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Acquired pendular nystagmus (APN) occurs with multiple sclerosis (MS) and oculopalatal tremor (OPT); distinct
features of the nystagmus have led to the development of separate models for their pathogenesis. APN in MS has been
attributed to instability in the neural integrator, which normally ensures steady gaze. APN in OPT may result from
electrotonic coupling between neurons in the hypertrophied inferior olivary nucleus, which induces maladaptive
learning in cerebellar cortex. We tested these two hypotheses by analyzing the effects of gabapentin, memantine,
and baclofen on both forms of nystagmus. No drug changed the dominant frequency of either form of APN, but the
variability of frequency was affected with gabapentin and memantine in patients with OPT. The amplitude of APN
in both MS and OPT was reduced with gabapentin and memantine, but not baclofen. Analyzing the effects of drug
therapies on ocular oscillations provides a novel approach to test models of nystagmus.
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Introduction
Acquired pendular nystagmus (APN) consists of ocular oscillations that are often visually disabling,
because they induce excessive motion of images
on the retina.1 Although, a number of neurological disorders have been reported to cause APN,
it most commonly occurs in central demyelination disorders, especially multiple sclerosis (MS)2
and as a component of the syndrome of oculopalatal tremor (OPT).3 In both, the APN is often
characterized by oscillations with variable horizontal, vertical, and torsional components. However,
these two forms of APN also show distinctive differences. APN in MS usually consists of oscillations
at a single frequency (3–5 Hz)4 that are either transiently stopped or “reset” (phase-shifted) by large
saccades.5,6 APN in OPT often consists of irregular
oscillations with a frequency of 1–3 Hz.7,8 Consideration of these findings and the locations of as-

sociated neurological lesions have led to the development of distinct hypotheses to account for the
mechanism underlying APN in MS versus OPT.
It was hypothesized that the oscillations of APN
in MS arise from an unstable neural integrator,
which normally ensures steady gaze-holding.6 Such
patients often show brainstem lesions on magnetic resonance imaging (MRI)2 that could involve cell groups of the paramedian tracts, which
relay a copy of most ocular motor signals back
to the cerebellar flocculus9 and thereby contribute to normal gaze-holding function. Arnold
et al.10 showed that injection of the hyperpolarizing
agent muscimol at the putative site of the neural
integrator made it more unstable, whereas injection of a depolarizing agent (glutamate) reversed
the effect. We hypothesize that the degree of instability of the neural integrator, which is determined
by the excitability of the network neurons, determines the amplitude of APN. This suggests that

doi: 10.1111/j.1749-6632.2011.06118.x
320

c 2011 New York Academy of Sciences.
Ann. N.Y. Acad. Sci. 1233 (2011) 320–326 

Shaikh et al.

drugs that can depolarize the cells of the neural integrator would reduce the amplitude of the APN. Reducing the Purkinje cell-induced ␥ -aminobutyric
acid-ergic (GABAergic) inhibition is the safe way
to depolarize the neural integrator in human patients. Gabapentin and memantine can reduce the
GABAergic inhibitory influence of cerebellar Purkinje neurons, gabapentin by blocking the alpha-2delta subunit of calcium channels and both drugs
by antagonizing N-methyl-d-aspartate (NMDA) receptors.11–13 Therefore, these drugs can indirectly
depolarize the cells of the nucleus prepositus hypoglossi (and thereby make the neural integrator
less unstable) and reduce the amplitude of APN in
patients with MS. We also hypothesize that baclofen,
a GABAergic drug that hyperpolarizes the cell membrane, may not reduce the amplitude of APN and
may even increase it.
APN in OPT is attributed to hypertrophic degeneration of the inferior olivary (IO) nucleus following
a breach in the “Guillain–Mollaret triangle,” which
comprises connections between the IO and deep
cerebellar relay nuclei (DCRN), via climbing fiber
axon collaterals, and between DCRN and IO, via the
superior cerebellar peduncle and central tegmental
tract.3,14–19 Following a lesion, usually of the central
tegmental tract, gap junctions (connexins), which
are normally restricted to the dendrites of IO, neurons develop between adjacent neural cell bodies.
Consequently, local patches of IO neurons begin
to fire in synchrony and act as “pacemakers.” The
pacemaker output pulses are small and jerky, but
learning by the cerebellar cortex smoothes and amplifies them in the DCRN—the dual-mechanism
hypothesis.8,20 We propose that drugs affecting the
IO output, such as memantine blocking of NMDA
receptors,21 would reduce the amplitude of APN.
Drugs reducing the output of the cerebellum, such as
gabapentin and memantine,11–13 would reduce the
amplitude and frequency variability of the nystagmus waveform, but not the fundamental frequency
of APN.
The goal of this study was to measure the effects of
drugs known to influence APN in MS or OPT (i.e.,
gabapentin, memantine, and baclofen), using them
as tests of the two hypotheses summarized earlier.
Methods
All studies were performed at the Cleveland Veterans Affairs Medical Center, where 12 patients
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with APN associated with either MS (6) or OPT
(6) were recruited as part of two clinical trials.22,23
All patients studied gave written, informed consent
in accordance with the institutional review board
of the CVAMC and the Declaration of Helsinki.
Common to both trials was a crossover design, in
which patients were given both drugs, separated by
a washout period. In the study of Averbuch-Heller et
al., the two drugs were gabapentin (1,200 mg/day)
and baclofen (40 mg/day). In the study of Thurtell
et al., the two drugs were gabapentin (1,200 mg/day)
and memantine (40 mg/day). All 12 patients had
gabapentin, 6 had memantine (4 with OPT and 2
with MS), and 6 had baclofen (4 with MS and 2 with
OPT). In both studies, three-dimensional binocular
eye movements were recorded using the magnetic
search coil technique; further details can be found
in these two papers. High-resolution spectral analysis was used to analyze the frequency content of
the oscillations from each patient, but only low frequencies (1–30 Hz) were used to characterize the
waveforms. The power spectrum of the oscillations
around each axis was computed from a nonparaR
, the Mathmetric eigenvector algorithm (Matlab
works, Natick, MA, USA; function peig). To eliminate the leakage of power from the direct coupled
component of the signal, we first differentiated and
R
functions sgolow-pass filtered the signal (Matlab
layfilt(x, nFit, nFrame, Dorder), where the order of
the polynomial fit was nFit = 3, the window width
was nFrame = 11–181, depending upon the amount
of noise in the data, and Dorder was the first derivative). Each signal also had its mean and linear trend
R
function detrend). Differences
removed (Matlab
among the drug effects were analyzed with nonparaR
Kruskallmetric analysis of variance tests (Matlab
Wallis, multcompare, and boxplot functions, with
significance at P < 0.05 and 95% confidence intervals throughout).
Results

Pharmacological test of the unstable neural
integrator hypothesis in MS
Figure 1(A) shows horizontal APN in a patient with
MS who had binocular jerk nystagmus with a superimposed pendular nystagmus in the right eye. As
predicted by the unstable neural integrator hypothesis, the oscillations are regular and have minimal
frequency variability, which is reflected by the sharp
peak in the power spectrum (Fig. 1D, right eye).
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the APN amplitude that was not sensitive to eye position. Thus, we measured the standard deviation
(SD) of the each velocity trace. The SD is a measure
of the average distance of the peaks and troughs
from the mean. The SD does not change with eyein-orbit position, and is a reasonable measure for
intersubject and interaxis comparison of the oscillations. The SD of the oscillations and the slope of
the jerk nystagmus are both significantly reduced
(Kruskal-Wallis test; P < 0.05) for both gabapentin
(reductions in SD of ∼40%) and memantine (reduction of ∼70%), but not for baclofen (Fig. 2).
To see whether there was any effect of the drugs on
the frequency content of the waveforms, we analyzed
the change in the largest peak in the power spectrum
(i.e., the dominant frequency). The dominant frequency showed no change (P > 0.05) with any drug.
The mean reduction of power at the largest peak was
∼30% with gabapentin. Neither memantine nor baclofen had a significant effect on the amplitude of
the main spectral peak.

Figure 1. This is an illustration of the effects of gabapentin
and memantine on horizontal APN in one patient with multiple sclerosis (MS; A–C). Binocular eye positions are plotted
against time. Red traces represent the right eye and gray traces
the left. The patient has a binocular jerk nystagmus with a superimposed monocular pendular nystagmus in the right eye. The
amplitude of both forms of nystagmus is reduced during treatment with gabapentin (B) and memantine (C). Corresponding
power spectra are plotted in (D–F). The power spectrum of the
pendular component is very sharp (D, red trace). The power
spectrum of the jerk nystagmus is broader and lower (D, gray
trace). Note that both gabapentin and memantine reduce the oscillation amplitude, but do not significantly affect its frequency
distribution.

The jerk nystagmus had a wide range of frequencies, but was present at low power (Fig. 1D, left eye;
note double logarithmic scale). Figure 1(B) and (C)
shows a reduction in the amplitude of the pendular
and jerk nystagmus by gabapentin and memantine.
Figure 1(E) and (F) show the effects of these drugs
on the APN power spectrum.
To average across all six patients, all three rotation axes, and both eyes, we needed an estimate of
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Pharmacological test of the dual-mechanism
hypothesis in OPT
An example of horizontal oscillations from one patient with OPT is shown in Figure 3(A). Qualitatively, these oscillations are irregular and smooth,
and they are also disconjugate, and have idiosyncratic intercycle frequency variability. The waveform irregularity, or frequency variability, produces
multiple peaks in the power spectrum (Fig. 3D).
Gabapentin reduced the amplitude of the oscillations, the waveforms were relatively smoother
(Fig. 3B), and the frequency content of the waveform
was reduced in both amplitude and range (Fig. 3E).
Similar changes were seen with memantine (Fig. 3C
and F).
To pool across all patients, rotation axes, and eyes,
we again looked at the SD of the velocity traces
(Fig. 4). Memantine and gabapentin both significantly reduced APN amplitude by ∼70% (P < 0.05;
Fig. 4A). The variability of the waveforms with baclofen was quite high, and there was no significant
change in amplitude with baclofen (P > 0.05).
Gabapentin and memantine consistently affected
the frequency irregularity in all OPT patients. To
quantify the frequency irregularity, we computed
the bandwidth as the frequency range that contains 66% of the power around the peak of the
corresponding power spectrum. In theory, regular
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Figure 2. A scatter diagram of the change in the standard deviation (SD) of the velocity, about each axis of rotation (symbols)
for each drug (colors) in all six MS patients. Baclofen (BACLO)
did not show much effect. In contrast, both gabapentin (GABAP)
and memantine (MEM) caused a significant reduction in amplitude (i.e., the standard deviation of the velocity waveform).
Regression lines: baclofen = 0.31 + 0.95 × control, R2 = 0.82
(blue line); memantine = 1.73 + 0.44 × control, R2 = 0.20
(magenta line); gabapentin = 1.68 + 0.66 × control, R2 = 0.45
(green line). Dashed line is the equality line. Symbols indicate
left (L) and right (R) eye, and horizontal (H), vertical (V), and
torsional (T) movements.

oscillations would have a smaller bandwidth, because the power of the waveform would be tightly
distributed around the peak. In contrast, irregular
oscillations would have a larger bandwidth, because
the power would be broadly distributed in the power
spectrum. Figure 4(B) summarizes the effect of the
drugs on the bandwidth and, thus, the effects on
the oscillation irregularity. Memantine reduced the
bandwidth in 47% of instances (magenta symbols;
Fig. 4B). Gabapentin reduced the bandwidth in 36%
of instances (green symbols; Fig. 4B). Most round
symbols, representing the horizontal component of
the oscillations, fell above the equality line in Figure
4(B); this indicates that, in most cases, gabapentin
and memantine did not reduce the bandwidth of
the horizontal component of the oscillations. When
the horizontal component was excluded, gabapentin
reduced the bandwidth in 44% of instances and memantine in 59% of instances. Baclofen reduced the
bandwidth in 50% of instances; however, the reduc-
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tion was minimal in most instances (blue symbols;
Fig. 4B). In contrast, with gabapentin and memantine, the reduction was robust in most instances.
The amount of reduction in bandwidth was measured by computing the ratio of bandwidths after
and before treatment with gabapentin and memantine. A smaller ratio depicts a larger reduction in
the bandwidth with the drug. Box and whisker plots
in Figure 4(C) illustrate this ratio, horizontal lines
in the center of the notch represent the median ratio (memantine = 0.69 and gabapentin = 0.68),
the notches represent 95% confidence intervals,
and length of the box represents the interquartile
distance.
To see whether there was any effect of the drugs on
the frequency content of the waveforms, we also analyzed the change in frequency of the largest peak in
the spectrum. The dominant frequency showed no
change (P > 0.05) with any drug. The mean reduction of power at the largest peak was ∼40% for both
gabapentin and memantine. Baclofen had no effect
on the amplitude of the largest peak (P > 0.05).
Discussion
We set out to test models for two distinct forms of
APN: APN associated with MS6 or as a feature of
OPT.8 Our strategy was to test predictions that each
hypothesis made about the effects of gabapentin,
memantine, and baclofen on APN. This requires
that we understand what effect each drug has on
neurons that are thought to have a role in producing these forms of APN. Current evidence suggests
that gabapentin reduces calcium channel trafficking by blocking the alpha-2-delta subunit of the
calcium channel.11 A resultant reduction in calcium
conductance could reduce the discharge of cerebellar Purkinje neurons24,25 and could block IO gap
junctions. Gabapentin and memantine both block
NMDA receptors,12,13 which are present in the IO
and the cerebellum.21,24,25 Baclofen primarily binds
to postsynaptic GABAB receptors. Thus, it enhances
the hyperpolarization of neurons receiving input
from GABAergic neurons, such as the Purkinje cells.

Pharmacological test of the unstable neural
integrator hypothesis for MS
It has been proposed that demyelination of the
fibers carrying corollary feedback to the gazeholding neural integrator, which relay through the
paramedian tract cell groups and the cerebellar
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Figure 3. This is an illustration of the effects of gabapentin and
memantine on horizontal APN in one patient with oculopalatal
tremor (OPT; A–C) Binocular eye positions are plotted against
time. Red traces represent the right eye and gray traces the
left. The oscillations are irregular and disconjugate. The amplitude is reduced during treatment with both gabapentin (B)
and memantine (C). Corresponding power spectra are plotted
in (D–F). The power spectrum is very broad, with a large peak
around 2 Hz. Note that both gabapentin and memantine reduce
the oscillation amplitude and also reduce the irregularity of the
waveform (reduction of the range of its frequency distribution).

flocculus, makes the integrator unstable, causing
APN.2,6,9 Gabapentin and memantine reduced the
amplitude without affecting the frequency of APN
in MS patients. Therefore, we speculate that, in MS
patients, gabapentin and memantine affected the
cerebellar flocculus and indirectly, its projection site,
that is, the neural integrator in the vestibular nuclei
and nucleus prepositus hypoglossi.
Injection of the GABA agonist muscimol into the
nucleus prepositus hypoglossi hyperpolarizes the
cell membranes and makes the neural integrator
unstable.10 If APN in MS is indeed caused by an
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unstable neural integrator (i.e., hyperpolarized nucleus prepositus hypoglossi), the drugs that reduce
APN amplitude should depolarize cell membranes.
Both drugs might reduce the inhibitory discharge
from the cerebellar Purkinje neurons, gabapentin by
blocking the alpha-2-delta subunit of calcium channels and both drugs by antagonizing NMDA receptors. The reduction in GABAergic inhibition from
Purkinje neurons would then shift the resting membrane potential of the nucleus prepositus hypoglossi
toward the depolarized state, thereby making the
neural integrator less unstable. Baclofen reduces the
excitability of the projection sites of Purkinje neurons, and hence would not shift resting membrane
potential away from the hyperpolarized state. It may
even make it more hyperpolarized, thus making the
neural integrator more unstable, and increases the
amplitude of APN. Indeed, we did find more scatter in the responses to baclofen, with some subjects
having increased amplitudes (cf. Fig. 2).
Importantly, none of the drugs changed the oscillation frequency. The frequency of oscillation could
be determined by multiple mechanisms, such as
the increase in feedback delay caused by demyelination and by cells’ membrane adaptation timeconstant.26,27 The latter is determined by the gating
properties of the ion channels and, thus, the activation kinetics of the cell membrane. As proposed
in the above paragraph, increasing the excitability
by reducing the inhibitory influence of the Purkinje
neurons, without directly affecting the membrane
ion channels at the neural integrator, is unlikely to
change the membrane activation kinetics. Thus, the
oscillation frequency should remain unaffected.

Pharmacological test for the dual-mechanism
model for OPT
The dual-mechanism model for OPT predicts that
the ocular oscillations of OPT are primarily generated by multiple patches of independent oscillators
in the IO. The kinematic properties of these oscillations are then altered by independent patches of
cerebellar Purkinje cells, each trying to predict the
arrival of an input pulse from one patch of the IO.8
Our results suggest that both gabapentin and memantine blocked NMDA receptors in the cerebellum
(at the projection of the IO to the deep cerebellar
nuclei, at the projection of the climbing fibers to the
Purkinje neurons, and at the projection of the parallel fibers onto the Purkinje neurons). All of these
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Figure 4. Panel A shows a scatter diagram of the change in
the SD of the velocity about each axis of rotation (symbols) for
each drug (colors) in all OPT patients. Only gabapentin and
memantine showed a consistent reduction in gain (i.e., the slope
between the pre- and postmedication velocity of SDs). Regression lines: baclofen = 8.63 + 0.28 × control, R2 = 0.11 (blue);
memantine = 3.77 + 0.30 × control, R2 = 0.47 (magenta);
gabapentin = 3.99 + 0.26 × control, R2 = 0.24 (green). In
panel B, the values of the frequency range containing 66% of the
power around the dominant frequency (i.e., bandwidth) during treatment with each drug is plotted on the y-axis, whereas
the values prior to treatment are plotted on the x-axis. The
dashed line is an equality line. Each data point represents one
axis of rotation from one eye in one patient. Right and left
eyes are lumped together. Magenta symbols are data after memantine, green symbols are gabapentin, and blue symbols are
baclofen. Circles are horizontal component, squares are vertical
component, and triangles are torsional component of the data.
A broader bandwidth corresponds to more cycle-to-cycle irregularity of the frequency in the given oscillation train. Regression
lines: baclofen = –0.32 + 1.05 × control, R2 = 0.81 (blue);
memantine = 0.40 + 0.83 × control, R2 = 0.71 (magenta);
gabapentin = –0.24 + 1.06 × control, R2 = 0.89 (green). In panel
C, box-and-whisker plots summarize the ratio of bandwidths after and before gabapentin and memantine. The horizontal lines
in the center of the notch represent the median ratio, the notches
represent 95% confidence intervals, the length of the box represents the interquartile distance, and the whiskers represent data
range. Red plus symbols represent outliers. Abbreviations as in
Figure 3.
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effects would decrease the output of the Purkinje
neurons28 and DCRN. According to the predictions
of the dual-mechanism model, reducing the output
of the cerebellum would result in both reduced oscillation amplitude and waveform frequency variability (Fig. 3; panels D, E, F, and Fig. 4). The dominant frequency, however, is predicted to be set by
the intrinsic properties of the IO neurons and, thus,
should not change.
Baclofen, which is known to reduce the excitability of premotor vestibular neurons via a GABAergic
mechanism, did not alter the amplitude, frequency,
or frequency variability of OPT. This is also consistent with the dual-mechanism model, which suggests that OPT oscillations are generated by the IO
and modulated by the output of the cerebellar Purkinje neurons, but not because of downstream signal
modulation by premotor neurons in the vestibular
nuclei.8
We noticed large variability in the effects of
gabapentin, memantine, and baclofen among our
patients. We suspect that such variability in response
to the drug is related to the degree of severity of coexisting lesions (e.g., internuclear ophthalmoplegia
or cranial nerve palsies) and genetic build-up of
an individual (i.e., variability in the expression rate
of various ion channels and neurotransmitter receptors at the targeted neurons, variability in the affinity
of the target receptor to the given drug molecule, and
the variability in the excretion rate, and metabolism
of the drug).
To summarize, our analysis of the effects of drugs
on APN supports the dual-mechanism model for
OPT and the unstable neural integrator model for
MS. Much of the anatomy and physiology of the
ocular motor system is well understood,1 making
it possible to develop detailed models for abnormal eye movements, such as those described in this
paper. The growing body of knowledge concerning
the neuropharmacology of eye movements provides
a new approach for testing current models for the
normal and abnormal control of eye movements.
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