velocity of saccades is slowed after
OPN inactivation in saccades of any sizes. In saccades of 5,
10 and 20 deg/s, the peak velocity was reduced to 202, 270
and 326 deg/s when the OPN was inactivated (reductions
of 134 (40%), 142 (34%) and 150 deg/s (32%) for saccades
of 5, 10 and 20 deg, respectively). Note that the accuracy of
saccades is essentially unaffected because the feedback controller is not disrupted by OPN inactivation. Therefore, the
duration of saccades lengthens after OPN inactivation. Also,
notice that the latency change was very small (less than 2 ms
in this example), in accord with the data of Soetedjo et al.
(2002)

Small differences have big consequences
As shown in the third row in Fig. 7, a noticeable difference
in the membrane potential before saccades is seen after OPN
lesions. When the OPN is normal, the membrane potential is
hyperpolarized down to nearly −77 mV by the OPN inhibition, whereas it stays at about −70 mV (the resting potential
of the leak current) when the OPN is inactivated. This difference in membrane potential, although small, is critical
in the present model because it results in greatly different
T-currents (temporal profiles are shown in the fourth row in
Fig. 7). As shown in this panel, the T-current is generally four
times larger (difference of about 15 µA/cm2 ) when the OPN
is normal than when it is inactivated. This difference can
Springer
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be seen independent of the size of saccades. In the present
model, this difference is the primary cause of reduction in
the total drive current. The reduction in the total current,
in turn, reduces the firing rate and, hence, results in slower
saccades. Note that the saccade slowing in this model occurs
because of a completely different mechanism from the cause
of slowing in Scudder’s model (Kaneko, 1989). As pointed
out by Kaneko (1989), the Scudder model will make slow
saccades after removing the OPNs because saccades start
much too early, before the long-lead burst neurons can build
up the drive signal. Data from Kaneko’s study do not show
such speed-dependent latency differences (Soetedjo et al.,
2002). The mechanism of slowing after OPN inactivation in
our new model, primarily by a reduced T-current (see below for another potential mechanism), is the first successful
explanation of Kaneko’s result. This property is almost independent of the temporal characteristics of the synaptic drive
current we examined (not shown). Thus, our result leads us
to hypothesize that a reduced T-current is one of the causes
of the saccade slowing that follows OPN lesion/inactivation.
In these simulation results, we can see that there are differences in the currents mediated by the NMDA channel on
the EBN unit before and after OPN inactivation (the bottom
row in Fig. 7). This difference in the NMDA channel currents reflects the effect of a variable glycine concentration
around the NMDA receptor, which results from the presence
or absence of glycine from the OPN unit (see above). We
have shown that the NMDA currents contribute more to the
drive of saccades of larger sizes. In Fig. 7, remarkable differences can be seen in larger saccades (see e.g., the case of
20 deg saccade, rightmost column in Fig. 7). Thus, as easily
predicted, the contribution of the reduced NMDA current to
the net slowing of saccades depends on saccade size. We
also examined saccade slowing after OPN inactivation without a contribution of OPNs to the glycine concentration (see
Methods for details of simulations) to see the relative contribution of the reduced NMDA currents. Under this situation,
the saccade slowing after OPN inactivation must be produced
only by the reduced T-current, providing an estimate of its
contribution. In saccades of 5, 10 and 20 deg/s, the reduced
peak velocities were 122, 120 and 83 deg/s, respectively, in
the case shown in Fig. 7. The contributions of the NMDA
channel to saccade slowing were estimated as 9%, 23% and
45% for saccades of 5, 10 and 20 deg, respectively. Note that
these saccades were simulated under the assumption that the
contribution of OPNs to the glycine concentration around
the receptor is also large. Thus, these estimates might be too
large. Assuming a reduced effect of OPNs on the glycine
concentration reduces the proportionate contribution of the
NMDA channel. Unfortunately, there is currently no data to
determine this contribution. However, this result establishes
that a reduction in NMDA currents could significantly contribute to saccade slowing after OPN lesion, especially for
Springer

larger saccades. Experimental tests of this prediction should
enable the relative contribution of the two mechanisms in
vivo to be determined.

Discussion
In this study, we constructed a conductance-based model of
EBNs and simulated saccades using a simple lumped model
with two EBN units. Extending our dynamic model (Miura
and Optican, 2003) in this manner allowed us to incorporate detailed biophysical mechanisms that might underlie the
generation of normal saccades, and cause saccade slowing
after OPN inactivation. Here, we have demonstrated that the
inclusion of the T-channel in the model of EBNs can reproduce the saccade slowing following OPN lesion/inactivation,
because the T-current is reduced after OPN inactivation.
Thus, we propose that the reduction in T-current may be
one of the causes of saccade slowing seen after OPN lesion/inactivation. Furthermore, reduced glycine binding on
the NMDA channel also causes a reduction of the drive current in the EBN unit. Based on this result, we propose that
a reduced glycine concentration at the NMDA receptor may
also contribute to the slowing of saccades after OPN inactivation.
Physiological realism
So far, no investigation has been performed of the details
of the membrane properties of EBNs discussed here. In an
attempt to maintain physiological and behavioral realism, all
of the properties of the conductance-based model of EBNs
used here were based on other models in the literature or on
conservative assumptions. Here, we summarize some justifications of the EBN model and the entire simulation system
for saccades.
The existence of EBN T-channels is a novel prediction
from our present study, because it can explain the saccade
slowing after OPN inactivation. Although the existence of
this channel in EBNs has not been established, this channel
is widely distributed in the brain and other organs (PerezReyes, 2003). Smith suggested the existence of this channel in vestibular nucleus neurons of the oculomotor system
(Smith et al., 2002). The maximal conductance value (gT )
used in a previous theoretical study of thalamic neurons (represented by a single compartment model) was 1.75 mS/cm2 ,
based on experiments in thalamus (Destexhe et al., 1994). In
this study, we used a value of 1.2 mS/cm2 to make saccadic
peak velocity appropriate before and after OPN inactivation.
The existence of depolarizing inputs to the EBNs has not
been proven. Indeed, a scheme for saccade control has been
proposed (Enderle, 2002) in which the EBNs do not need
any excitatory input to generate saccades, because they are
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assumed to be spontaneously active. However, physiological
and anatomical evidence has shown direct and/or indirect
projections from neurons in the SC, pons and the cerebellum
to MLBNs (Chimoto et al., 1996; Keller et al., 2000; Noda
et al., 1990). Thus, the most reasonable assumption is that
EBNs receive excitatory inputs on glutamate channels, and in
our model, the glutamate channels provide an external drive
for normal saccades. After OPN inactivation the rebound
depolarization is lost, but the glutamate channels provide
enough drive to make slow saccades. In Enderle’s model, inactivating OPNs would prevent saccades altogether because
there are no external inputs to the EBNs’ glutamate channels,
and without OPNs our model shows that the T-current would
be too small to elicit action potentials by itself.
Most neuron models include an inhibitory GABA channel, but no GABAergic neurons have been found that project
to EBNs. However, it has been demonstrated that the neurotransmitter released by OPNs and horizontal IBNs is glycine
(Horn et al., 1994; Spencer et al., 1989). Therefore, our model
included the inhibitory fast chloride current of the glycine
channel, but no GABA channel. However, vertical IBNs
seem to release GABA, so EBNs in the vertical/torsional
part of the saccadic system may depend upon GABA for
inhibition.
The sodium and potassium channels were included to simulate action potentials, i.e., the high frequency oscillations
of EBN membrane potential during saccades. The reason
for the inclusion of these channels is that the mechanisms
we would like to examine here are sensitive to membrane
potential. Indeed, the kinetics of the T-channel are voltage
dependent. Therefore, we needed to test the behavior of this
channel during realistic changes in membrane potential. In
this study, the kinetics of EBN action potentials was based on
an existing model of hippocampal neurons, scaled to allow
the higher firing rates of EBNs. The mechanism of action potential generation over 1 kHz still remains unclear. However,
this issue is not our current concern. Notice that the choice of
action potential dynamics itself did not influence our present
conclusions. Even with the use of a leaky-integrate-and-fire
model (not shown), we would reach the same conclusion.
To simulate eye movements and, more importantly, the environment around the EBNs during saccades, we constructed
a simple lumped system for the generation of saccades. The
final common pathway (the downstream structure from the
EBNs) and the OPN unit were implemented in quite similar
ways to the ones used in previous models (e.g., see van Gisbergen et al. (1981)). The feedback controller we used here
has been used earlier, e.g., in the distributed model of saccade
generation by Lefèvre et al. (1998). The important feature of
their theory is that the cerebellum controls the flight of the
eyes during saccades by using both an excitatory drive and an
inhibitory choke signal. During saccades, the neurons in the
contralateral fastigial nucleus, as well as in the contralateral
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SC, are active. Those neurons project to ipsilateral MLBNs,
driving saccades. At (or near) the end of the saccade, the
neurons in the ipsilateral fastigial nucleus are activated; their
outputs are sent to contralateral IBNs to choke off the drive
signal (from ipsilateral EBNs) at the motor neuron level (Optican, 2005; Optican and Quaia, 2002; Quaia et al., 1999).
The connections from IBNs to contralateral EBNs needed
by this scheme were shown by Strassmann et al. (1986b).
The scheme in our simulation system is similar, except that
the IBNs were not modeled explicitly; inhibition from the
feedback loop simply caused the activity of the ipsilateral
EBN to be clipped off at (or near) the end of saccades.
The primary purpose of this study was to examine potential biophysical properties that could contribute to drive
saccades, and which could underlie saccade slowing after
OPN lesion or inactivation. Therefore, many other details of
the saccadic system are not within the scope of the present
paper. However, even with the use of this simple system, the
simulated saccades, both normal and after OPN inactivation,
appear realistic.
As we have described earlier, there are no experimental results from biophysical studies of MLBNs. Examining
properties of monkey EBNs with similar methods to those in
previous studies would test the minimum requirements of our
hypothesis, i.e., the existence of these ionic channels. Moreover, such experiments may provide quantitative details of
conductance values for individual channels that would help
to improve the model used here. The model also predicts
(Fig. 6) that if a ligand that selectively blocked the T-type
calcium channel (e.g., Huang et al. (2004)) were injected into
the PPRF (Keller, 1974) horizontal saccades would become
slower, even though OPNs were still active.
Comparisons with previous models
Almost all models of the saccadic system derive from Robinson’s seminal model of the pulse-step generator (1973,
1975). In these classical models (Jürgens et al., 1981; Van
Gisbergen et al., 1981; Zee et al., 1976; Zee and Robinson, 1979), the saccadic system is represented by a negative
feedback control circuit based on an efference copy of eye
displacement. Recent studies have focused on neuronal networks for motor control of saccades, based on discoveries
of details of saccade-related neural activity in the brain stem
(pons and superior colliculus: SC) and in the cerebellum
(Arai et al., 1999; Dean, 1995; Lefèvre et al., 1998; Optican and Quaia, 2001; Quaia and Optican, 1997; Scudder,
1988). The functional roles of the cerebellum and/or the SC
in saccadic control have been intensively studied (Arai et al.,
1999; Dean, 1995; Lefèvre et al., 1998; Optican and Quaia,
2001; Quaia et al., 1999). Although there has been substantial progress in understanding the circuitry of the saccadic
system, their neuronal elements (e.g., EBNs and OPNs) have
Springer
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always been assumed to have only very simple properties,
such as a single time constant (Lefèvre et al., 1998), a firing
rate saturation (Arai et al., 1999; Dean, 1995), both a time
constant and a saturation (Quaia and Optican, 1997) or simply a delay (Scudder, 1988). Thus, in the classical scheme
only a simple role (e.g., as a high-gain amplifier) could be
assigned to the EBNs. With such simplistic elements, it is not
surprising that none of these models can explain the effects
of OPN lesions found by Kaneko and colleagues(Kaneko,
1996; Soetedjo et al., 2002).
A simulation study by Kaneko (1989) showed that the
Scudder model (see Scudder (1988) for details of this
model) produced saccades that had decreased peak velocity
and increased duration. However, this model predicts that
the slower saccades after OPN lesions are a consequence
of earlier triggering of the saccades. This early triggering
is not consistent with the experimental findings from OPN
lesion/inactivation studies, which consistently failed to find
any systematic change in saccadic reaction time (see also
discussion by Soetedjo et al. (2002)).
Enderle (Enderle, 2002; Enderle and Engelken, 1995)
proposed a novel model of EBNs, using Hodgkin-Huxley
equations modified to allow exogenous signals to control
channel timing. In that model the EBNs are spontaneously
active, and receive no signals from upstream (which
is not physiologically realistic, see above). Instead, the
spontaneous activity of EBNs is inhibited by OPNs before
saccades and resumes after the OPNs cease firing. Enderle
also introduced a post-inhibitory rebound property for
the EBNs, by changing the effective time constants of
sodium and potassium channels during the saccade (i.e., not
according to the classical Hodgkin-Huxley equations). As
a consequence, after release from inhibition by OPNs an
initial bump in the firing rate was seen. Unfortunately, the
relationship between an offset of the inhibitory input and
the modified time constant of these channels is not part of
the Hodgkin-Huxley equations, and was not discussed in his
papers. Moreover, the EBNs were not incorporated into a
complete system for generating saccades. Thus, the saccadic
behaviors that might be produced by Enderle’s EBN model
before and after OPN lesion/inactivation are unknown.
In the previous study, we constructed a model of MLBNs
as a computational element, in which we assumed the
existence of two phenomenological factors: post-inhibitory
rebound depolarization and a threshold for firing (Miura
and Optican, 2003; Miura and Optican, 2006 (in press)).
With these factors, all the major experimental findings
from RIP lesion studies were successfully reproduced.
The post-inhibitory rebound depolarization in this model
provides an additional drive signal. Therefore, the removal
of prior inhibition after OPN inactivation results in slower
saccades because the additional drive is gone. In the current
model, a similar function (i.e., an additional drive signal
Springer

caused by the prior activation of OPNs) is achieved through
the functions of the T-channel and of the NMDA channel.
The release from prior inhibition by OPNs, with subsequent
synaptic inputs given through glutamate channels, induces
the flow of a significant amount of T-current, resulting in
the rebound depolarization. Saccade slowing caused by a
reduced NMDA current, our second mechanism, does not
depend on the prior inhibition of the neurons, but on the
glycine concentration around NMDA channels. The “threshold for firing” assumed in the previous model is naturally
incorporated into the current conductance-based neuron
model as the difference between the activation potential
of spikes (about −58 mV, which is consistent with that of
standard neurons) and the resting potential (about −70 mV,
which is also realistic). This relationship, as in our previous
model, prevents unrealistically early onset of saccades after
OPN inactivation, which would be caused by the prelude
activity of upstream LLBNs (not implemented here) if there
were no threshold. Thus, the current model includes all the
important functions of the previous computational version
and gives more detailed predictions for the mechanisms that
underlie saccade slowing after OPN lesion/inactivation. In
contrast to Scudder’s model (described above), neither our
previous nor our current models require early triggering to
generate slower saccades after OPN inactivation.
Potential mechanisms for saccade slowing
Here, we propose that the T-channel and NMDA channel
may be responsible for the saccade slowing after OPN
lesion/inactivation. For the T-current mechanism, the model
predicts that the membrane potential of EBNs before
saccades is more hyperpolarized when the OPN is normal
than when it is inactivated. The NMDA mechanism predicts
that, first, the glycine concentration around NMDA channels
must be at sub-saturation level in the absence of OPNs.
Second, the glycine concentration around the NMDA
channels must be increased by the prior activity of OPNs.
Finally, the conductance of NMDA channels should be large
enough to contribute to saccade drive. Some physiological
evidence suggests that the glycine concentration around
NMDA receptors may be modulated, for example, by a
spillover from nearby glycine receptors (Ahmadi et al.,
2003). Thus, the first two NMDA predictions are not
physiologically unrealistic. The third prediction could be
tested by introducing a selective blocker for the NMDA
receptor into the region of the EBNs (the PPRF).
Note that there may be other mechanisms contributing
to saccade slowing after OPN lesion/inactivation not considered in this study. One such potential mechanism is the
effect of glycine concentration on the amount of glutamate
released at the pre-synaptic terminal (Turecek and Trussell,
2001). The amount of glutamate released is increased by an
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increased glycine concentration around pre-synaptic terminals. If any change in the glycine concentration around the
presynaptic terminal occurs after the OPN inactivation, the
drive signal from the upstream structure of EBNs would also
be modulated. However, their temporal characteristics have
not been clarified yet, so this potential mechanism was not
modeled here. Second, it is known that the OPNs project not
only to regions containing EBNs but also to regions involving
saccade-related neurons, such as the nucleus prepositus hypoglossi, the nucleus reticularis tegmenti pontis, the mesencephalic reticular nucleus, etc. (Langer and Kaneko, 1990).
Thus, the effect of OPNs may not be restricted to EBNs.
Furthermore, the OPNs may act as a neuromodulator in any
of these sites through the effect of glycine concentration on
NMDA synapses.
Functional significance of OPNs
in the generation of saccades
This model hypothesizes not only the mechanisms of saccade
slowing after OPN inactivation, but also the novel functional
roles of the combination of OPNs and EBNs in generating
saccades. Classically, the OPNs have been thought of simply
as an inhibitory gate for saccades. However, this traditional
interpretation may be insufficient if the properties of EBNs
depend on membrane channels. Our results suggest some
novel functions of the OPNs. First, the OPNs may add to, or
facilitate, the saccade drive signal when their activity pauses.
This mechanism is represented in our present model through
the voltage dependence of the T-channel. Second, the OPNs
may enhance the drive signal by raising the concentration
of glycine around NMDA receptors on EBNs. In this context, the OPNs may act as a neuromodulator for the saccade
burst generator. Thus, we propose that the combination of
biophysical membrane properties of EBNs and the output of
the OPNs play an important role in determining the size of
the velocity command for saccades.
Both circuit and membrane properties
govern behavior
In previous models of saccade control (Arai et al., 1999;
Dean, 1995; Jürgens et al., 1981; Lefèvre et al., 1998; Optican and Quaia, 2001; Quaia and Optican, 1997; Robinson,
1975; Scudder, 1988; Van Gisbergen et al., 1981; Zee et al.,
1976; Zee and Robinson, 1979) the properties of neural network circuits related to saccade generation have been the
primary focus. Here, we have shown the possibility that the
biophysical properties of EBNs, controlled by the activity
of the OPNs, may also be important in determining saccadic
dynamics (in this case, peak velocity and latency). The hypothetical mechanisms proposed here are based on assumptions
about the membrane properties of EBNs, but the biophysical
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characteristics of EBNs have yet to be studied. New experiments, such as selective blockades of individual channels,
or intracellular recordings, could test the feasibility of our
hypotheses and would suggest ways to improve the current
model, thus leading to a better understanding of the premotor
structures of saccade generation.
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Büttner-Ennever JA, Büttner U (1988) The reticular formation. In:
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