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Abstract

Saccadic oscillations threaten clear vision by causing image motion on the retina. They are either
purely horizontal (ocular flutter) or multidimensional (opsoclonus). We propose that ion channel
dysfunction in the burst cell membrane is the underlying abnormality. We have tested this hypothesis
by simulating a neuromimetic computational model of the burst neurons. This biologically realistic
model mimics the physiologic properties and anatomic connections in the brainstem saccade
generator. A rebound firing after sustained inhibition, called post-inhibitory rebound (PIR), and
reciprocal inhibition between premotor saccadic burst neurons are the key features of this conceptual
scheme. PIR and reciprocal inhibition make the circuits that generate the saccadic burst inherently
unstable and can lead to oscillations unless stabilized by external inhibition. Our simulations suggest
that alterations in membrane properties that lead to an increase in PIR, a reduction in external
glycinergic inhibition, or both can cause saccadic oscillations.

DISORDERS OF SACCADES AFFECTING STEADY FIXATION

A fundamental requirement for clear vision is stabilization of the image of an object on the
retina. Steady fixation is threatened by spontaneous abnormal eye movements, which include
nystagmus, saccadic dysmetria, and saccadic intrusions (1).

Nystagmus is characterized by drift of the eyes away from the desired target that is usually
followed by a corrective saccade (quick phase) back to the target of interest. In saccadic
dysmetria, the eyes overshoot or undershoot the target, such that a corrective gaze movement
is required to bring the eyes to fixation of the new target. When the hypermetria is extreme,
large saccades, separated by an intersaccadic interval, move the eyes back and forth around
the fixation point. Such eye movements are called macrosaccadic oscillations.

Saccadic intrusions, or uncalled-for saccades occurring when fixation is desired, include

square-wave jerks (SWJ), macro square wave jerks (macro SWJ), saccadic pulses, and saccadic
oscillations. SWJ are pairs of small horizontal saccades (<2 degrees), one away and one back
to the target of interest, separated by a 200-ms interval. SWJ often occur in series. Macro SWJ
are not simply enlarged SWJ but are pairs of large saccades, the first away from and the second
back to the target, separated by a short (75-150 ms) interval (1). Saccadic pulses are brief; small
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eye movements away from the target followed by a rapid drift back to an object of interest.
Unlike SWJ, saccadic pulses lack a step change in innervation to hold the eyes in a new position,
and the eyes come back to the object of interest by a relatively fast drift (1).

Saccadic Oscillations

Saccadic oscillations consist of continuous uncalled-for back-to-back saccades without an
intersaccadic interval. They are called ocular flutter when purely horizontal and opsoclonus
when multidimensional (2-4). Saccadic oscillations occur most commonly in paraneoplastic
syndromes, postinfectious encephalitis, and demyelinating disorders, in which the underlying
etiology is thought to be an autoimmune or cross-immune mechanism (1,5). Saccadic
oscillations may also occur in healthy subjects, as a physiologic phenomenon during eye
closure and with convergence (6,7). Saccadic oscillations can be familial (4), caused by drug
or other intoxications (8,9), associated with migraine (2), or transiently present in the newborn
(10).

We propose that alterations in the properties of the membranes of burst neurons underlie
saccadic oscillations. We test this hypothesis by simulating a neuromimetic computational
model of the burst neurons. A neuromimetic model is one that implements physiologically
realistic parameters of the biophysical properties of the membranes of neurons within an
anatomically realistic circuit.

The concept of a membrane-based etiology of saccadic oscillations stems from the
characteristics of the neural connections in the brainstem saccade generator. Therefore, we will
first outline the functional features of the central areas that generate saccades and that are the
cause of saccadic oscillations in pathologic circumstances. Then we will demonstrate how a
neuromimetic model with its membrane-based hypothesis explains saccadic oscillations (2,4,
8,9).

Functional Organization of a Neural Circuit That Generates Saccades and Saccadic

Oscillations

Voluntary saccades are initiated by circuits within the frontal eye field (FEF) and parietal eye
field (PEF) in the cerebral cortex. Saccade-related signals from the cerebral cortex follow two
main pathways as schematized with the blue and brown arrows in Fig. 1. One of these pathways
(blue arrows) projects to the nucleus reticularis tegmenti pontis (NRTP) of the pontine reticular
formation. The other pathway (brown arrows) projects to the superior colliculus (SC). Neurons
of NRTP then project to the oculomotor vermis (OMV) (lobules 5-7) of the cerebellar cortex
that sends GABAergic inhibitory signals to the underlying caudal fastigial nucleus (fastigial
oculomotor region [FOR]. The FOR projects to the omnidirectional pause neurons (OPN) of
the saccadic burst generator area in the nucleus raphe interpositus of the midline pons (11,
12) as well as to the burst neurons themselves (not shown for clarity). The OPN also receive
parallel projections directly from the SC (brown arrow in Fig. 1). Excitatory burst neurons
(EBN), located in the caudal pontine reticular formation, and inhibitory burst neurons (IBN),
located in the nucleus paragigantocellularis dorsalis in the medulla, receive inhibitory
projections from OPN. A key role of the OPN is to maintain sustained inhibition of EBN and
IBN when steady fixation is required. When a rapid shift of gaze (saccade) is warranted,
inhibition of the OPN upon the EBN and IBN is removed suddenly, causing a rebound increase
in the firing rate of these burst neurons. Postinhibitory rebound (PIR) is a rebound increase in
neuronal membrane discharge after sustained membrane hyperpolarization. Although
hypothetical, such a rebound burst in discharge would help saccades by contributing to their
fast movement (13,14).
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EBN and IBN are the critical neurons in the generation of saccades and are schematized in
Figure 1 as “E” and “I,” respectively. The EBN project directly to the ipsilateral sixth cranial
nerve nucleus, where they synapse upon motoneurons and internuclear neurons (green
excitatory projections in the schematic diagram of Fig. 1). The internuclear neurons of the sixth
cranial nerve nucleus project to the medial rectus subgroup of the contralateral third cranial
nerve nucleus (schematized by green excitatory projections crossing the midline in Fig. 1).
Hence, for rightward saccades, the excitatory burst of activity reaches the right sixth cranial
nerve nucleus and left third cranial nerve nucleus motoneurons from EBN on the right side.
The IBN, which project to the contralateral abducens nucleus, are normally inhibited by the
OPN and the contralateral IBN. For a rightward saccade, the right side (ipsilateral) IBN are
released from inhibition and then inhibit the contralateral sixth cranial nerve motoneurons (red
inhibitory projection). The latter innervate the antagonistic extraocular muscles (schematized
as red projections in Fig. 1). The ipsilateral IBN also project to the contralateral IBN,
presumably to prevent them from becoming active (via rebound after OPN disinhibition) and
inhibiting the agonist premotor and motor neurons (15). The reciprocal inhibition across the
midline between two IBN populations (with PIR) forms a neural circuit with a positive
feedback loop. This feedback loop is unstable if the strengths of the connection around the loop
are too strong and could lead to high-frequency saccadic oscillations, such as ocular flutter
(4,15). During steady fixation, oscillations that may emerge from the inherently unstable burst
neuron network are prevented by inhibition from the OPN.

Hypothesis for Saccadic Oscillations

We propose a mechanism intrinsic to the neurons that generate saccadic bursts (4) (Fig. 1). In
particular, we propose that saccadic oscillations arise from the instability in the saccadic burst
neuron circuit because of an imbalance between burst neuron excitability and external
inhibition. Such an imbalance might arise from an abnormal increase in burst neuron
excitability, reduced external inhibition, or increased amplitude of PIR. The PIR is a rebound
increase in neuronal membrane discharge after sustained membrane hyperpolarization.
Maximal conductance through pacemaker ion channels, including hyperpolarization-activated,
inward-mixed, cation currents (l,) and low threshold calcium currents (I7), determines neural
excitability and the amplitude of PIR (16-18) (Fig. 2). Although PIR has yet to be directly
identified in excitatory and inhibitory burst neurons, the necessary ion channels for carrying
currents generating PIR (I, and I1) have been identified in human saccadic burst neurons
(19).

We hypothesize that increases in neural excitability and/or in PIR due to pathologically
increased I, and/or I reduce the effects of external inhibition so that saccadic oscillations can
emerge. Alternatively, a reduction in external inhibition because of malfunction of the
strychnine-sensitive glycine receptors could also cause saccadic oscillations.

Testing the Hypothesis: A Neuromimetic Model of Saccadic Oscillations

We have simulated a neuromimetic model of saccade generation with physiologically realistic
membrane properties to test this hypothesis (4,15). This neuromimetic model is consistent with
anatomic organization of saccadic burst neuron circuits and is based on the traditional local
feedback burst neuron model (red is inhibitory and green is excitatory local feedback as
schematized in Fig. 3A) (14,20-24). When membrane parameters are in the physiologic range,
the model produces saccades with normal amplitudes and velocities. When the neural
excitability in the model is increased by altering membrane parameters consistent with
increased Iy, and/or Iy or by reducing the effects of the external inhibition, the simulation
produces saccadic oscillations without any assumed structural alterations. The anatomic
framework of the neuromimetic model is illustrated in Figure 3A. Excitatory and inhibitory
burst neurons send local feedback projections (red inhibitory and green excitatory pathways
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as schematized in Fig. 3A) implementing the reciprocal inhibition necessary to generate
accurate yet high-velocity saccades. The saccadic burst neuron and its membrane properties
that play a key role are illustrated in Fig. 3B (see reference 15 for model methodology details).

Consistent with the anatomic and physiologic architecture of the neural network that generates
saccades (25), this model has a short-latency negative feedback loop around a high-gain
amplifier (built into the burst neurons) (yellow box and blue pathway in Fig. 3A-B). When a
saccade is called for, this feedback loop generates a burst of neural discharge proportional to
the eye velocity and produces a saccade of the correct amplitude and duration. However,
because of the inherent high gain (neural discharge rate per unit amplitude of the desired eye
displacement), the position error signal of the burst neurons, and the possible delay in the
feedback loop, this system is prone to oscillate (4,15,20). Because of the high gain of the output
nonlinearity of the burst neurons for small or null desired eye movement, this feedback system
can oscillate even when there is a small input such as a small spontaneous saccade, unless it is
suppressed by adequate inhibition from OPN. In other words, when burst neuron excitability
and OPN inhibition are balanced, the saccadic system remains stable. Either an increase in
neural excitability or a reduction of OPN inhibition can cause instability and oscillations. One
way to increase the gain is to increase the amplitude of PIR due to increased membrane
excitability.

This hypothesis raises an important question. Does PIR exist in saccadic burst neurons? PIR
appears to be the property of many neurons that must develop a prompt increase in their
discharge after inhibition (26-28). PIR is known to occur at the offset of hyperpolarization and
is mediated by I carried by Cav3.1, Cav3.2, and Cav3.3 calcium channels and I}, carried by
HCN1, HCN2, HCN3, and HCN4 channels (16). Human saccadic burst neurons express these
subtypes of ion channels carrying I and Iy, (19). A burst discharge due to PIR after marked
hyperpolarization could occur in the paramedian pontine reticular formation (PPRF) burst
neurons owing to their low membrane threshold voltage. Further, with this biophysical
property, asingle neuron is capable of firing at high rates automatically and without stimulation
when released from inhibition (4,13,14). The strong PIR could be attributed to the increased
activation (increase in maximal conductance) of specific subtypes of ion channels carrying
I+ and/or I,

Correlates of PIR in the Neuromimetic Model

In vivo and in vitro electrophysiology experiments from neurons with PIR suggest that the
membrane time constant (mTc) (Fig. 3B) and neural response gain (EBN gain) (Fig. 3B) are
determined by the strength of ion currents, including I, and I (16-18,29-31). lon channel
activation kinetics (for I, and Iy currents) and maximal conductance through these ion channel
subtypes (and therefore the amplitude of PIR) were simulated by adjusting the neuronal mTc
and neuronal membrane excitability (EBN gain). Indeed, mTc and burst neuron gain are the
key determinants of the amplitude and the frequency of resultant saccadic oscillations (Fig. 4).
Figure 4 illustrates that an increase in the burst neuron gain (i.e., increasing I, and It
conductance to increase neural excitability and PIR) causes an increase in the frequency (Fig.
4A) and amplitude (Fig. 4B) of oscillations. Furthermore, the frequency is also determined by
the value of mTc. A shorter mTc (faster membrane kinetics) simulates a higher oscillation
frequency.

HOW THE MEMBRANE HYPOTHESIS EXPLAINS SACCADIC OSCILLATIONS
FROM VARIOUS UNDERLYING CAUSES

Saccadic oscillations have been observed in patients with cocaine abuse and with strychnine
poisoning, yet there is no apparent structural abnormality in their central nervous systems (1).
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We use the neuromimetic model to explain the saccadic oscillations reported in these patients.
Cocaine reduces norepinephrine reuptake, causing elevation in its synaptic levels (32).
Norepinephrine increases I conductance (33). Thus cocaine intoxication may cause saccadic
oscillations by increasing the PIR and burst neuron excitability because of the increase in Iy,
conductance through the burst neuron membrane. Saccadic oscillations are reportedly
associated with hyperammonemic and uremic states, although quantitative recording
confirming the exact pattern of oscillations is lacking (1). The pH of the brain changes in such
toxic states. Extracellular pH regulates the maximal I, conductance (29). Thus, increased neural
excitability due to increased I, may cause saccadic oscillations in hyperammonemic and uremic
states. Opsoclonus also is reported in hyperosmolar states. Perhaps this phenomenon is related
to the effects of the osmolarity of the extracellular fluid on ion channel function. For example,
the concentration of extracellular sodium influences the maximal conductance through the Iy,
channel (29).

Opsoclonus resulting from organophosphate poisoning may be the consequence of cholinergic
excess causing an increased activation in the FOR (34). The FOR is incorporated in a feedback
loop of the brainstem saccade generator. Therefore, hyperexcitability of the FOR could lead
to instability of the saccadic burst generators by influencing their membrane excitability,
causing saccadic oscillations (35-37). Saccadic oscillations are also associated with migraine
(2). An inherent hyperexcitability is thought to underlie some of the physiologic disturbances
in migraine (38,39). Hence, it is possible that microsaccadic oscillations associated with
migraine are due to increased burst neuron excitability. Strychnine poisoning is known to cause
saccadic oscillations. Strychnine blocks glycine channels. This blockade may manifest as
decreased OPN inhibition on the burst neuron membrane, which could cause saccadic
oscillations.

We also speculate that in addition to direct autoimmune damage to cerebellar Purkinje neurons
and neurons in the brainstem saccade generators, paraneoplastic, and postinfectious opsoclonus
could also be due to the autoimmune or cross-immune reaction to the ion channels or their
modulators in burst neuron. The membrane hypothesis for saccadic oscillations can also
explain why some subjects can generate voluntary nystagmus, which is a transient saccadic
oscillation usually associated with convergence. We speculate that an individual’s specific
complement of ion channel subtypes in the brainstem circuits that generate saccades influences
the ability to voluntarily generate these oscillations as well as their dynamic characteristics.
This innate ability would be under genetic influence and may explain why a relatively wide
range of frequencies of physiological saccadic oscillations are seen across normal individuals
(15) but that within families, the frequency of voluntary nystagmus and saccadic oscillations
is similar (4,40). Carbamazepine, a calcium channel antagonist (41), is reported to ameliorate
saccadic oscillations (42). The membrane-based mechanism of saccadic oscillations can
explain this efffect of carbamazepine.

CONCLUSION

We hypothesize that, regardless of the primary cause, ocular flutter and opsoclonus are related
to alterations in the membrane properties of the neurons that generate saccadic bursts. We also
propose that the level of activity in OPN may play a role in the genesis of saccadic oscillations.
However, the properties of the oscillations and the ease with which the system can be made to
oscillate depend critically on membrane properties of the burst neurons. Finally, our hypothesis
suggests novel approaches to the treatment of ocular flutter and opsoclonus. Selective ion
channel blockers may offer therapeutic benefits. Alternatively, counterintuitive therapy,
interfering with the function of a normal ion channel to decrease membrane excitability in the
face of increased excitability or impaired external inhibition, may reduce oscillatory behavior.
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The neural circuit that generates saccades. Saccades are initiated by activity in neurons of the
frontal and parietal eye fields of the cerebral cortex. These signals then follow two pathways
projecting to the nucleus reticularis tegmenti pontis (NRTP) of the pontine reticular formation
and the superior colliculus (SC). The NRTP sends projections to the oculomotor vermis (OMV)
(lobules 5-7) of the cerebellar cortex which, in turn, sends GABAergic inhibitory signals to
the underlying caudal fastigial nucleus (fastigial oculomotor region [FOR]; gray box is the
cerebellum). The FOR projects to the omnidirectional pause neurons (OPN) of the saccadic
burst generator area in the nucleus raphe interpositus of the midline pons. Excitatory burst
neurons (EBN) and inhibitory burst neurons (IBN) receive inhibitory projections from OPN.
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The OPN have a key role in maintaining sustained inhibition of the EBN and IBN when steady
fixation is required. When a rapid shift of gaze is needed, OPN-triggered inhibition on the EBN
and IBN is suddenly removed, causing a rebound increase in the firing rate of these neurons.
The EBN project directly to the ipsilateral abducens nucleus (V1th nucleus), where they synapse
upon abducens motoneurons (mn) and internuclear neurons (in) (green excitatory projections).
The internuclear neurons of the abducens nucleus project to the medial rectus subgroup of the
contralateral oculomotor nucleus (I11rd nucleus) (see green excitatory projections crossing the
dashed midline). Hence, for making rightward saccades, the excitatory burst of activity reaches
the right abducens and left 111rd nerve nucleus motoneurons from EBN in the right paramedian
pontine reticular formation (PPRF). The right side (ipsilateral) IBN, which receives inhibitory
inputs from OPN and the left (contralateral) IBN, projects to the contralateral (left) abducens
nucleus, inhibiting the abducens motoneurons that innervate the antagonistic muscles.
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FIG. 2.

The influence of currents on the strength of postinhibitory rebound (PIR). A. Schematic
diagram of the normal physiologic state. I}, is a pacemaker conductance activated by a
hyperpolarizing membrane potential (in the figure, Iy, activates below membrane threshold).
This inward cationic conductance further depolarizes the membrane. Notice the direction of
the arrow in the figure. At approximately 60 mV membrane potential, I, gradually ceases and
IT begins to activate. I further depolarizes the membrane until a sodium conductance (Ina)
mediates a burst of action potential spikes. This burst of spikes characterizes normal PIR. B.
Schematic diagram of the state when Iy, or I+ increases beyond physiologic limits. As I, and/
or It increase, the membrane depolarizes faster. Notice thicker arrows in this panel and a steeper
slope of the membrane potential compared with the gray line in A. In this situation, action
potential spikes are also more frequent and thus PIR is stronger. C. Illustration of a state when
I and/or I+ are decreased below their physiologic limits When I, and/or |1 are weaker, the rate
of membrane potential depolarization is relatively slower. Compare the shallower slope of
membrane depolarization to the gray line in C. Hence the action potential spikes are less
frequent, reflecting a weaker PIR. Black traces represent membrane potential. Lower arrows
represent hyperpolarization activated inward cation currents (). Upper arrows are low
threshold calcium currents (I1). The dashed line represents the membrane threshold.
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The saccade generator. A. The premotor network. The excitatory burst neurons (EBN) and
inhibitory burst neurons (IBN) send local feedback projections that implement reciprocal
inhibition for generating accurate and high-velocity saccades. OPN, omnipause neurons;
yellow box: feedback gain. B. The model burst neuron membrane. The short latency negative
feedback loop is schematized as a blue arrow with a yellow box. This loop is around a high-
gain (k) amplifier built into the burst neurons. Although the gain of the negative feedback loop
around the burst neuron circuit determines the amplitude of the saccade, the delay time is not
the main determinant of the frequency of saccadic oscillations. (Red lines indicate inhibitory
projections. Green lines indicate excitatory projections. The blue line indicates feedback

projection.)
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FIG. 4.

Oscillation kinematics and simulated parameters determining membrane properties. Model
parameters such as membrane time constant (mTc) and burst neuron gain influence the
frequency (A) and amplitude (B) of simulated saccadic oscillations. Values of simulated
frequency and amplitude are color-coded. Burst neuron gain and mTC determine oscillation
frequency. Burst neuron gain predominantly determines oscillation amplitude.
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