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Abstract The human saccadic system is potentially
unstable and may oscillate if the burst neurons, which
generate saccades, are not inhibited by omnipause
neurons. A previous study showed that combined saccade
vergence movements can evoke oscillations in normal
subjects. We set out to determine: 1) whether similar
oscillations can be recorded during other paradigms
associated with inhibition of omnipause neurons; 2)
whether lesions of the fastigial nuclei disrupt such
oscillations; and 3) whether such oscillations can be
reproduced using a model based on the coupling of
excitatory and inhibitory burst neurons. We recorded
saccadic oscillations during vergence movements, com-
bined saccade-vergence movements, vertical saccades,
pure vergence and blinks in three normal subjects, and in a
patient with saccadic hypermetria due to a surgical lesion
affecting both fastigial nuclei. During combined saccade-
vergence, normal subjects and the cerebellar patient
developed small-amplitude (0.1-0.5°), high-frequency
(27-35 Hz), conjugate horizontal saccadic oscillations.
Oscillations of a similar amplitude and frequency occurred
during blinks, pure vergence and vertical saccades. One
normal subject could generate saccadic oscillations
voluntarily (~0.7° amplitude, 25 Hz) during sustained
convergence. Previous models proposed that high-fre-
quency eye oscillations produced by the saccadic system
(saccadic oscillations), occur because of a delay in a
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negative feedback loop around high-gain, excitatory burst
neurons in the brainstem. The feedback included the
cerebellar fastigial nuclei. We propose another model that
accounts for saccadic oscillations based on 1) coupling of
excitatory and inhibitory burst neurons in the brainstem
and 2) the hypothesis that burst neurons show post-
inhibitory rebound discharge. When omnipause neurons
are inhibited (as during saccades, saccade-vergence move-
ments and blinks), this new model simulates oscillations
with amplitudes and frequencies comparable to those in
normal human subjects. The finding of saccadic oscilla-
tions in the cerebellar patient is compatible with the new
model but not with the recent models including the
fastigial nuclei in the classic negative-feedback loop
model. Our model proposes a novel mechanism for
generating oscillations in the oculomotor system and
perhaps in other motor systems too.

Keywords Brainstem - Burst neurons - Postinhibitory
rebound discharge - Saccadic mechanism - Saccadic
oscillations

Introduction

Voluntary shifts of gaze are achieved by rapid, conjugate
eye movements called saccades. Saccades require a pulse-
step change in muscle innervation to overcome the viscous
drag and elastic restoring force of orbital tissues (Robinson
and Keller 1972). The pulse is primarily due to neurons in
the reticular formation of the brain stem that discharge
intensely (burst) with saccades (Van Gisbergen et al. 1981;
Scudder et al. 2002; Sparks 2002). For horizontal
saccades, excitatory burst neurons in the paramedian
pontine reticular formation (PPRF) project monosynapti-
cally to ipsilateral abducens internuclear and motoneurons
that excite yoked agonist muscles, whereas inhibitory
burst neurons in the rostral medulla project to contralateral
abducens internuclear and motoneurons that disfacilitate
yoked antagonist muscles (Strassman et al. 1986a, b; Horn
et al. 1995). Burst neuron activity is gated by omnipause
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neurons (OPN) lying in the pontine nucleus raphe
interpositus (RIP) (Biittner-Ennever et al. 1988); OPN
are tonically active during fixation and suppress activity
during all saccades (Keller 1974; Evinger et al. 1982).
OPN are also inhibited during saccadic-vergence move-
ments, and blinks (Collewijn et al. 1985; Hain et al. 1986;
Hepp et al. 1989; Zee and Hain 1992; Mays and Gamlin
1995; Mays and Morrisse 1995; Scudder et al. 2002;
Busettini and Mays 2003).

In humans, the mechanism that generates saccades is
potentially unstable, and may lead to high-frequency,
conjugate oscillations, occurring one after the other
without any intervening period of steady fixation. These
are saccadic oscillations (Zee and Robinson 1979; Van
Gisbergen et al. 1981) and are thought to be driven by the
same burst neurons that generate saccades because the
dynamic properties of the individual eye movements that
comprise the oscillations correspond to those of voluntary
saccades (Shults et al. 1977; Hotson 1984; Ashe et al.
1991;Yee et al. 1994). In healthy human subjects, the
saccadic system is usually inhibited by OPN; they prevent
the saccadic mechanism from oscillating when steady
fixation is desired. However, even in some normal
subjects, brief, high-frequency, saccadic oscillations
occur especially when accompanied by a blink (Hain et
al. 1986; Rottach et al. 1998). Some normal subjects can
induce saccadic oscillations voluntarily (‘voluntary nys-
tagmus’) (Shults et al. 1977; Hotson 1984). Most normal
subjects develop small-amplitude saccadic oscillations
when a small saccade and large vergence movement are
combined (Ramat et al. 1999). In certain diseases,
pathological involuntary saccadic oscillations—flutter or
opsoclonus—are prominent (Ashe et al. 1991; Leigh and
Zee 1999; Bhidayasiri et al. 2001).

The first question we sought to answer was whether
similar oscillations can be observed during several
paradigms causing the inhibition of the OPN; thus, we
recorded combined saccade-vergence eye movements,
pure vergence, blinks and vertical saccades in a group of
normal subjects. We found that saccadic oscillations of
similar amplitudes and frequencies were recorded in all
such conditions.

Previous models of the saccadic mechanism require a
delay in the negative feedback loop controlling saccade
amplitude to produce saccadic oscillations (Zee and
Robinson 1979; Van Gisbergen et al. 1981). Such a
feedback loop was later hypothesized to pass through the
cerebellar fastigial nuclei (Lefevre et al. 1998; Wong et al.
2001) and around the brainstem saccade generator. Thus,
the second aim here was to determine whether a cerebellar
patient with a bilateral fastigial nuclei lesion had
oscillations, since the models with a feedback loop
through the fastigial nucleus predict he should not. The
cerebellar patient also showed saccadic oscillations having
similar characteristics to those recorded in the normal
subjects. These findings lead to two possible explanations:
either saccadic oscillations are generated through a
different mechanism, independent of the integrity of the

local feedback loop, or the fastigial nuclei are not part of
such a loop.

Thus, the third aim here was to propose a new model for
saccadic oscillations and to simulate saccadic oscillations
that occur in different paradigms associated with OPN
inhibition. The new model accounts for oscillations in
normal subjects, and in a patient with a fastigial nucleus
lesion because a delay in the negative feedback loop
passing through the cerebellar fastigial nuclei is not
needed for the new model to oscillate. Our model is based
on the positive feedback loops that are intrinsic in the
brainstem connectivity of excitatory and inhibitory burst
neurons (Strassman et al. 1986a, b; Scudder 1988) and on
postinhibitory rebound discharge (Huguenard 1998; Ai-
zenman and Linden 1999; Perez-Reyes 2003)

Methods

The data were obtained at both the Cleveland Veterans
Affairs Medical Center (Lab 1) and at the Johns Hopkins
Hospital (Lab 2). The recordings were performed in two
separate laboratories purely for convenience; nonetheless,
this arrangement allowed us to confirm that the eye
oscillations were unlikely due to instrumentation, record-
ing techniques or data analysis artifacts. There are small
differences in the arrangement of the experimental
conditions of the two labs, which are reported for scientific
accuracy, but do not detract from the purposes of the
experiments.

Eye movement recordings

Eye movements were recorded with the magnetic field/
search coil technique in both laboratories.

In Lab 1 horizontal and vertical movements of both eyes
were measured using 6-ft field coils (CNC engineering,
Seattle, WA, USA). Coil signals were hardware low-pass
filtered (bandwidth 0—150 Hz), to avoid aliasing, prior to
digitization at 500 Hz with 16-bit resolution. These
digitized coil signals were filtered with an 80-point
Remez FIR filter (bandwidth 0-100 Hz). Details of the
data recording and signal processing techniques used in
Lab 1 were previously described (Ramat et al. 1999).

In Lab 2 the movements of both eyes were recorded
around all three axes of rotation (horizontal, vertical, and
torsional) using the magnetic field/search coil method with
dual coil annuli. The output signals of the coils were
hardware filtered with a single pole RC filter with
bandwidth of 0-90 Hz, and then sampled at 1,000 Hz
with 12-bit resolution. Further details of the calibration
and recording procedures can be found in (Bergamin et al.
2001).



Subjects and patient

We studied three normal subjects in a set of experimental
conditions that had been reported previously to elicit
transient saccadic oscillations. Our normal subjects ranged
from 31-56 years in age. One subject (C1) was recorded in
Lab 1, two (B1-B2) in Lab 2. One subject recorded in Lab
2 (B2) was able to generate, at will, conjugate oscillations
during sustained vergence.

We also studied (Lab 1) a 50-year-old man (P1) in
whom a cerebellar astrocytoma had been resected 6 years
previously. Clinical examination demonstrated marked
bilateral hypermetria of horizontal saccades, as well as
bilateral limb ataxia (worse on his left side). Smooth-
pursuit eye movements were impaired. He had childhood
esotropia with left amblyopia, but retained some ability to
converge his eyes. He showed hypermetria of horizontal
saccades made to visual targets (the initial saccade had
median gain 1.26 over all trials). For saccades (tested up to
20°), the relationships between amplitude and peak
velocity, and between amplitude and duration were similar
for the cerebellar patient and normal subjects. These are
typical characteristics of saccades with lesions of the
fastigial nuclei (Robinson and Fuchs 2001).

We defined the extent of his cerebellar lesion from
magnetic resonance imaging scans (Fig. 1), using the atlas
of Duvernoy (1995). The lesion bilaterally involved the
culmen of the vermis, the fastigial nuclei including the
caudal parts, and the emboliform nuclei, with partial
involvement of the dentate nuclei. The uvula, nodulus,
quadrangular lobules, and left superior cerebellar pedun-
cles were also involved.

All our subjects and the patient gave informed consent
prior to participating in our experimental recordings. The
study was conducted in accordance with the tenets of the
1964 Declaration of Helsinki and was approved by the
Institutional Review Boards of the Cleveland Veterans
Affairs Medical Center and of the Johns Hopkins Hospital.

Experimental paradigm
Lab 1

The visual stimuli were a red laser spot (the “far target”)
rear-projected onto a semi-translucent tangent screen at a
viewing distance of 1.2 m and a green LED (the “near
target”) located at a distance, calculated for each subject,
to require 10° of vergence (typically at about 35 cm). The
LED was positioned so that, in the horizontal plane, it was
aligned with the far target for either the right or the left eye
(Miiller paradigm), or on the subject’s midline.
We used three experimental paradigms:

1) Miiller paradigm. Subjects shifted their line of sight
between the near and far targets, aligned horizontally
on one eye, but requiring a vertical saccade of about
10°; the near target was near vertical zero position
and the far target was approximately 10° higher. Each

Fig. 1 Axial magnetic resonance image (TR: 500; TE: 14) of the
cerebellar patient in the plane of the middle cerebellar peduncles and
the anterior superior cerebellar fissure, showing a large surgical
midline lesion (indicated by arrows) in the structures above the roof
of the fourth ventricle. Based on 3-mm sections, the lesion was
demonstrated to extend above and below the median dorsal recess,
and involve the fastigial nuclei, including the caudal parts (see text
for details)

eye was tested in turn. Each gaze shift was prompted
by illumination of either the near or far target, with a
100-ms gap; each target light remained illuminated
for 2.4 s to allow time for subjects to fix upon it. This
paradigm stimulated asymmetrical horizontal saccad-
ic-vergence movements in combination with a verti-
cal saccade. In a prior study (Ramat et al. 1999), it
was shown that the Miiller paradigm was a reliable
experimental strategy to induce saccadic oscillations
in normal subjects.

2) Midline vergence. The subjects shifted gaze between
far and near targets lying on their midsagittal plane
and separated vertically by about 10°.

3) Vertical saccades. Subjects made large vertical sac-
cades (20—40°) between targets aligned on their
midsagittal plane.

Lab 2

Saccadic oscillations were investigated in an additional
two normal subjects (B1, B2), one being able to produce
voluntary, conjugate oscillations.

The stimuli were two red LEDs at a viewing distance of
190 cm (the “far target”) and 15 cm (the “near target”)
which, depending on the interpupillary distance (IPD) of
each patient, required about 22° of vergence (for a typical
IPD of 6 cm).

Four paradigms were used with these subjects:

1) Miiller paradigm. The subject was positioned so that,
in the horizontal plane, the near and far LEDs were
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aligned with either the right or the left eye, with a
minimal vertical displacement between the two
targets to allow the subject to view both LEDs.

2) Midline vergence. Subjects were asked to perform
gaze shifts between the near and far targets aligned on
their midsagittal plane.

3) Blinks. Subjects were asked to perform pure blinks
during steady fixation of the far target.

4) Vertical saccades. Subjects were asked to perform
large vertical saccades (20—40°) between targets
aligned on their midsagittal plane.

A fifth paradigm was performed by subject B2 who was
asked to produce voluntary conjugate oscillations asso-
ciated with sustained convergence effort.

Data analysis

Although saccadic oscillations were seen in the position
traces, their amplitudes were small (<1° in most cases);
accordingly, we chose to study the oscillations using eye
velocity, for which the frequency is unaltered and the
amplitudes are enhanced by a factor proportional to their
frequency. The velocity traces were analyzed interactively
to detect periods of sustained oscillations; these data
segments were marked for further analysis. Saccadic
oscillations often were superimposed on an ongoing
slower eye movement, equivalent to a drift superimposed
on the oscillations. To deal with this problem, the selected
eye-velocity data were fit initially with a straight line to
identify the baseline drift, which was then subtracted from
the raw data (‘detrend’). The periodic oscillations were
harmonically distorted; thus, their amplitude and frequen-
cy were measured by finding the best-fitting (in the least-
squared error sense) sine wave (asin(2 7 f¢ + 0)), using the
Matlab implementation of the Nelder-Mead simplex
method. Each fitted function was visually checked for
agreement with the data. Thus, the values of amplitude and
frequency for each analyzed oscillation were taken as the a
and f parameters of the fitting function, respectively. To
provide a measure of the quality of the estimated
parameters, we computed 95% confidence intervals for
the parameters of the fit and considered the amplitude of
such intervals. Note that the error of the estimate provided
by the fit is statistically likely to be less than half of the

reported amplitude of the confidence interval. All oscilla-
tions that could be fit with a single sinusoidal function for
at least 1.5 periods were considered.

The model (see Appendix) was simulated with Matlab/
Simulink on an IBM-compatible personal computer. The
periodic oscillation produced by the model was analyzed
with the same fitting technique that was used to
characterize the experimental data. Statistical significance
of comparisons of both intra- and inter-subject data was
assessed using the rank-based Wilcoxon test and the
Student’s ¢ -test. When the two results disagreed (<5% of
measurements) the distribution of the data was examined
using the resampling based bootstrap technique (Efron and
Tibshirani 1993). The ¢ -test result was chosen when the
distribution was Gaussian, the Wilcoxon value otherwise.
Statistical significance was considered to be attained at P
<0.05 unless otherwise specified. Using representative
data collected from normal subjects (C1 and B1) during
the Miiller paradigm, we computed the minimum sample
size (n) required from each of the two populations to
estimate the difference between the two means (either
intra- or inter-subject) with a 95% confidence interval
being not wider than the confidence interval found for the
parameters of the fit (see above). We found n =13. Thus,
we chose 13 as the threshold sample size for considering
the data valid for statistical comparison.

Results

The frequency and the velocity amplitude of saccadic
oscillations for each subject, in each tested experimental
condition, are summarized in Table 1. Eye velocity was
calculated from the cyclopean eye ((right eye + left
eye)/2). Values are the mean = SD (standard deviation) of
the identified periods of sustained oscillations. The
amplitude and frequency of saccadic oscillations varied
over time even within a single trial as can be noted both in
Fig. 2 (patient P1) and in Fig. 3 (patient P1 and subject
Cl).

The quality of the estimated amplitude and frequency
parameters was best (i.e., the amplitude of the 95%
confidence interval was smallest) for the subject who
could generate voluntary oscillations (at most 2 Hz and 5°/
s). The ranges of the confidence intervals for the
parameters of the fits of the patient data were, at most,

Table 1 Characteristics of the oscillations over all experiments. Mean + SD frequency and amplitude (measured on velocity traces) of

oscillations recorded in each subject and each experimental condition

Subject Miiller Vertical saccades Blinks Midline vergence

P1 35+4 Hz; 2346°/s 36+4 Hz; 21+7°/s N.T. 3544 Hz; 20+4°/s
Cl1 32+4 Hz; 16+6°/s 33+5 Hz; 1443°/s 33+5Hz; 13+3°/s 3245 Hz; 13£3°/s
Bl 35+4Hz; 1543°/s 3245 Hz; 17+4°/s 34+5 Hz; 16+£3°/s N.S.

B2 27+4 Hz; 41£16°/s 2544 Hz; 47+16°/s 27+4 Hz; 1845%s 2643 Hz; 23+7%s

N.T indicates that the subject was not tested in that specific experimental condition.N.S. indicates that the number of identified saccadic
oscillations for the subject in the specific experimental condition was less than 13. Miiller Miiller paradigm, Vertical saccades vertical
saccades along midsagittal plane, Blinks blinks alone, Midline vergence vergence movements between targets aligned on the midsagittal

plane



Fig. 2a—¢ Example of high-
frequency saccadic oscillations
made by the cerebellar patient
during a combined saccade-ver-
gence movement. Far and near
targets were aligned on one eye
(Miiller paradigm). a Both hor-
izontal and vertical individual
eye velocities. b The horizontal
(continuous black) and vertical
(dash-dotted) version velocity
traces. The grey trace offset
from the others shows the de-
trended sinusoidal oscillation. ¢
The version (continuous line)
and vergence (dashed line) po-
sition traces

Fig. 3a—f Responses to Miiller
and midline paradigms. Exam-
ples showing horizontal saccad-
ic oscillations in normal subjects
and the patient. Each panel
shows the vertical (dash-dotted)
and horizontal (continuous
black) version velocity traces
and the detrended sinusoidal
oscillation (grey). a, b Data
from the cerebellar patient. ¢, d
Data from two normal subjects
(Cland BI). e, f Data from the
subject who could produce
‘voluntary nystagmus’. a, ¢, €
Miiller paradigm (far and near
targets aligned on one eye). b, d,
f Vertical saccade paradigm. The
title of each panel indicates the
condition, the amplitude (4) and
frequency (F) of the identified
sinusoid
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6 Hz and 6°/s, whereas those of the control subjects were,
at most, 6 Hz and 7°/s and 4 Hz and 4°/s (C1 and BI,
respectively).

The responses to each experimental paradigm are
summarized below by describing their general character-
istics and specifying the differences among subjects.
Representative responses for each of the stimuli are
shown in Figs. 2 and 3. Data from subject B2, who could
produce voluntary saccadic oscillations, is discussed
separately since his oscillations were generally of a
slightly lower frequency and higher amplitude than those
of the other normal subjects.

Miiller paradigm

All normal subjects and the cerebellar patient showed
high-frequency conjugate oscillations during combined
saccadic-vergence movements. Examples from the cere-
bellar patient are shown in Figs 2 and 3a; note that the
oscillations are most evident on the velocity traces (Figs. 2
and 3a, b) but can be seen on the position traces too
(Fig. 2c). The frequency of the oscillations in the
cerebellar patient ranged from 26-42 Hz and averaged
35 Hz while the amplitude, measured on position traces,
ranged from 0.1-0.3°. He produced saccadic oscillations
in about 40% of the ftrials during both far to near
(convergence) and near to far (divergence) gaze shifts.
Such oscillations were mostly limited to the horizontal
component of eye movement (e.g., Fig. 3a) but were
sometimes present in the vertical component as well (e.g.,
Fig. 2b). The control subjects also produced saccadic
oscillations in 20-36% of the trials. An example from
subject C1 is shown in Fig. 3c. No significant inter-subject
variability was found among the frequencies or the
amplitudes recorded in the three control subjects, except
for subject B2 for whom the amplitude of the oscillations
was significantly greater than for the other control
subjects. The frequency of the saccadic oscillations
produced by our patient was not significantly different
from that of the oscillations produced by the control
subjects. The amplitude of his oscillations, however, was
significantly greater than that of the oscillations recorded
in subjects C1 and B1 (P <0.05).

The subject who could produce conjugate oscillations
during voluntary vergence (B2) showed saccadic oscilla-
tions during combined vergence-saccade movements with
a mean (xSD) frequency of 27+4 Hz and amplitude (on
position traces) averaging 0.4+0.1°. The frequency of
these oscillations was significantly lower and the ampli-
tudes significantly larger (P <0.01) than those of the
patient and the other control subjects (a representative trial
from subject B2 during the Miiller paradigm is shown in
Fig. 3e).

Overall, these data are similar to findings from ten
normal subjects recorded previously, who showed conju-
gate oscillations during 20-40% of combined saccade-
vergence movements (Miiller paradigm) (Ramat et al.
1999). The range of mean values for these subjects was

0.2-0.7° in amplitude and 23-33 Hz in frequency. Thus,
with respect to the Miiller paradigm, the results here are
similar to those reported previously.

The percentage of the trials containing oscillations in
which a horizontal saccade was present ranged from 60 to
78% for all subjects, including the patient. When preceded
by a horizontal saccade, saccadic oscillations occurred
during the vergence movement that followed the saccade,
starting between 50 and 100 ms after the time of peak
velocity of the saccade (e.g., Figs. 3a and 5). Figure 3¢
shows an example of a response to the Miiller paradigm in
which there were saccadic oscillations but without any
other saccade.

Vertical saccades paradigm

Large (20 and 40°) vertical saccades were elicited in all
normal subjects and in the patient. All showed saccadic
oscillations in the horizontal plane, which occurred in 30—
40% of the trials for all subjects. In this paradigm the
oscillations occurred almost exclusively during the vertical
saccade. The amplitude and frequency of the oscillations
in subjects B1 and C1 were not significantly different from
each other and averaged 0.12+0.03° (on position traces)
and 3245 Hz, respectively. An example from subject C1 is
shown in Fig. 3d. The patient also showed horizontal
saccadic oscillations occurring in about 30% of the trials
(Fig. 3b). Oscillations recorded in the patient during the
vertical saccade paradigm had the same frequency and
amplitude as in the other paradigms and averaged 36 Hz
and 0.2°, respectively. These had a significantly larger
amplitude (P <0.02) and higher frequency (P =0.03) than
those recorded in subjects B1 and C1. Subject B2 showed
horizontal oscillations with a mean (£SD) frequency of 25
+4 Hz and amplitude of 0.5+0.2° (on position traces).
These oscillations had significantly lower frequencies and
larger amplitudes than those found in the other subjects.

For all subjects and the patient, saccadic oscillations in
the horizontal plane began on average 50 ms after the
vertical saccade onset and always stopped when the eye
came to a stop in the vertical plane Fig. 3b, f.

Midline vergence paradigm

During the midline vergence paradigm we found only five
occurrences of oscillations for subject B1. Thus, the data
from this subject were discarded from statistical analysis
for not meeting the required sample size (n =13, see
Methods). Subjects C1, B2 and the patient produced
saccadic oscillations in response to the midline vergence
paradigm in about 20% of trials, 90% of which were
preceded by a small saccade (in the horizontal or the
vertical plane).

For subject C1 and for the patient, these oscillations
were not significantly different, either in amplitude or
frequency, from those recorded during the other para-
digms. For subject B2, the oscillations had a smaller



amplitude during midline vergence than during the Miiller
paradigm or vertical saccades.

As for the Miiller paradigm, the oscillations produced
by subject B2 during midline vergence were of larger
amplitude and lower frequency than those produced by the
other normal subjects. Saccadic oscillations were found in
significantly fewer trials during midline vergence than in
the other paradigms. When saccadic oscillations were
found in this paradigm they were preceded by a saccade in
either the horizontal or the vertical plane (required in the
Lab 1 paradigm) in over 90% of the trials. In the
remaining 10% of the trials no saccade was seen (as in
Fig. 4c). This raises the question of what happens when
the OPN are turned off without a saccadic eye movement.

Blink paradigm

The three normal subjects (B1, B2, Cl1), but not the
patient, were recorded in the pure blink paradigm and all
frequently showed saccadic oscillations (>60% of the
trials) in the 50-200 ms period following the onset of the
blink. The frequency of oscillations was not significantly
different (P >0.5) than during the Miiller paradigm, though
B2 showed significantly smaller amplitude oscillations
during blinks (P <0.01). There were no significant
differences in the oscillations produced by the different
subjects in this paradigm, except for subject B2, who
produced oscillations of significantly lower frequency and
higher amplitudes. Examples from subjects B1 and B2 are

Fig. 4 a, b Example of high- A
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shown in Fig. 4a and b, respectively. Note that oscillations
in these trials were not preceded by a saccade.

Voluntary conjugate oscillations

Subject B2 could produce conjugate oscillations volunta-
rily, in association with sustained vergence. He was asked
to generate bursts of ‘voluntary nystagmus’ (back-to-back
saccades with no intersaccadic interval) [video available]
in darkness. The oscillations produced by this subject had
a mean (£SD) frequency of 2442 Hz, and amplitude of 0.7
+0.2°. About 35% of the oscillations were preceded by a
small horizontal saccade. The frequency of these oscilla-
tions was not statistically different from that of the
oscillations generated in the other paradigms, but was
lower than those recorded in the other subjects. Ampli-
tudes were significantly larger in this paradigm than in the
others. An example of the voluntary oscillations recorded
in this subject is shown Fig. 4d.

Comparison of oscillations during different test
paradigms for each subject

An overall picture of the frequency characteristics of the
oscillations is shown in Fig. 5. Figure 5 shows the
histograms of the amplitudes and frequencies of all
recorded saccadic oscillations for each subject, except
the voluntary oscillations from subject B2, as the
amplitudes (velocity traces) of those oscillations were

frequency saccadic oscillations 100

made during the blink paradigm
by subject C1 (a) and subject B2 C1
(b). ¢ Example of saccadic
oscillations produced during the
midline vergence paradigm by
subject B2. d Example of sac-
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subject B2 while attempting to
produce ‘voluntary nystagmus’. -50
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often greater than 100°/s. Each shade of grey represents
one subject, and each column represents the number of
oscillations in which the amplitude (measured on velocity
traces) or frequency fell within the x-axis bin (cf. figure
legend). The plot confirms the similarity of the saccadic
oscillations recorded in our subjects in the different
conditions and shows how subject B2 represents the
lower bound for oscillation frequency and upper bound for
amplitude. The overall means and standard deviations
including the normal subjects (except B2) and the patient
were 0.3£0.1° for amplitude (25+13°/s in velocity) and 31
+6 Hz for frequency.

For subject B2 and the cerebellar patient saccadic
oscillations occurred in a larger percentage of trials across
the different conditions, followed by C1 and B1. Overall,
the midline vergence paradigm seemed to be least effective
in eliciting saccadic oscillations; they were more frequent
during blinks and vertical saccades.

To summarize, for all subjects and the patient, the
variability of amplitude and frequency found among the
different experimental conditions was not greater than that
found within one single experimental condition. Thus, we
hypothesize that saccadic oscillations are generated by the

same mechanism in all experimental conditions. Also, the
amplitude and frequency characteristics of the saccadic
oscillations recorded in the cerebellar patient were not
different from those recorded in the other normal subjects.
This fact suggests that saccadic oscillations are produced
by the same mechanism in the patient and in our normal
subjects.

The following sections review the current hypotheses
for the mechanism producing saccadic oscillations in the
light of our experimental findings and suggest a new,
alternative, hypothesis.

Current models

Saccadic oscillations can be explained by a classic control
theory model (Fig. 6) that has a negative position feedback
loop around a high-gain amplifier (Robinson 1975;
Jurgens et al. 1981; Scudder et al. 2002; Sparks 2002).
With the desired displacement as an input, this feedback
loop generates a burst of innervation proportional to eye
velocity and produces a saccade of the correct amplitude
and duration. This system can produce saccadic oscilla-
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tions because of the high gain of the burst cell and the
delay in the feedback pathway (Zee and Robinson 1979).
If there is a time delay in the feedback loop, the system
oscillates if the phase lag is 180° and the loop gain is at
least 1.0 (Zee and Robinson 1979). The duration of the
delay in this local feedback loop is the hypothetical
mechanism by which the oscillation frequency is modu-
lated (oscillation frequency is inversely related to the delay
(T) by the relationship F ~0.25/t, Zee and Robinson
1979). This negative feedback model can oscillate even
with no input (unless the loop gain is reduced below one),
a condition that may occur if the burst neuron discharge is
released from the inhibition of the omnipause neurons.

The range of frequencies of saccadic oscillations
reported in normal subjects and patients with flutter or
opsoclonus is large: 6-33 Hz (Shults et al. 1977; Ashe et
al. 1991; Leigh and Zee 1999; Ramat et al. 1999;
Bhidayasiri et al. 2001). To produce such a range of
frequencies of oscillations, the negative feedback model
requires a correspondingly large range of delays (t=36 to
6 ms). If the feedback signal is local to the brainstem, the
source of this six-fold range of delays is not easily
understood. Individual synaptic delays are only about
1 ms. Thus, increasing the delay from 6 to 36 ms would
require either adding a large number of synapses, or
substantially slowing axon conduction. This large range of
frequencies of oscillation presents a problem for the
classical explanation of saccadic oscillations.

A dual-pathway model has been proposed for the
generation of saccadic eye movements that puts the
cerebellum in the negative feedback loop responsible for
controlling saccadic accuracy (Lefevre et al. 1998; Quaia
et al. 1999; Optican and Quaia 2002). It has been proposed
that at least part or perhaps all of this feedback pathway
goes through the fastigial nucleus (FOR) (Lefevre et al.
1998; Wong et al. 2001). As this path is much longer than
an intra-brainstem path, a wider variation of delays might
be possible. However, in this model, lesioning the fastigial

E_(1] =
N
E;, + < : E
OPN MLBN

Fig. 6 Classical model of the local position feedback loop for
generating the saccade eye velocity command (E). Desired eye
displacemept (E,) is compared to an efference copy of saccade
progress (E). The efference copy is obtained by integrating the
output of the medium-lead burst neurons (MLBN), which is
proportional to eye velocity. The difference between E; and E
drives the burst neurons if the OPN are off. If the OPN are turned off
and there is no input, the circuit will oscillate with a frequency
determined by the delay (7) in the loop, if the burst neurons have a
high enough gain
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nucleus opens the negative feedback loop, which produces
saccadic hypermetria but prevents saccadic oscillations.

A more detailed examination of the cell types and
connections that are known to exist in the brainstem for
horizontal movements (Fig. 7) suggests an alternative,
novel mechanism for oscillations. In particular, it dis-
tributes the role of the burst neurons across two constituent
types: excitatory (EBN) and inhibitory (IBN), which are
connected across the midline (Strassman et al. 1986b;
Biittner-Ennever and Biittner 1992) producing two posi-
tive feedback loops. These positive feedback connections
provide another source of instability and lead to an
alternative model for saccadic oscillations. Common to
both models, however, is the hypothesis that a necessary
condition for the generation of saccadic oscillations is the
inhibition of the OPN.

In the next section, we describe a new model for
saccadic oscillation with a mathematical representation of
the structures and connections shown in Fig. 7. The model

Fig. 7 Details of the brainstem circuit of the dual-pathway model
for horizontal saccades. Projections with flat ending are inhibitory,
the others excitatory. Saccades require reciprocal innervation to the
medial and lateral recti (ML and LR) of both eyes. The LR is driven
by the ipsilateral abducens nucleus (V1 n) motor neurons (MN). The
VI n also contains an interneuron (/N) that sends its axon to the
contralateral III n, which drives the MR of the other eye. EBN thus
provide the drive to the ipsilateral MN and IN. The EBN also project
to the ipsilateral IBN. The IBN provide inhibition to the contralateral
MN and IN. Thus, an EBN/IBN pair provides reciprocal innerva-
tion. The IBN also provide inhibition to the contralateral EBN and
IBN. A consequence of this cross-coupling is that the EBN/IBN
pairs form a short-latency, positive feedback loop. When OPN are
active, they prevent this loop from oscillating
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is to be considered as a detail of the dual-pathway model
of the saccade generator mechanism by Lefeévre et al.
1998. Thus, in its complete form, there would still be a
local feedback loop controlling saccadic accuracy, but that
would not be the sole mechanism responsible for the
oscillations, which can in fact occur even in its absence.

EBN and IBN connectivity

The EBN project to the ipsilateral internuclear and
abducens motor neurons, and to the region of the
ipsilateral IBN (Strassman et al. 1986a). Axons of the
IBN cross the midline and project to the contralateral
internuclear and abducens motoneurons, and to the region
of the contralateral excitatory and inhibitory burst neurons
(Strassman et al. 1986b). The purpose of the crossed
projections is to enforce Sherrington’s Law of reciprocal
innervation by inhibiting the cells that drive the antagonist
motor neurons (Scudder et al. 1988). This ensures that
when the saccade begins, only the agonist muscle receives
excitation. At the end of the saccade, the model assumes
that the opposite IBN are turned on by the ipsilateral
fastigial nucleus (not shown in the figure). These opposite
IBN in turn send their axons across the midline to inhibit
the agonist EBN. This ‘chokes off” the drive for the
saccade and stops the movement (Lefevre et al. 1998;
Quaia et al. 1999; Optican and Quaia 2002). Once the
movement stops, the OPN resume their discharge and thus
inhibit both EBN/IBN pairs.

The coupling of the EBN and IBN across the midline
has the additional consequence that one or more short-
latency, positive-feedback loops are created (Fig. 7,
dashed lines). The shortest loop goes from ipsilateral

Fig. 8a, b Burst neuron model A
allowing postinhibitory rebound
and adaptation. a The cell
membrane contains a low-pass
filter (time constant mT,), and a

IBN to contralateral IBN and back. Neuroanatomical
evidence for this projection was found by Strassman et al.
(1986b) who reported that “the caudal termination zones
of both EBN and IBN cover the region containing the IBN
somas.” The longest loop is from the ipsilateral EBN to the
ipsilateral IBN, to the contralateral EBN, to the contralat-
eral IBN, and back. When the eyes fixate, these loops are
prevented from oscillating by the OPN that inhibit both the
IBN and EBN. Note that the complete model published by
Scudder (1988, Fig. 8) includes most of the neural
structures and connections that are present in the new
model proposed here. Notably, the Scudder model
suggested the existence of at least two positive feedback
loops, a short loop including IBN on both sides of the
midline and a longer one including both EBN and IBN.
However, the potential of this circuit to oscillate was not
explored, possibly because saccadic oscillations are less
prominent in monkeys than in humans.

During a horizontal saccade, there is an unbalanced
input to EBN, larger in the ipsilateral direction. This
causes one side to dominate the other through inhibitory
connections, and during the saccade the brainstem circuit
does not oscillate. However, at the end of the movement,
or during vertical saccades, or during combined saccade-
vergence movements, there may be a balanced (or zero)
input without OPN inhibition (Zee et al. 1992; Quaia and
Optican 1997). Under these circumstances, even a tiny
amount of membrane noise or the execution of a small
initial saccade may cause the positive feedback circuit to
start oscillating. If the synaptic delay is only about 1 ms,
however, the frequency of these oscillations would be very
high, well above the frequency that the oculomotor plant is
capable of responding to (Robinson 1964). Thus, these
neural oscillations would look like simultaneous firing on
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both sides (cf. van Gisbergen et al. 1981), and would not
cause eye movements.

Burst neuron membrane properties: post-inhibitory
rebound

The model needs a mechanism for slowing down the
oscillations that does not depend upon the delays in the
coupling loop within the brainstem, and for triggering the
oscillations in those conditions in which there is no
saccade command (e.g., during blinks). The proposed
mechanism is the dynamic properties of the membrane of
the neuron. Figure 8a shows the burst neuron model (for
both EBN and IBN). The membrane is modeled as a high
pass filter that shows adaptation. Thus, the step response
of the membrane of the neuron shows an overshoot in both
the positive and negative directions. The burst neuron
output, however, is determined by the equation describing
the saturation element (see Appendix). Thus, the conse-
quence of the adaptation is that at the offset of inhibition
there is a rebound that carries the membrane into positive
territory, allowing the cell to fire spontaneously (schema in
Fig. 8b). Single-unit recordings of EBN show late firing in
the previously silent neurons that normally discharge for
saccades in the opposite direction (Van Gisbergen et al.
1981). This may be caused by post-inhibitory rebound
(PIR). Postinhibitory rebound is a property of some cell
types that, at the offset of hyperpolarization, produces a
rebound discharge mediated by low-threshold Ca™"
channels (for a review see Perez-Reyes 2003). Enderle
and Engelken (1995) have suggested that this is an
important mechanism for generating saccades. Our model
depends on PIR to start oscillations when the input to the
EBN is not imbalanced, i.e., there is no saccade command.
For the model to start oscillating without a prior saccade,
the OPN must turn off, which in turn produces the post-
inhibitory rebound firing (PIR). In the absence of any
OPN activity at all (e.g., with a lesion) saccadic
oscillations could still occur but only if triggered by a
saccade. Finally, the model is relatively insensitive to the
exact value of most of its parameters, except for the
adaptation time constant (aT.) and the gain of the EBN
(ebnGain).

Model generation of saccadic oscillations

Suppose that the OPN are turned off when there is no
horizontal saccade command to the burst neurons. This
can occur when subjects make a vertical saccade, a
vergence movement, or a blink, as it is believed that OPN
are involved in suppressing both saccade and vergence
movements (Zee et al. 1992; Mays and Gamlin 1995) and
that they turn off during blinks (Hepp et al. 1989; Mays
and Morrisse 1995). In our model, the offset of the
hyperpolarizing input from the OPN will cause rebound
depolarization in both the right and left EBN, which will
simultaneously fire a few action potentials. However, any
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imbalance in the circuit will allow one side to take over
and a periodic oscillation will develop. The numbers in
parentheses in the following paragraph refer to those
reported in Fig. 7. Suppose the rebound depolarization of
the right EBN (1) provides a small output burst that will
drive the right IBN (2), which in turn inhibits the left EBN
(3). Because of the membrane adaptation, when the burst
in the right EBN (1) is over, the left EBN (3) will be
disinhibited and its membrane potential will show a
rebound depolarization. This rebound will cause the left
EBN (3) to burst, which will excite left IBN (4), which, in
turn, will lead to inhibition of the original, right EBN (1).
When the left EBN (3) shuts off (because it has no input
and the PIR is extinguished) the process will be repeated.
Thus, the circuit oscillates because of the positive
feedback loop around the EBN/IBN pairs on the two
sides (two inhibitory projections in one loop make it a
positive feedback loop).

In the proposed model, when the drive from the left
EBN is over, the right IBN is both disinhibited by the left
IBN and excited by the right EBN. Within the right IBN,
this excitation is amplified by the rebound properties of
the neuron so that the input to their saturation element (the
block labeled “burst” in Fig. 8a) is carried to large positive
values, thus causing these neurons to fire at their saturation
level. The input to the EBN cells, instead, never reaches
positive values when the circuit is not driven to produce a
saccade. In fact, when a driving command is absent the
only possible inputs to EBN are inhibitory; thus in these
conditions these cells are either inhibited or disinhibited,
but never excited. Any positive input to the output
saturation of the EBN is thus due uniquely to PIR and can
be easily modulated by the membrane gain parameter,
ebnGain, so as to fall into the approximately linear part of
the saturation element of the neuron. Such modulation
does not affect the duration of the rebound burst (and
therefore the circuit oscillation frequency) but only its
intensity (the maximum firing rate of the rebound, and
therefore the amplitude of the oscillation). Our model
would thus predict that the IBN would always begin firing
at their saturation level, while the EBN could show a
modulation of their initial firing rates during oscillations.
Simulations based on this model (see below) show that the
frequency of oscillation is mainly controlled by the EBN
adaptation time constant, while the amplitude is controlled
by the EBN adaptation time constant and the membrane
gain.

When a similar EBN/IBN organization was first
suggested by Scudder (1988) for monkeys, the author
did not report oscillations in the behavior of his model,
presumably because of the low gain used for the IBN to
IBN projections (0.15, a value too low to inhibit the target
neurons). There is relatively little data on the occurrence
and characteristics of saccadic oscillations in monkeys
(e.g., Fig. 11b, left panel, top trace in Sylvestre et al.
2002).
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Model simulations

Next we present model simulations of the saccadic
oscillations for the normal subjects and the cerebellar
patient in paradigms occurring either with (vertical
saccades, saccade-vergence) or without an associated
saccade (‘voluntary nystagmus’, blinks and pure ver-
gence). All simulations were performed using a leaky
integrator and two-pole plant. The slowest pole of the
plant (time constant of 200 ms) is compensated by the zero
in the leaky integrator (Chun and Robinson 1978) so that
only the second pole of the plant (time constant of 15 ms)
needs to be considered for producing the ocular motor
output. The critical parameters that determine the
characteristics of the oscillations are the membrane
adaptation time constant, which accounts for the adapta-
tion properties of PIR, and the membrane gain, which
accounts for both the probability and the overall intensity
of PIR across the population of neurons. As the time
constant for the adaptation changes, the amplitude and
frequency of the oscillation also changes (Fig. 9a and b,
respectively). Varying the membrane gain of the burst
neurons but not the adaptation time constant has only a
small effect on the oscillation frequency (Fig. 9b) but
considerably modulates the oscillation amplitude (velocity
amplitude shown in Fig. 9a). The ability to modulate the
amplitude independently of the frequency is reflected in
the experimental data, such as that presented in Fig. 4b—d
in which oscillations produced by the same subject can
have similar frequencies but different amplitudes.
Varying the adaptation time constant over a tenfold
range from 3 to 30 ms causes the frequency to change
from about 40 to about 6 Hz (depending also on the value
of the ebnGain). In our simulations the adaptation time
constant of the IBN was set to the same value as that of the

Fig. 9a, b Simulation of sac- A
cadic oscillations. The velocity

amplitude (a) and frequency (b)

of the oscillations as a function

of the adaptation time constant

and burst neurons gain. Note 500
that the view point is different in
a and panel b. Model para-
meters for simulations are re-
ported in Table 1

ebnGain

Amplitudes B

EBN. Varying the adaptation time constant of the IBN
independently from that of the EBN did not have
substantial effects on either the amplitude or frequency
of the oscillations produced by the model. In our lumped
model the characteristics of PIR adaptation are determined
by the membrane adaptation time constant (aT.). The
overall probability of PIR over a population of neurons
and the resulting intensity modulation are represented by
the gain of the membrane of the burst neuron (ebnGain).

Examples of the oscillations generated by our model,
without the cerebellar negative feedback loop, are shown
in Fig. 10. Figure 10b presents oscillations obtained with
three different combinations of gain and time constant of
the membrane simulating oscillations following an initial
horizontal saccade. A saccadic command of a predeter-
mined duration was given as the input to the model,
causing inhibition of the OPN, which are then kept off
until 200 ms later. At the end of the saccade, the
oscillations settle in. Figure 10a shows simulations of
oscillations that are not preceded by an initial saccade and
that are sparked only by post inhibitory rebound due to the
OPN being shut off (after 25 ms) and then kept silent until
200 ms later. Also, the occasional drift of the oscillations
as well as the changing frequency and amplitude can be
simulated with small imbalances between the right and left
parts of the circuit, and by allowing small (e.g., 0.1 ms)
on-line variations of the membrane characteristics. The
latter could be the result of biological noise, which could
affect both the PIR characteristics of single neurons
(which could depend on ionic and cationic currents, the
duration and intensity of the preceding hyperpolarization
and several types of neurotransmitters) and whether or not
an individual burst neuron will show PIR. Thus, the net
population discharge could vary over time.

Frequencies

ebnGain

0 aTc aTc 003 o



Fig. 10a—d Simulations of
saccadic oscillations for differ-
ent aT, values obtained with the
model without a local feedback
loop. a, ¢ Eye position and eye
velocity of saccadic oscillations
produced without a preceding
saccade. b, d Eye position and
velocity traces of saccadic os-
cillations preceded by a 1° sac-
cade. The behavior of the OPN
is the same in both sets of
simulations: OPN turn off at
20 ms and turn on at 200 ms,
ebnGain=0.4

We also added the ‘classical’ local negative feedback
loop (Fig. 6) to our model, using different delays, to
simulate the response with a complete saccade generator.
The amplitude and frequency characteristics of saccadic

Fig. 11a—d Simulations of
saccadic oscillations obtained
with our model to which the
classical negative local feedback
loop was added. The same
combinations of parameter va-
lues shown in Fig. 10 were used.
a, ¢ Eye position and eye
velocity of saccadic oscillations
produced without a preceding
saccade. b, d Eye position and
velocity traces of saccadic os-
cillations preceded by a 1° sac-
cade. The behavior of the OPN
is the same in both sets of
simulations: OPN turn off at
20 ms and turn on at 200 ms,
ebnGain=0.4
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oscillations generated by the complete model are only
marginally affected by the delay along the negative
feedback loop. We simulated the model with different
(from 2 to 20 ms) values of the delay along the loop and
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Fig. 12 Simulation of experi-

B2 voluntary oscillations A=132 deg/s F=22 Hz

mental data from subject B2 150 '

(Fig. 7a) who could produce
voluntary conjugate oscillations.
Dotted trace: detrended eye
velocity. Dashed trace: sinusoi-
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dal fit to the dotted trace. Con- 5, 0
tinuous trace: model simulation ~ §
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found that the sensitivity of the model to such changes
peaked for a delay of 10 ms. Even so, that delay caused
less than a 5% reduction in the frequency of the
oscillations (Fig. 11) compared with those generated by
the model without the negative feedback when using the
same membrane parameters as in Fig. 10. The effect of the
negative local feedback loop can be appreciated in the
position traces (panel b) of the simulations of oscillations
following a saccade. The baseline of the oscillation decays
toward the reference position with a time constant on the
order of 100 ms. The simulations of oscillations generated
by the complete model without an initial saccade (panel a
and c) differ only slightly in their amplitude and frequency
from those obtained without the local feedback loop.

Examples of simulations of voluntarily induced saccad-
ic oscillations are shown in Fig. 12, in which the conjugate
velocity trace from the trial shown in Fig. 4d is analyzed.
The figure shows the detrended oscillation together with
the sinusoidal fit. The oscillations had a frequency of
22 Hz and amplitude of 132°/s. Also shown are
simulations of the oscillations when setting aT, = 4.4 ms
and ebnGain = 0.75. Note that all experimental conditions
have the inhibition of the OPN in common. Our model
focuses on the mechanism inducing the oscillations in
these different paradigms. The model does not and was not
meant to simulate the complete ocular motor responses to
the different paradigms.

In summary, the model simulated the oscillations
successfully for all subjects in all experimental conditions,
producing oscillations that were within 1 Hz and 2°/s
amplitude of those actually recorded. For a given value of
the ebnGain parameter, the differences between the subject
able to produce voluntary oscillations and the other control
subjects and the patient were accounted for by an increase
of the aT. parameter. The aT, parameter averaged about
3 ms in all subjects, with the exception of subject B2, for
whom the aT, parameter ranged from 4 to 8 ms.

Discussion

The experiments presented here dealt with three major
questions:

0.06
Time(s)

0.12

Can saccadic oscillations comparable to those pre-
viously reported in response to the Miiller paradigm be
observed during other experimental paradigms in
which OPN are inhibited?

Does a patient who has a bilateral fastigial nuclei
lesion produce saccadic oscillations with similar
amplitude and frequency to those of normal subjects?
This finding would be at odds with the recent
hypotheses in which saccadic oscillations are attrib-
uted to a relay of the local feedback through the
fastigial nuclei.

Can we explain the generation of saccadic oscillations
using a new model that does not rely upon the
integrity of the fastigial nuclei?

Experimental observations of saccadic oscillations
under a variety of conditions

A previous study reported saccadic oscillations elicited in
normal subjects by combined saccade-vergence move-
ments (Ramat et al. 1999). It was hypothesized that
saccadic oscillations occurred during combined saccade-
vergence movements because the saccadic system is not
inhibited (i.e., the OPN are silent) during the vergence
movement that follows the saccade (Ramat et al. 1999).
We thus further investigated whether saccadic oscillations
similar to those previously found in response to the Miiller
paradigm could also be observed during other experi-
mental paradigms causing the inhibition of the OPN.
Single unit recording data shows that omnidirectional
pause neurons (OPN) are shut off during saccades in all
directions (Keller 1974), and during blinks (Hepp et al.
1989; Mays and Morrisse 1995). Furthermore, behavioral
and electrophysiological evidence suggests that OPN are
inhibited by vergence (Mays and Gamlin 1995; Scudder et
al. 2002; Busettini and Mays 2003).

Thus, we recorded the responses of normal subjects in
different experimental conditions causing the inhibition of
the OPN, including conjugate vertical saccades, blinks,
combined saccade-vergence movements, pure vergence
and ‘voluntary nystagmus’, in order to determine whether
saccadic oscillations aroused even in these conditions.

We found that normal subjects occasionally produced
saccadic oscillations during all these experimental condi-



tions and that the characteristics of the oscillations were
similar across conditions.

In our recordings, the dependency of saccadic oscilla-
tions upon the behavior of the OPN was most evident
during the vertical saccades paradigm, in which the lack of
any horizontal eye movement requirement emphasized the
synchronization of the end of the oscillations with the end
of the vertical saccade (Fig. 3b, d, f). Responses from the
vertical saccade paradigm clearly show that once the OPN
are off, although there is no saccadic command to the
horizontal burst neurons, horizontal oscillations can arise
spontaneously. Saccadic oscillations were found also in
trials in which no appreciable saccade (in any direction)
was recorded (Figs. 3c and 4), thus suggesting that other
mechanisms besides saccades, including blinks and
possibly vergence can be associated with turning off or
abruptly reducing the discharge of the OPN.

Experimental observations of saccadic oscillations in a
patient with a bilateral fastigial nuclei lesion

Our patient with a midline cerebellar lesion showed
bilateral saccadic hypermetria, consistent with experimen-
tal, bilateral inactivation of the fastigial nucleus (Robinson
et al. 1993). His MRI shows bilateral involvement of the
fastigial nucleus, while his saccadic hypermetria indicates
impaired feedback control of saccade trajectory. Never-
theless, he developed the same high-frequency, conjugate
oscillations during saccade-vergence movements as do
normal subjects. Thus, why are there high-frequency
saccadic oscillations in this patient without feedback
through the fastigial nucleus?

The model originally proposed to account for saccadic
oscillations by Zee and Robinson (1979) has been updated
by Wong and colleagues (2001). They adapted Dean’s
model (Dean 1995) of the cerebellar contribution to
saccades to explain opsoclonus (large amplitude, patho-
logical saccadic oscillations). They noted that opsoclonus
can occur even when the OPN are not damaged, and thus
they proposed that a delayed, high-gain, high-pass feed-
back loop through the fastigial nucleus produced the
oscillations. In both models (Zee and Robinson 1979;
Wong et al. 2001), the oscillations occur because the OPN
are not inhibiting the EBN. Then, the high gain in the
negative feedback loop causes the oscillations. There are
two problems with these models. First, they do not explain
the wide range in time delays required to produce the six-
fold range of frequencies observed in saccadic oscillations
(Ashe et al. 1991; Leigh and Zee 1999; Ramat et al. 1999;
Bhidayasiri et al. 2001). Second, the saccadic oscillations
shown by the cerebellar patient during saccade-vergence
cannot be explained by a fastigial feedback-pathway
mechanism since presumably the lesion interrupted the
feedback loop. On the other hand, even if we hypothesize
that some auxiliary pathway might have been recruited to
close the feedback loop in the patient, such a pathway
would likely contain an even longer delay, producing
much lower frequency oscillations. In fact, the oscillations
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in the cerebellar patient were in the same range as normal
subjects with an intact feedback loop.

A new model for saccadic oscillations based upon
EBN-IBN coupling

Here we have developed a new model to account for
saccadic oscillations in both normal subjects and a patient
with a cerebellar lesion. We suggest our model as an
alternative mechanism to the classic local feedback loop
model (Zee and Robinson 1979) which simulates the wide
range of frequency of oscillations reported in the literature
(6-33 Hz) but requires large, physiologically unlikely,
changes in transmission time in the feedback loop. In the
new model the oscillations occur in the absence of the
traditional local feedback loop, which is a requirement to
simulate the findings in the cerebellar patient with the
fastigial nucleus lesion, if the local feedback loop is indeed
mediated by the fastigial nucleus (Lefevre et al. 1998;
Wong et al. 2001). Moreover, the range of frequency and
amplitude of the oscillations can be reproduced with
minimal variations of the membrane properties, which
appears to be more plausible than the relatively large
variation of a delay along a neural pathway.

Our simulations suggest that high-frequency saccadic
oscillations in normal subjects, and perhaps some patho-
logical oscillations as well, may be generated by positive-
feedback connections between pontine inhibitory and
excitatory burst neurons, and occur when omnipause
neurons are inhibited. The mechanism of oscillation is the
coupling of the IBN, and the membrane adaptation that
gives rise to post-inhibitory rebound in the EBN and IBN.
Our model relies on the ability of the burst neurons to
produce postinhibitory rebound firing, an intrinsic prop-
erty that has been recently recognized in different
populations of neurons in the cerebellum, such as the
deep cerebellar nuclei (Aizenman and Linden 1999), in the
brainstem, such as the vestibular nuclei (Sekirnjak and du
Lac 2002), and in other neural structures (Perez-Reyes
2003). In the medial vestibular nuclei, for instance, it has
been shown that large, multipolar neurons tend to produce
post-inhibitory rebound discharge. Depending on the
neuron and on the characteristics of the preceding
hyperpolarization, these neurons fire one or more spikes
upon release of inhibition. Neurons in the medial vestib-
ular nuclei (MVN) that exhibit such behavior are
characterized by a pronounced adaptation (exponential
decay) of the firing frequency of the rebound depolariza-
tion (Sekirnjak and du Lac 2002). Neurons with similar
behavior, with low-voltage activated calcium channels (T-
type), were also identified within the thalamus. Because
they are interconnected by excitatory-inhibitory projec-
tions, it has been hypothesized that they are responsible for
the rhythmic behavior found in thalamic firing patterns
(Huguenard 1998; Huntsman et al. 1999; Sohal et al.
2000; Jacobsen et al. 2001) Thus, post-inhibitory rebound
is an intrinsic property of different classes of neurons and
has been shown to display varying characteristics in its
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probability, and its intensity and duration, depending on
both the instantaneous inputs to the cell and on its history
(see Perez-Reyes (2003) for a review). Our model, like
that suggested by Enderle and Engelken (1995), postulates
that EBN and IBN neurons (or a subset of these neurons)
may produce post-inhibitory rebound firing. Note that we
are formulating an hypothesis on the properties of burst
neurons based on analogies with other neurons of the
central nervous system. Although there currently are no
data proving such assumption, our hypothesis should
guide further experiments investigating the properties of
burst neurons. In our model saccadic oscillations are
produced whenever the inhibition exerted by the OPN is
lifted. In the absence of a saccade-drive signal to the
brainstem, the cross-coupled circuit of excitatory and
inhibitory burst neurons (EBN and IBN) (Fig. 7) starts
oscillating, sparked by postinhibitory rebound discharge.
Postinhibitory rebound discharge is responsible for the
initiation of oscillations—in conditions in which no initial
saccade is produced—and for controlling the character-
istics of the oscillations.

In our model the coupling of EBN and IBN, and post-
inhibitory rebound firing gives rise to oscillations that
depend on the adaptation time constant of the membrane
of the burst neurons, which controls the duration of post-
inhibitory rebound, and thus both the frequency and
amplitude of the oscillations. The actual values of the time
constants of EBN and IBN membranes and their moment-
to-moment variability have not been reported but in other
systems inactivation time constants for calcium channels
are ~10 ms, whereas potassium and sodium channels are
shorter (Perez-Reyes 2003). Biophysical studies of EBN
and IBN membrane characteristics are needed to establish
time constants of channel inactivation in these unusual
neurons. The oscillations also depend on the gain of the
membrane, which controls the intensity of the rebound,
and thus primarily affects the amplitude of the oscillations
(Fig. 9). Varying the time constant from 4 to 20 ms causes
the frequency to change from 37 to 5 Hz. This includes the
entire range of oscillation frequencies observed across
subjects and patients both in the literature and in this study.
Furthermore, the range of variability in the time constant
of adaptation proposed here seems physiologically more
reasonable than such a large variability in neuronal delays.
A delay can only change because the path changes
(thereby incorporating more or fewer synapses) or because
the conduction velocity of the neurons changes. Neither is
likely to happen instantaneously in normal subjects,
precluding an explanation for the within subject variability
shown by our subjects. Considering the 95% confidence
interval for the frequency parameters of the sinusoidal fit,
every subject showed about 10 Hz of variability in
oscillation frequency within the same experimental con-
dition, which would require a corresponding variation in
the feedback delay of about 3 ms. The postinhibitory
rebound properties of neurons have been shown to depend
upon a number of factors as ionic and cationic currents and
neurotransmitter concentrations (cf. Aizenman and Linden
1999, Sekirnjak and du Lac 2002). Thus, postinhibitory

rebound is likely to be affected by biological noise both at
the level of individual neurons and in terms of probability
of producing post-inhibitory rebound firing over the entire
population of burst neurons. These effects, which in our
lumped model are represented at the level of the
membrane properties of the single neuron that we
modeled, are a more likely source of variability for the
frequency of the resulting oscillations than changes in the
delay along the local feedback loop. In fact, our model
oscillates with similar dynamics both with and without a
local feedback loop, and is relatively insensitive to the
duration of the delay (Figs. 10 and 11).

Our simulations do not address what would be the effect
of disinhibition of only a portion of the burst neuron pool
on saccadic oscillations. This may account for the fact that
saccadic oscillations are less frequent in the midline
vergence paradigm.

In agreement with the experimental findings of Soetedjo
and colleagues (2002), our model does not predict
oscillations following the inactivation of the OPN as
burst neurons would not produce PIR when the OPN are
continuously off. For a neuron to show PIR, the OPN must
be turned off, thus lifting the inhibition on the burst
neurons. The model also suggests an explanation for
oscillations being more common in humans than in
monkeys (Busettini and Mays 2003): the higher gain of
the burst neurons in monkeys (B,,~1,000°/s in the
equation for the burst neuron nonlinearity, see Appendix)
causes the neurons on both sides of the midline to fire
simultaneously for a longer period of time before the
oscillations emerge. In order for oscillations to develop
earlier in the monkey, the model needs a larger imbalance
in the inhibitory projections (ibnRL and ibnLR, see
Table 2).

In summary, we have demonstrated saccadic oscilla-
tions with similar characteristics in a variety of experi-
mental paradigms in a group of normal subjects.
Oscillations with the same amplitude and frequency
characteristics were found in a patient with bilateral
lesions of the fastigial nuclei. We suggest that the
mechanism is the post-inhibitory rebound of locally
cross-coupled inhibitory and excitatory burst neurons in
the brainstem. Such a mechanism for the generation of
oscillations by the brainstem reticular formation might
account for oscillatory behavior in other motor systems.

lr{:elzilefolrzthe xﬁdr?qgga;?meters Parameter Value

simulations shown in Fig. 9 aT, 0.003-0.030 s
ebnGain 0.3-2.5
aGain 1.2
mT, 0.003 s
ibnLR 1.8
ibnRL 2.0
synDelay 0.0008 s
Bm 600°/s
o —1.5°
B 60°




The head control (cephalomotor) system would be a good
candidate since it may have an analogous premotor
organization and also close links to the saccadic eye
movement control system. A similar network of excitatory
and inhibitory neurons arranged in positive feedback was
suggested for the generation of the rhythmic discharging
governing locomotion in frog embryos (Roberts and
Tunstall 1990). Our model thus emphasizes the funda-
mental role that the specific properties of the cells
involved may have in the production of a motor behavior.
Finally, although the focus of our paper has been
horizontal saccades generated by the saccadic system,
the model might also be extended to account for the 3-D
saccadic oscillations of opsoclonus (Leigh and Zee 1999).
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Appendix

The model of coupled burst neurons was simulated in
Simulink/Matlab. The structure of the model included
OPN and two EBN/IBN pairs, connected as shown in
Fig. 7. Individual neurons contained an adaptation element
(as in Fig. 8a) and a synaptic delay (t). Values for the
cross-coupling coefficients and other dynamic properties
are given in Table 2. The final common path (i.e., neural
integrator and orbital tissues) was modeled with an
integrator and one uncompensated, single-pole filter
(time constant Teye).

The medium lead burst neurons were represented by
bilateral pairs of inhibitory and excitatory burst neurons.
Both EBN and IBN were modeled like the OPN, except
that a soft-saturating nonlinearity was added to the output.
The equation for this element comes from Zee and
Robinson (1979):

[ Bu(1 —e /by o> ¢
Bo = { gl m

This element was added to reduce the harmonic
distortion in the saccadic oscillations that was present
when a hard saturation element was used. In this equation
the input variable e represents motor error for the
Robinson model, whereas in our model e represents an
input in terms of the frequency of discharge rate, which is
related to eye velocity. The values for the parameters in
these equations were therefore derived from those in the
original model and scaled to reflect the different input
variables (cf. Table 2). The EBN and IBN were
reciprocally coupled across the midline. EBN projected
to ipsilateral IBN with a gain of 1.0. IBN projected to
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contralateral EBN with a gain of 1.0 and to contralateral
IBN with a gain of either ibnLR (Left to Right side) or
ibnRL (Right to Left side). These gain values were not
perfectly symmetric, to ensure that the system would start
oscillating as soon as the OPN shut off. When equal gains
were used, the system was quasi-stable, and would only
begin to oscillate after a few hundred milliseconds.
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