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The oculomotor system coordinates different types of eye movements in order to orient the visual axis,
including saccade and smooth pursuit,. It was traditionally thought that the premotor pathways for these
different eye movements are largely separate. In particular, a group of midline cells in the pons called omni-
pause neurons were considered to be part of only the saccadic system. Recent experimental findings have
shown activity modulation of these brainstem premotor neurons during both kinds of eye movements. In
this study, we propose a new computational model of the brainstem circuitry underlying the generation

g(?c’ Z::ggs'. of saccades and smooth pursuit eye movements. Similar models have been developed earlier, but mainly
Pursuit looking at pure saccades. Here, we integrated recent neurophysiological findings on omnipause neuron

activity during smooth pursuit. Our computational model can mimic some new experimental findings
as the similarity of “eye velocity profile” with “omnipause neuron pattern of activity” in pursuit move-
ment. We showed that pursuit neuron activity is augmented during catch-up saccades; this increment
depends on the initial pursuit velocity in catch-up saccade onset. We conclude that saccadic and pursuit

Computational model
Omnipause neuron
Pursuit neuron

components of catch-up saccades are added to each other nonlinearly.

© 2008 Elsevier Ireland Ltd. All rights reserved.

Primates use saccadic and pursuit eye movements to keep the
image of objects on the fovea. Saccades are discrete movements
that turn eyes quickly to the target. Since their velocity is high,
visual feedback is not used to guide eye movements. Smooth pur-
suit movement is a continuous movement which smoothly tracks
the moving object.

Reticular formation cells are the final common pathway in ocu-
lomotor control. The reticular formation contains a number of
saccade-related areas, providing direct input to the oculomotor
neurons which have a “burst-tonic” discharge pattern. The tonic
neurons (TN) provide tonic activity [6], while burst neurons emit
a high-frequency burst of action potentials before the beginning of
saccades. Burst neurons are grouped into two different categories:
long-lead burst neurons (LLBNs) and medium-lead burst neurons
(MLBNSs). A group of excitatory MLBNs named excitatory burst neu-
rons (EBNs), emit high-frequency action potentials that determines
the dynamics of saccadic eye movements. During periods of fix-
ation, EBNs are kept under the constant inhibition of omnipause
neurons (OPNs) in stem cell. OPNs fire at a constant rate during

* Corresponding author. Tel.: +98 21 6454 2364; fax: +98 21 6649 5655.
E-mail address: gharibzadeh@aut.ac.ir (S. Gharibzadeh).

0304-3940/$ - see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2008.10.019

fixation periods and stop firing (or pause) before and during all
saccades, irrespective of their amplitude or direction [12].

Traditionally pursuit has been viewed to be driven by motion
signals and mediated by pathways connecting visual areas in the
cerebral cortex to the motor regions of cerebellum [10]. Recent find-
ings, however, show that this view needs to be reconsidered. Pursuit
includes an extended network of cortical areas and, of these, the
pursuit-related region in the frontal eye fields seems to exert the
most direct effect [11]. Recently, some pathways including basal
ganglia, the superior colliculus, and reticular formation nuclei are
identified to be involved in pursuit; these routes were previously
thought to be associated only with saccade control [4,11,12]. It has
been experimentally revealed that some brain stem neurons are
involved in both saccade and pursuit movements. Among them,
OPNs are the most important ones. OPNs, the inhibitory effects of
which were determined earlier on saccade generation, may also
be involved in gating pursuit. OPNs regulate pursuit gain through
their inhibitory effect on pursuit neurons (PN) in the vestibular and
prepositus nuclei, analogous to the way that they are believed to
gate the occurrence of saccades through inhibitory effects on EBNs.
However, the exact circuit is not yet known.

In this paper, we propose a new computational model that cou-
ples saccade and pursuit systems at the level of omnipause neurons
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Fig. 1. Our proposed model for saccadic and smooth pursuit movements in final
premotor pathways at the level of brain stem, in order to control (a) an extraoc-
ular muscle, (b) an antagonist pair of muscles in saccadic and smooth pursuit eye
movements. Small white and black circles correspond to excitatory and inhibitory
connections, respectively. MN: motor neuron.

through hypothetical reciprocal inhibitory connections between
PNs and OPNs. Our model has the ability to show the properties of
both movements as well as the role of OPN as an inhibitory mech-
anism and predicts the behavior of PNs. We propose new ideas
for saccadic and pursuit components of “catch-up saccades” (i.e.,
performing saccadic movement during a pursuit, whenever it is
unable to reach the target).We will also investigate whether these
two components of catch-up saccades are linear or not.

A compartment of our model that controls an extraocular mus-
cle is depicted in Fig. 1a. We have used the previous saccade
generator (SG) model proposed by Grossberg in [5] that is one of
the most complete models [6]. We extended this model so that it
can account for both pursuit and saccade eye movements and is
consistent with most known anatomical connections [13]. Inputs
to the model are “desired displacement” and “desired velocity” of
the eye that are used in saccadic and pursuit systems, respectively.

In this model, OPN is active due to the arousal input (A) from
higher brain centers like superior colliculus, provided that no sac-
cadic and pursuit inputs are applied [3]. OPN has inhibitory effects
on EBN and PN. When a desired displacement is applied to the
model, LLBN will be activated and consequently will stop OPN [15].
The LLBN excites the corresponding EBN [5]. The EBN excites TN
and IBN. The IBN is excited through EBN and has an inhibitory con-
nection to LLBN that closes a feedback loop between LLBN, EBN,
and IBN. TN integrates EBN activity [5] and applies it to the motor
neuron.

EBN is directly connected to the motor neuron to gener-
ate fast saccadic movements. At the end of saccade, IBN will
stop LLBN activity. When a desired velocity is applied to the
model, the activity of PN increases. As OPN and PN are connected
through reciprocal inhibitory connections, their activity is regu-
lated with each other; hence, by activation of PN, OPN activity
decreases but never stops. In this case, OPN and PN form a feed-
back loop in which OPN activity can change the gain of feedback
pathway. TN integrates PN activity and applies it to the motor neu-
ron.

Fig. 1b depicts the proposed model of final premotor pathway
in the level of brain stem to control an antagonist pair of muscles
in saccadic and smooth pursuit eye movements.

Each neuron in the model is described with a differential equa-
tion based on the conductance model of membrane [7]. Since no
experimental recording of PN exists, we proposed a hypothetical
equation for it. The total model results show compatibility with
experimental data in [12].

Egs. (2), (3), (4), (5), (6), (7), and (10) are adopted from [5], but
Eq. (10) is modified in order to obtain better performance in both
movements. We proposed Egs. (8) and (9) to describe PN activity.
Finally, the transfer functions of motor neurons and the eye plant
(Eqgs. (11)-(13)), are adopted from [1], with changed time scales.

1, I, and h are suffixes referring to right side, left side, and hori-
zontal plane of the model, respectively.

LLBN (indexed by L in equations) is a part of SG that has an
inhibitory input from IBN (B) and an excitatory saccadic input (SI). SI
is the desired eye displacement. LLBNs are leaky integrator neurons
with a passive decay rate of 1.3.

dL,
a - —1.3L;+ SI; - 2B, (2)
and
% = —1.3L +SI; — 2B; 3)

EBNs (E) receive excitatory inputs from the ipsilateral LLBNs and
are inhibited by contralateral LLBNs and OPN (P). We have:

dE,

=35+ E)SL+1) - (F+1)(10L +20g(P)  (4)
and
% = —3.5E + (2~ E)(5Lr + 1) — (Er + 1)(10L; + 20g(P))  (5)

IBNs (B) are excited by ipsilateral EBNs and are leaky integrators
with a passive decay rate of 2.4:

dB,
gr = ~2-4B1+ 3E) (6)
and
dB
T; — 2.4B, + 3E, (7)

PNs (PN) have reciprocal inhibitory connections with OPN (P)
and are excited by the pursuit input (PI) which is the desired eye



86

A. Rahafrooz et al. / Neuroscience Letters 448 (2008) 84-89

fa} 2- ib) 2
1- 1
8 o 0
-1 1
10 50 100 150 200 10 50 100 150 200
LLEN ©0.5- 0.5}
0 . . - . 0 - , , .
10 50 100 150 200 10 50 100 150 200
EBN 05- m 05
0 - . - . 0 - - - .
10 50 100 150 200 10 50 100 150 200
IBN 05- 2N 0.5
O. 1 1 ] ] 0 4 1 1 1
0 50 100 150 200 0 50 100 150 200
1; 1
OPN U‘SV 0.5v
3 O: 0
2 0 50 100 150 200 0 50 100 150 200
R Time (ms)
£ 0
g 0 50 100 150 200
wl
o 20-
z 0
e o0 50 100 150 200
@ -
= Time (ms)

Fig. 2. Activity profiles of the left (a) and right (b) side of the model in response to setting the left saccadic input to 1, between 50 and 100 ms.

velocity. Hence:

dPN;
dt

and

dPN; _

dt

= —3.5PN; +PI; — 5P x

PN

3.5PN; + PI, — 5P x PN;

Fl

3_

OPNs (P) are initially active, unless inhibited by LLBN or PN. They
have inhibitory inputs from all LLBNs and ipsilateral PN and are
excited with an external excitatory electrical stimulation (J). g() is a

(8) sigmoid function and is tuned so that a single active inhibitory g()
term from LLBNs can stop OPN activity:

% = —-0.2P+(1-P)1.2+])—3.5(P +0.4)(g(L; + g(L))
®) “P(PN; + PN,) (10)
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Fig. 3. Simulation of OPN activity along with eye velocity profile in response to the triangular desired eye velocity (PI) and pulsed J stimulation in horizontal plane. Thick and
dotted lines show results in the presence and absence of OPN stimulation, respectively. Pursuit input (PI) is applied in both cases.
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Fig. 4. Simulation of model activities with a forward catch-up saccade during pursuit in horizontal plane. Saccadic Input (SI) is set to 1 in the interval of 400-425 ms and
pursuit input (PI) is the desired eye velocity. Continuous and dotted lines correspond to catch-up saccade and pure pursuit movement, respectively.

Tonic and motor neurons of the horizontal plane, which provide
the pulse-step motor commands for eye plant dynamics [1], are
described as:

Hi(s) = 1‘\;’;’:((55)) —K (n + %) (11)
Vign = (PNy — PN) + (Er — By) (12)

where T; =3.5 and K=26 are compatible with the results of [5].
Vgn is the desired eye velocity in horizontal plane and M, is the
horizontal motor command fed to the eye.

Horizontal eye plant is described with a transfer function that
has two poles and acts as a low-pass filter [1]:

1
H S)= 13
eyeh( ) (T1T2)52 +(T1 +Ty)s+1 ( )
where T; =3.5 and T, = 0.26. The input is the horizontal motor com-
mand (M) and the output is the horizontal eye position in degrees.
The sigmoid function that maps the x between 0 and 1 is:

4

_ X
0.1% + x4

In this function, the power 4 controls the sharpness of the sig-
moid and the parameter 0.1 determines the value of x at which the
function g(x) equals 0.5 [5].

Simulations were done with Simulink package in Matlab, using
ode4 (4th order Runge-Kutta) solver and fixed step-size of 1 ms.
Each simulation time unit is 50 ms in real world. Model parameters
are optimized based on least mean square (LMS) algorithm to be
compatible with experimental results.

Activity profiles of the model during a typical saccade are
depicted in Fig. 2. The LLBNs in the model show a prelude of activity.
The EBN burst begins after the onset of LLBN activity. The antagonist
EBN produces a small burst at the end of a saccade. This antagonis-
tic rebound may function as a braking pulse to decelerate the eye at
the end of a saccade. As found experimentally, the OPN stops firing
during a saccade [5].

g(x) (14)

It is shown experimentally that OPN activity pattern during
smooth pursuit is similar to eye movement velocity [12]. Fig. 3 (dot-
ted lines) shows the activity of OPN and eye velocity in response to
desired eye velocity input (PI). Triangular input is applied at 225 ms.
It has a positive slope and reaches to 2 at 250 ms and then decreases
by a negative slope to 0 at 800 ms. It is obvious that in pursuit
movement, the profiles of desired eye velocity (input of the model)
and the modeled eye velocity (output of the model) are similar;
however, the OPN pattern of activity is the mirror image of this
profile.

To stimulate OPN, we use an excitatory input J that excites all
OPNs. Fig. 3 shows activity simulation of OPN and eye velocity
profile in response to the triangular desired eye velocity (PI) and
pulse stimulation of J in horizontal plane. ] is set to 1 in the interval
of 400-500 ms. Eye movement velocity is decreased during OPN
stimulation.

Now we evaluate the model when both movements are done
concurrently or one movement switches to another. This occurs
when during tracking a target, pursuit cannot reach it; so a catch-
up saccade is performed to decrease visual error. Catch-up saccades
are typically preceded and followed by pursuit movements. When
catch-up saccade direction is the same as pursuit, it is defined
as forward saccade, whereas when the direction is opposite, it is
called reverse saccade. Saccades which start with stationary state
are called control saccades.

To simulate forward catch-up saccades, we added
pulsed SI to the pursuit movement of previous sections
(Fig. 4).

Then, we investigated the effect of mean pursuit velocity and
saccadic input amplitude variations on PN activity during catch-
up saccades. We applied the previous pursuit and saccadic inputs.
Saccadic inputs were applied in different pursuit velocities to the
left side of the model in order to generate forward catch-up sac-
cades. For each initial pursuit velocity, different Sl amplitudes were
examined. Each saccadic input duration was 25 ms. We compared
the activity of PN in saccade containing cases, with saccade-less
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Fig. 5. The effect of different saccadic input amplitudes on PN activity for different
mean pursuit velocities.

ones and plotted the increased activity of saccade containing cases
against the mean pursuit velocity (Fig. 5).

In this paper, we propose a new model of the brainstem under-
lying the generation of saccades and smooth pursuit movements.

In our model, when the pursuit movement is being performed,
OPN pattern of activity is similar to the eye velocity (see Fig. 3)
which is similar to physiological evidences[12]. In addition, OPN
and PN neurons of the model become synchronized as a result of
their reciprocal inhibitory connection. This finding can encourage
experimental studies on PN.

Some researchers [9] showed that electrical micro-stimulation
on OPN during saccadic movement slows or stops the movement.
Missal and Keller [12] studied this effect on pursuit movement and
showed that OPN stimulation decreases eye movement.
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Similar to [5], our simulation (Fig. 3) indicates that although
OPN stimulation in both saccade and pursuit decreases eye veloc-
ity, they have some key differences. OPN stimulation during saccade
stops or slows movement; however, in pursuit, it decreases pursuit
eye movement but mostly never stops it. Our results are in accor-
dance with the experimental study of Missal and Keller, in which,
electrical stimulation decelerated the pursuit movement in both
directions [12]. In our study, OPN electrical stimulation causes a
decrement, although lower than [12].

Since OPN activity stops during saccades and reaches its max-
imum in resting, it may be considered as a gate for saccades.
Moreover, as a result of reciprocal inhibitory mechanism between
OPN and PN in pursuit, OPN also acts as a gain controller.

Missal and Keller [12] studied OPN during horizontal pursuit and
catch-up saccades. During catch-up saccades, mean spike density
of OPN decreases to zero, which is similar to our simulation (Fig. 4).

InFig. 6, v, is the sum of activity of ipsilateral PN and EBN, minus
the activity of contralateral IBN. This figure shows that v has a
similar profile to the eye velocity, but has a trivial difference with
it, as a result of low-pass filtering effect of motor neuron and eye
plant models. Thus, we can claim that catch-up saccades are com-
posed of saccadic and pursuit components which are generated by
EBN and PN, respectively. However, the manner in which these two
components interact is controversial.

It had never been clearly demonstrated whether smooth pur-
suit motor commands are stopped during catch-up saccades. An
early study by Jurgens and Becker [8] showed that there is a nonlin-
ear summation of saccadic and pursuit eye movements. However,
some newer studies [14] supposed a linear summation between
them. Brouwer et al. [2] found out that there is a continuous super-
position between saccadic and pursuit commands. They compared
forward and reverse catch-up saccades with control ones. In their
study, when these three kinds of saccades had the same duration,
reverse saccades had lower velocity and amplitude than control
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Fig. 6. (a) v: the sum of pursuit and saccadic commands before entering the TN. (b) Eye velocity simulation during a forward catch-up saccade (the lowest panel of Fig. 4 in

d

large scale). Note the similarity between the shape of velocity profile and the shape of ;.
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saccades, whereas forward saccades had higher velocity and ampli-
tude. Hence, they concluded that it is necessary to consider the
pursuit component in catch-up saccades, i.e., subtract it in reverse
saccades and add it in forward ones. Brouwer et al. [2] subtract a
mean pursuit velocity (Vpygrs ) from peak velocity (Vyax ) of catch-up
saccade to determine corrected peak velocity (Vyj,x):

Viiax = YMmax — Vpurs (15)

where Vpygrs =(Vp +Vy)/2, Vpis eye velocity over the interval of 25 to
75 ms before saccade onset, and Vy is eye velocity during 25-75 ms
after saccade offset.

In fact, these calculations are done with the assumption that
during catch-up saccades, pursuit component of eye velocity could
not be affected by catch-up saccades.

A major difference between our simulation and previous ones
is that based on our model, as a result of inhibitory mechanism
between PNs and OPNs, by stopping OPNs activity during catch-
up saccades, PN activity and consequently pursuit component of
eye movement increases (the dotted line in Fig. 6a). We have stud-
ied the effect of changes in saccadic input amplitude along with
the initial pursuit velocity before catch-up saccade on PN activity
variation (see Fig. 5). Our results suggest that PN activity was not
affected by the strength of saccadic input but was influenced by ini-
tial pursuit eye velocity before catch-up saccade onset. Therefore,
there is a nonlinear component that varies by changes in initial pur-
suit velocity before the onset of catch-up saccade; i.e., it increases
by increasing initial pursuit velocity. In forward catch-up saccades,
this nonlinear component is added to the peak eye velocity (Vyax)
while in reverse saccade, it is subtracted from it. Hence, a nonlinear
summation of saccadic and pursuit components occurs.

In this paper, we proposed a new model that couples saccade and
pursuit systems at the level of omnipause neurons. We suggest that
PNs might have reciprocal inhibitory connections with OPNs, and
their activity will increase during catch-up saccades. The amount
of this increment depends on the amplitude of pursuit eye velocity
in catch-up saccade onset. In addition, in catch-up saccades, as a
result of interaction of saccadic and pursuit components, both of
them change nonlinearly.

Similar modeling could be a guide for predicting future experi-
mental studies. For example, our research suggests that it is worthy
to record the activity of PN during pursuit and catch-up saccades.
This recording will be a proper tool to validate our hypothesis
about the behavior of PNs. Also, it would help to understand the
pathophysiology of some vision disorders as ocular dyskinesia of
Parkinson’s disease.
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