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PURPOSE. Infantile nystagmus syndrome (INS) is a disorder characterized by typical horizontal
eye oscillations. Due to the uncertain etiology of INS, developing specific treatments remains
difficult. Single reports demonstrated, on limited measures, alleviating effects of gabapentin
and memantine. In the current study, we employed the zebrafish INS model belladonna (bel)
to conduct an in-depth study of how gabapentin and memantine interventions alleviate INS
signs, which may further restore visual conditions in affected subjects. Moreover, we
described the influence of both medications on ocular motor functions in healthy zebrafish,
evaluating possible iatrogenic effects.

METHODS. Ocular motor function and INS characteristics were assessed by eliciting
optokinetic response, spontaneous nystagmus, and spontaneous saccades in light and in
dark, in 5- to 6-day postfertilization bel larvae and heterozygous siblings. Single larvae were
recorded before and after a 1-hour drug treatment (200 mM gabapentin/0.2 mM memantine).

RESULTS. Both interventions significantly reduced nystagmus intensity (gabapentin: 59.98%,
memantine: 39.59%). However, while the application of gabapentin affected all tested ocular
motor functions, memantine specifically reduced nystagmus amplitude and intensity, and thus
left controls completely unaffected. Finally, both drug treatments resulted in specific changes
in nystagmus waveform and velocity.

CONCLUSIONS. Our study provides deeper insight into gabapentin and memantine treatment
effect in the zebrafish INS model. Moreover, this study should establish zebrafish as a
pharmacologic animal model for treating nystagmus and ocular motor disease, serving as a
basis for future large-scale drug screenings.

Keywords: infantile nystagmus syndrome, gabapentin, memantine, translational medicine,
zebrafish

Infantile nystagmus syndrome (INS) is a congenital ocular
motor disease characterized by specific, periodically reoc-

curring involuntary eye movements.1 At least 12 typical INS
waveforms have been documented in patients.2 Infantile
nystagmus syndrome has a prevalence of 1 to 1.5%3 and
manifests 2 to 3 months after birth.1 It can be idiopathic, but is
often associated with anterior visual pathway anomalies (e.g.,
achiasma and cataract) or optic nerve disorders (e.g., hypopla-
sia and atrophy).4 Infantile nystagmus syndrome is also
associated with substantial visual impairments such as low
visual acuity,5 which adversely affects occupational capabilities
and social functioning.6 The psychological stress may be
further exacerbated by the cosmetic appearance.7

Infantile nystagmus syndrome is treated by suppressing the
nystagmus. This can be achieved by botulinum toxin injections
or eye muscle operations.8 Pharmacologically, the application
of gabapentin or memantine has shown to suppress nystag-
mus.9 However, to the best of our knowledge, no study has
provided a comprehensive description of their effects on
general ocular motor functions. Since most ocular motor
functions are unaffected by INS,10–12 altering these due to

medication could potentially lead to additional iatrogenic
symptoms. Possible side effects include convergence insuffi-
ciency, or oscillopsia during head movements caused by an
insufficient vestibulo-ocular reflex.8

The mechanism of action of gabapentin and memantine in
INS is unknown. Gabapentin is widely used to treat epilepsy
and neuralgia.13 It inhibits voltage-gated calcium channels and
reduces the release of many excitatory neurotransmitters
including glutamate.14 Memantine, on the other hand, is a
noncompetitive N-methyl-D-aspartate (NMDA) receptor antag-
onist15 used for the treatment of Alzheimer disease.16 Both
medications have been used to treat a various types of
nystagmus.8 In particular, gabapentin is the most commonly
prescribed medication for acquired nystagmus.17 Both gaba-
pentin and memantine have been used off-label and in high
dosages to treat INS. Although generally well tolerated, both
treatments have occasionally led to side effects such as
dizziness, headache, tiredness, and nausea.9

Zebrafish is a widely used animal model in ophthalmologic
research.18 Its benefits lie within the large amount of offspring,
larval translucency, and the rapid development of their visual
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system.19 Visual behaviors, such as optokinetic response, reach
adult-like behavior already at 4 days postfertilization.20–23

Therefore, the larval zebrafish has been widely appreciated
and employed as a valuable animal model for ophthalmic
research.18,24–27 A line of zebrafish belladonna (bel) strain is a
particularly important INS animal model: Homozygous bel

embryos carry a recessive mutation of lhx2, encoding a Lim
domain homeobox protein Lhx2, while heterozygous embryos
display normal visual functions.28 It portrays all major
nystagmus waveforms comparable to INS patients.29 These
include pure pendular nystagmus, pendular nystagmus with
foveating saccades, pure uniderictional jerk nystagmus, pseu-
docycloid unidirectional jerk nystagmus, pseudopendular
bidirectional jerk nystagmus, and triangular bidirectional jerk
nystagmus.29 As in humans, these waveforms are susceptible to
many factors, including stress and viewing conditions, and can
change at any given time.29–31 Furthermore, it also displays a
reversed optokinetic response that has been attributed to its
underlying optic nerve misrouting.28,32

The treatment of INS remains a challenge for clinicians due
to its diverse associations and manifestations. The aim of this
study was to provide further insight into the mechanisms of
action of memantine and gabapentin, as it is essential for
treating physicians to choose the optimal medication on a case-
by-case basis. Therefore, we described their effects not only
specifically on alleviating nystagmus, but generally on other
ocular motor functions as well. Moreover, we investigated
waveform changes after treatments and discussed possible
mechanisms, which could help explain the rapid improvement
of vision in patients. Lastly, this study should establish zebrafish
larvae as a pharmacologic animal model for the treatment of
nystagmus and other ocular motor diseases.

MATERIALS AND METHODS

All experiments were performed in accordance with the
animal welfare guidelines of the Federal Veterinary Office of
Switzerland. Experiments adhered to the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research.

Animal Maintenance and Breeding

The belladonna (beltv42) bel danio rerio zebrafish line was
bred and maintained as previously described.33 Identified
carriers were crossed. Their embryos were raised under a 14-
hour light, 10-hour dark cycle in 288C E3 medium (in mM: 5
NaCl, 0.17 KCl, 0.33 CaCl2, and 0.33 MgSO4; Sigma-Aldrich
Corp., St. Louis, MO, USA)34 and staged according to
developmental stage in days post fertilization (dpf). At 4 dpf,
larvae were anesthetized with 0.882 mM 3-aminobenzonoic
ethyl esther methanesulfonate (MESAB; Sigma-Aldrich Corp.)
and sorted into homozygous (bel mutants)/heterozygous (bel

sib, siblings) according to their eye pigmentation phenotype.28

Furthermore, bel mutants were sorted based on their
optokinetic response behavior (OKR), into reverse (rev) and
forward (fwd) groups as described in the previous study.28

Recording of Eye/Body Movement

Single larvae were embedded in a transparent 21-mm diameter
plastic tube filled with 3.5% methylcellulose. The tube was
placed inside a glass cylinder covered with a translucent
screen, and was illuminated and heated from below by infrared
(IR) emitting diodes. Eye movements were recorded by an IR-
sensitive charge-coupled device camera with a sampling rate of
40 frames/second. Binocular visual stimulation and recording
were carried out throughout all experiments. Frames were

processed by a custom-made eye recognition software (Lab-
VIEW; National Instruments, Austin, Texas, USA).35

General Experimental Procedure

In each recording session 3 bel rev and 3 bel sib larvae at 5 to 6
dpf, randomly chosen from a single clutch, were individually
recorded within a timeframe of 4 hours. During the same
session, all tested larvae were recorded twice, once before the
treatment and once after the treatment of either 200 mM
gabapentin (GBP) in 1% dimethyl sulfoxide (DMSO), 0.2 mM
memantine (MEM) in 1% DMSO, or only 1% DMSO (Sigma-
Aldrich Corp.). All drug solutions were prepared in E3
medium, stored according to the instructions, and used within
1 week after preparation. In the same recording session, each
of the three treatments was applied to a pair of larvae from
both groups: one bel rev and one bel sib larva. During the
experiment, single larvae were exposed to different computer-
generated stimulus patterns (described below) projected by
four beamers (SP-H03 Pico Projector; Samsung Group, Seoul,
South Korea). Stimulus properties such as grating velocity,
grating contrast and spatial frequency of the gratings were
controlled by a custom-made program (National Instru-
ments).35

Optokinetic Response

Optokinetic response is a reflexive eye movement evoked by
whole-field motion of the visual scene. The response consists
of slow eye movements (slow phases) that follow the moving
scene and saccades (fast phases) that are directed in the
opposite direction for resetting eye positions. The optokinetic
response stimuli were composed of horizontally moving black/
white vertical gratings. For data analysis, slow phase eye
velocity was calculated by first removing all saccades from the
eye movement traces followed by using a moving window for
calculating velocities within each time-period. The absolute
mean values of these measurements were presented in the
paper as slow-phase velocities.36

Experimental Procedure

For each experiment, the same three consecutive visual stimuli
(OKR, stationary pattern in light, and dark) were presented to
the whole visual field of the fish. Larval eye movements were
recorded binocularly in real time. General stimulus properties
applied were a spatial frequency of 0.056 cyc/deg, 100%
contrast, and a maximum illumination of 30.1 lux. Specifically,
OKR stimulation was composed of 10-second alternating
cycles of clockwise (cw) and counterclockwise (ccw) hori-
zontally moving black/white gratings; there were a total of 10
cycles (i.e., five cw and five ccw cycles). The angular velocity
of the stimulus was 610 degree per second (dps; 6 for ccw/
cw direction). There was a 10-second dark phase in-between
each OKR cycle. After the OKR stimulation, subject’s eye
movements were recorded for 180 seconds in light under
viewing condition of stationary vertical black/white gratings.
This period was designed to record spontaneous nystagmus
and eye movements of bel rev or spontaneous eye movements
of bel sib. Nystagmus waveforms were analyzed and catego-
rized into unidirectional and bidirectional types as previously
described.29 Alongside analyzing frequency and amplitude of
nystagmus, we also calculated its intensity (product of
amplitude and frequency), since nystagmus intensity is more
commonly used in describing the treatment effect in patients.9

The last stimulus condition was 180 seconds in the dark, when
mostly spontaneous saccades were recorded. After the
experiment was finished, the larva was removed from the
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FIGURE 1. Representative eye movement traces. Typical eye movement traces before and after treatment using gabapentin (rows 1–2/5–6) and
memantine (rows 3–4/7–8) in bel sib (rows 1–4) and bel rev (rows 5–8). Each pair of rows consists of a single zebrafish depicting excerpts of the
whole recording. (A) OKR, (B) spontaneous saccades in light, and (C) spontaneous saccades in dark are depicted for bel sib, while reverse (D) OKR,
(E) spontaneous nystagmus, and (F) spontaneous saccades in dark are depicted for the bel rev. (A, D) were recorded during stimulation using 10 dps
ccw moving vertical black and white gratings; (B, E) under the same, however, stationary gratings; and (C, F) in complete darkness.
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tube using a pipette and transferred into a dish filled with 288
E3 medium. The remaining gel was removed from the animal
by gentle rinsing. Next, the larva was transferred into a
microplate well containing the medication. After a 1-hour
treatment, the larva was again embedded in methylcellulose
and underwent the same experiment again.

Statistical Analysis

Analysis was executed using statistical software (SPSS; IBM
Corp., Armonk, NY, USA). All values are shown as mean 6
standard deviation. Values of P are indicated separately for each
statistical test. In case of multiple dependent variables being
compared (frequency and amplitude), a multivariate (M)AN-
OVA was performed. In case of significant results, an ANOVA
with Bonferroni correction as alpha correction was applied as
the follow-up test.

RESULTS

In this study, we qualitatively and quantitatively described the
effect of GBP and MEM on both naturally occurring eye
movements and the characteristics of INS. Hereby, OKR,
spontaneous nystagmus/spontaneous saccades in the light, and
spontaneous saccades in the dark were investigated. Homozy-
gous zebrafish bel mutants with bel rev, and bel sib were
tested. Figure 1 shows eye movement traces recorded before
and after GBP or MEM treatment in bel sib and bel rev. The
treatment duration was 1 hour. For each treatment group, a
total of 20 larvae were tested. Traces from all three parts of the
experiment (i.e., OKR, spontaneous saccades in the light/
nystagmus, spontaneous saccades in the dark) are presented.
Figures 1A through 1C show eye movement traces of healthy
zebrafish. Figure 1D shows typical reversed OKR trace of bel

rev. Figure 1E shows several nystagmus waveforms of bel rev.
Eye movement pattern changes as the consequences of drug
treatments demonstrated in Figure 1 are representative of the
following data.

In the first part of the experiment, OKR was elicited by
horizontally moving gratings. The slow phase velocity was
calculated (Fig. 2). After treatment using GBP, the slow-phase
velocity decreased significantly from 8.493 6 0.865 dps to
7.634 6 0.746 dps in bel sib (paired t-test, P¼ 0.002, Fig. 2A),
and from 7.579 6 3.415 dps to 5.379 6 2.427 dps in bel rev
(paired t-test, P¼ 0.006, Fig. 2B). Treatment with MEM, on the
other hand, showed no significant influence on OKR slow-
phase velocity, both in bel sib (8.389 6 1.391 dps to 8.314 6
1.357 dps, paired t-test, P ¼ 0.779, Fig. 2C) and in bel rev
(6.440 6 1.618 dps to 6.329 6 2.170 dps, paired t-test, P ¼
0.842, Fig. 2D). In the control groups, results showed no
significant change of OKR slow-phase velocity (8.939 6 0.862
dps before and 8.361 6 2.262 dps after treatment in bel sib
(paired t-test, P ¼ 0.307), and 8.035 6 2.624 dps before and
7.355 6 2.102 dps after treatment in bel rev (paired t-test, P¼
0.335 Figs. 2E, 2F).

In the second part of the experiment, under stationary
gratings, spontaneous saccades in bel sib and spontaneous
nystagmus in bel rev were evoked. For spontaneous saccades,
we measured both the frequency and amplitude; and for
spontaneous nystagmus, we calculated the nystagmus intensity
(i.e., product of frequency and amplitude) in addition to
nystagmus frequency and amplitude (Fig. 3). In bel sib, saccade
characteristics changed significantly after GBP treatment
(MANOVA, P ¼ 0.006). Both the frequency (from 0.115 6
0.034 Hz to 0.077 6 0.047 Hz, ANOVA, P¼ 0.005, Fig. 3A) and
the amplitude (from 10.542 6 4.1908 to 7.131 6 3.8708,
ANOVA, P ¼ 0.011, Fig. 3B) were significantly reduced.

Similarly, in bel rev, GBP significantly reduced nystagmus
characteristics (MANOVA, P ¼ 0.001). Again, both the
frequency (from 0.179 6 0.051 Hz to 0.125 6 0.059 Hz,
ANOVA, P¼ 0.004, Fig. 3C) and the amplitude (from 22.726 6
10.2648 to 11.463 6 7.5348, ANOVA, P < 0.001, Fig. 3D) were
reduced. This resulted in a highly significant drop of nystagmus
intensity (from 4.163 6 2.467 dps to 1.666 6 1.358 dps
[paired t-test, P < 0.001, Fig. 3E]). MEM did not have a
significant influence on spontaneous saccades parameters
(MANOVA, P ¼ 0.834) in bel sib. The frequency was 0.099 6
0.046 Hz before, and 0.095 6 0.048 Hz after treatment (Fig.
3F), while the amplitude was 10.709 6 3.5378 before and
9.970 6 4.0818 after treatment (Fig. 3G). In bel rev, MEM had a
significant effect on nystagmus (MANOVA, P ¼ 0.028). While
the frequency was not changed significantly (0.164 6 0.042 Hz
to 0.127 6 0.074 Hz, ANOVA, P ¼ 0.058, Fig. 3H), the
amplitude was (19.325 6 9.4388 to 11.892 6 9.3218, ANOVA,
P ¼ 0.017, Fig. 3I). The intensity of nystagmus was changed
highly significant (3.089 6 1.603 dps to 1.866 6 1.569 dps, P

¼ 0.005, Fig. 3J). In bel sib spontaneous saccades character-
istics were unchanged in the control group (MANOVA, P ¼
0.766). The frequency was 0.116 6 0.037 Hz before and 0.107
6 0.045 Hz after treatment (Fig. 3K), while the amplitude was
11.208 6 4.1138 before and 10.916 6 4.9818 after treatment
(Fig. 3L). In bel rev, spontaneous nystagmus characteristics
were also unchanged in the control group (MANOVA, P ¼
0.661). The frequency was 0.178 6 0.041 Hz before and 0.192

FIGURE 2. Optokinetic response. Mean OKR slow-phase velocity
during stimulation using 10 dps moving black and white gratings
before and after application of gabapentin: (A) bel sib; (B) bel rev;
memantine: (C) bel sib, (D) bel rev; or DMSO: control (E) bel sib, (F)
bel rev. Each group consists of 20 larvae. Ns, not significant; SPV, slow-
phase velocity. ** Highly significant (P < 0.01).
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6 0.053 Hz after treatment (Fig. 3M), while the amplitude was
17.729 6 8.3148 before and 17.493 6 6.7858 after treatment
(Fig. 3N). The intensity of spontaneous nystagmus was 3.146
6 1.675 dps before and 3.393 6 1.589 dps after treatment
(paired t-test, P ¼ 0.530, Fig. 3O).

In the last part of the experiment, in complete darkness,
spontaneous saccades were elicited in both bel sib and bel rev.
Again, the frequency and amplitude thereof were analyzed
(Fig. 4). After GBP treatment, spontaneous saccade character-
istics were significantly changed in bel sib (MANOVA, P ¼
0.027). The frequency changed from 0.112 6 0.040 Hz to
0.080 6 0.042 Hz (ANOVA, P ¼ 0.019, Fig. 4A), while the
amplitude changed from 8.371 6 3.0458 to 6.465 6 0.5328

(ANOVA, P ¼ 0.033, Fig. 4B). After GBP, spontaneous saccade
characteristics were also changed significantly in bel rev
(MANOVA, P ¼ 0.007). The frequency was changed from
0.091 6 0.039 Hz to 0.050 6 0.037 Hz (ANOVA, P¼0.002, Fig.
4C) in bel rev; while the amplitude was changed from 7.085 6

3.3028 to 5.500 6 3.9048 (ANOVA, P ¼ 0.174, Fig. 4D) in bel

rev. In contrast, MEM treatment had no significant influence on
spontaneous saccades in bel sib (MANOVA, P ¼ 0.169). The
frequency was 0.094 6 0.009 Hz before, and 0.099 6 0.041 Hz
after treatment (Fig. 4E), while the amplitude was 7.775 6

2.6728 before, and 9.612 6 3.6028 after treatment (Fig. 4F).
Memantine also had no significant influence on spontaneous
saccades in bel rev (MANOVA, P¼ 0.492). The frequency was
0.106 6 0.035 Hz before, and 0.100 6 0.046 Hz after
treatment (Fig. 4G), while the amplitude was 8.487 6 3.3528

before, and 9.620 6 5.1578 after treatment (Fig. 4H). Again, in

bel sib, there were no changes in spontaneous saccade
characteristics in complete darkness in the control group
(MANOVA, P ¼ 0.809). Saccade frequency was 0.117 6 0.037
Hz before and 0.108 6 0.48 Hz after treatment (Fig. 4I), while
spontaneous saccade amplitude was 8.391 6 3.4278 before
and 8.198 6 3.5788 after treatment (Fig. 4J). In bel rev, there
were also no changes in spontaneous saccade characteristics in
the control group (MANOVA, P ¼ 0.837). The frequency was
0.120 6 0.038 Hz before and 0.113 6 0.044 Hz after treatment
(Fig. 4K), and the spontaneous saccade amplitude was 8.921 6
4.2858 before and 9.101 6 3.6228 after treatment (Fig. 4L).

Furthermore, we used unpaired t-tests to directly compare
the treatment efficacy of both drugs on nystagmus in bel rev.
The mean D frequency was �0.053 6 0.081 Hz after GBP
treatment and �0.037 6 0.080 Hz after MEM treatment (P ¼
0.531). The mean D amplitude was �11.263 6 10.2628 after
GBP treatment and �7.434 6 11.1388 after MEM treatment (P
¼ 0.265). The mean D intensity was�2.496 6 2.473 dps after
GBP treatment and �1.223 6 1.701 dps after MEM treatment
(P ¼ 0.065). Thus, both medications showed no statistical
difference in reducing nystagmus frequency, amplitude, and
intensity.

To test if drug treatments changed nystagmus waveform
characteristics, we analyzed spontaneous nystagmus wave-
forms before and after both MEM and GBP treatments. We re-
sorted all tested larvae into two subgroups based on their
major spontaneous nystagmus waveforms: In the first group,
larvae displayed mainly nystagmus with bidirectional wave-
forms, and in the second group mainly unidirectional
waveforms (Fig. 1E). Before MEM treatment, out of a total of

FIGURE 3. Nystagmus and spontaneous saccades in the light. Frequency (column 1) and amplitude (column 2) of spontaneous saccades in the light
of bel sib; and frequency (column 3), amplitude (column 4), and intensity (column 5) of spontaneous nystagmus in light of bel rev before and after
application of (A–E) gabapentin, (F–J) memantine, and (K–O) DMSO (control group). Each group consists of 20 larvae. Ns, not significant. ** Highly
significant (P < 0.01). * Significant (P < 0.05).
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20 larvae 15 (75%) displayed bidirectional nystagmus while
only 5 (25%) displayed unidirectional nystagmus. After MEM
treatment, 6 (30%) larvae displayed bidirectional nystagmus
while 10 (50%) larvae displayed unidirectional nystagmus, 4
(20%) displayed no nystagmus after the treatment. After
treatment, nystagmus either disappeared or changed from
bidirectional to unidirectional types in most larvae. One larva
changed from the unidirectional to the bidirectional group.
Similarly in the GBP treatment group, 18 out of a total of 20
larvae (90%) displayed bidirectional nystagmus, while only 2
(10%) displayed unidirectional nystagmus before drug treat-
ment. After GBP treatment, 10 larvae (50%) displayed
bidirectional nystagmus and 8 (40%) with unidirectional
nystagmus, 2 (10%) larvae had no nystagmus after the
treatment. As with MEM, one larva changed from the
unidirectional to the bidirectional group after treatment. While
we found no significant correlation between waveform
category and treatment in the control group (Fisher’s exact
test, P ¼ 0.527), waveform categories showed a significant
dependence on treatment in both GBP (Fisher’s exact test, P¼
0.027) and MEM (Fisher’s exact test, P ¼ 0.041). Lastly, we
calculated velocities of all spontaneous nystagmus. Gabapentin

significantly lowered the slow-phase velocity of nystagmus

(5.185 6 2.250 dps before and 3.064 6 1.631 dps after

treatment, paired t-test, P < 0.001, Figs. 5A, 5B). Memantine

also lowered the slow-phase velocity of nystagmus significantly

(4.269 6 1.637 dps before and 3.560 6 1.644 dps after

treatment, paired t-test, P¼ 0.046, Figs. 5C, 5D). We found no

significant change of slow phase velocity within the control

group (4.621 6 2.220 dps before and 4.488 6 1.649 dps after

treatment, paired t-test, P ¼ 0.761, Figs. 5E, 5F). We found

bidirectional nystagmus to have significantly higher slow-phase

velocity than unidirectional nystagmus (5.153 6 1.824 dps for

bidirectional and 3.008 6 1.200 dps for unidirectional

nystagmus, unpaired t-test, P � 0.001).

DISCUSSION

In this study, we employed an INS model, the zebrafish mutant

bel, to investigate the treatment effect of GBP and MEM. We

assessed general ocular motor functions and INS characteristics

in rev bel and sib before and after treatment using either GBP

FIGURE 4. Spontaneous saccades in the dark. Frequency (column 1) and amplitude (column 2) of spontaneous saccades in dark of bel sib, and
frequency (column 3), amplitude (column 4) of spontaneous nystagmus in dark of bel rev before and after application of (A–D) gabapentin, (E–H)
memantine, and (I–L) DMSO (control group). Each group consists of 20 larvae. Ns, not significant. ** Highly significant (P < 0.01). * Significant (P <
0.05).
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or MEM by measuring OKR, spontaneous nystagmus, and
spontaneous saccades in light and dark.

Both GBP and MEM were highly and similarly effective at
decreasing the intensity of spontaneous nystagmus in bel rev.
In comparison, efficacy of GBP and MEM was also found to be
similar in treating INS patients.9 In humans, both GBP and
MEM successfully decreased nystagmus intensity and increased
visual acuity. Both medications exhibited equal efficacy and
tolerability. Furthermore, only minor adverse effects such as
dizziness and tiredness occurred during the treatment.9,37

However, other ocular motor functions were not tested in
relation to the medications. However, impairments of these
functions might lead to further complications. Beside reducing
the efficacy of MEM and GBP treatments, iatrogenic oscillopsia
and/or diplopia could possibly occur.8 In our study, using the
INS zebrafish model, MEM decreased the amplitude and
intensity of nystagmus, while other measured values including
slow phase velocity of OKR remained within the normal ranges
in bel rev. In bel sib, all measured factors were completely
unaffected by MEM. Gabapentin, on the other hand, impaired
almost all tested functions in both bel rev and bel sib. Although
not directly applicable to humans, these observations in the
animal model make certain ocular motor dysfunctions and/or
adverse events caused by GBP treatment foreseeable in
patients.

Aside from INS, both GBP and MEM are used to treat many
other types of nystagmus including acquired nystagmus.8

Acquired nystagmus is commonly associated with multiple
sclerosis and stroke.3 A study investigating the efficacy of GBP
and MEM in dampening acquired nystagmus in multiple
sclerosis found both treatments to be effective. However,
MEM had the upper hand at decreasing nystagmus intensity.38

Both GBP and MEM reached their highest efficacy when
applied long term. Moreover, visual acuity improvement by

GBP and MEM faded after cessation of the medication.9

Gabapentin was found to have a high abuse potential with a
prevalence of 40% to 65% among patients with prescriptions.39

This is highly worrisome, not only due to the high prevalence
of nystagmus,3 but also due to GBP being one of the most
commonly prescribed medications in acquired nystagmus.17

Abuse led to an opioid- or benzodiazepine-like experience such
as euphoria, increased energy, increased relaxation, and
calmness.39 Occasionally, GBP even led to severe addiction
and subsequent withdrawal symptoms after cessation of the
medication.40 Furthermore, different types of nystagmus have
all shown to cause high psychological stress,7 which may
increase the chance of self-medication and abuse. In contrast,
MEM possesses no abuse potential41; moreover, it has even
shown to be beneficial in terms of aiding restoration of
functions after stroke.42

The common denominator of mechanism of action of GBP
and MEM lies within the antiglutamatergic effect.9 Memantine
acts as an noncompetitive NMDA receptor antagonist.15

Gabapentin, on the other hand, reduces release of excitatory
neurotransmitters including glutamate, norepinephrine, sero-
tonin, and dopamine.43 As a specific glutamate antagonist,
MEM apparently solely reduces nystagmus of INS in the
zebrafish model; the reduction of several neurotransmitters by
GBP, however, could be the reason behind the iatrogenic
suppression of other ocular motor functions found in our
study. Memantine singularly reduces excessive NMDA receptor
excitation,44 leaving normal levels of receptor activation
unaffected. Besides explaining the unaffected ocular motor
functions, increased release or sensitivity to glutamate could
potentially be one of the underlying causes for idiopathic INS.

In this study, we also investigated the waveform character-
istics of spontaneous nystagmus with respect to the drug
treatments. Similar to the previous reports of INS patients and
fish, we found a multitude of waveforms within single subjects
and a high intersubject variability as well.29–31 Both GBP and
MEM led to consistent waveform changes from bidirectional to
unidirectional types. In humans, both medications increased
visual acuity subjectively and objectively.9,37 Within such short
timeframes of the treatment,9,38 retinal changes/corrections on
a cellular level are not expected. Nystagmus intensity
reduction alone cannot explain the improvement of visual
acuity, since it is poorly correlated to visual acuity.45 Foveation
time during nystagmus, on the other hand, highly correlates to
the visual function.46 It has been reported in INS that
unidirectional waveforms generally possess longer foveation
periods.2 Based on our data, it could be attributed to the lower
slow-phase velocities of the unidirectional nystagmus or the
waveform type itself. A previous study of treatment effect of
GBP and MEM on acquired nystagmus suggested the latter to
be the cause of the visual acuity improvement; moreover, they
found only a low correlation between the eye velocity and
visual acuity.47 Our results revealed a general trend of
nystagmus waveform change toward the unidirectional type
after INS drug treatments. This suggests the visual acuity
improvement in INS patients after receiving the same
medications could well be due to a similar change of waveform
types.

In conclusion, our study provides a more comprehensive
overview of both GBP and MEM’s treatment effects on the
nystagmus characteristics and on general ocular motor
functions as well. Both medications were highly effective at
reducing the nystagmus intensity. However, MEM more
specifically affected/dampened the nystagmus, while GBP
suppressed many additional ocular motor functions including
the OKR. We also showed for the first time that both
medications led to distinct changes of spontaneous nystagmus
waveform characteristics, which could possibly explain the

FIGURE 5. Distribution of velocity within nystagmus. Velocity histo-
grams illustrating the percentage distribution of absolute velocities
found during nystagmus before and after treatments using (A, B)
gabapentin, (C, D) memantine, or (E, F) DMSO in bel rev. Both
gabapentin and memantine groups show an increase of low velocities
after treatment (B, D).
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visual acuity improvement in INS patients. Results of this study
shall bring new insights for neuro-ophthalmologists who may
provide better patient-based treatments; moreover, they also
serve as the basis of utilizing zebrafish models for developing
novel drug therapies for ocular motor diseases.
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