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PURPOSE. To use ocular motility recordings to determine the
changes over time of infantile nystagmus syndrome (INS) in
RPE65-deficient canines with Leber Congenital Amaurosis
(LCA) and assess the time course of the recalibration of the
ocular motor system (OMS).

METHODS. Nine dogs were treated bilaterally with AAV-RPE65.
A second cohort of four dogs was treated with AAV2.RPE65, an
optimized vector. Their fixation eye movements were re-
corded before treatment and at 4-week intervals for 3 months,
by using high-speed (500 Hz) digital videography. The dogs
were suspended in a sling and encouraged to fixate on distant
(57 inches) targets at gaze angles varying between �15° hori-
zontally and �10° vertically. The records for each eye were
examined for qualitative changes in waveform and for quanti-
tative changes in centralisation with the expanded nystagmus
acuity function (NAFX) and compared with ERG results for
restoration of receptor function.

RESULTS. First group: Before treatment, five of the dogs had
clinically apparent INS with jerk, pendular, or both waveforms
and with peak-to-peak amplitudes as great as 15°. One dog had
intermittent nystagmus. At the 1- and 2-month examinations,
no change in nystagmus waveform or NAFX was observed in
any of the initial dogs, while at 10 weeks, one dog treated
bilaterally with the standard dosage showed reduced nystag-
mus in only one eye. The other eye did not respond to treat-
ment, as confirmed by ERG. This result was unexpected since
it was previously documented that unilateral treatment leads to
bilateral reduction of INS. The other dog treated with the
standard dosage showed no reduction of its small-amplitude,
high-frequency pendular nystagmus despite positive ERG re-
sponses. Second group: Only one dog of the four had clinically
detectable INS, similar in characteristics to that seen in the

affected dogs of the first group. Unlike any previous dog
studied, this one showed a damping of the nystagmus within
the first 4 weeks after treatment.

CONCLUSIONS. In all but one of the cases in which OMS recali-
bration occurred, as measured by the clinical appearance of
nystagmus and by quantitative measurement using the NAFX,
the improvement was apparent no sooner than 10 weeks after
treatment. Longer term, dose-related studies are needed to
determine the minimum necessary degree of restored receptor
functionality, the duration after rescue for recalibration of the
OMS, and the conditions under which recalibration informa-
tion can successfully affect the contralateral eye. (Invest Oph-
thalmol Vis Sci. 2009;50:4685–4692) DOI:10.1167/iovs.09-3387

The developing ocular motor system (OMS) requires good
visual input for it to calibrate properly. There are myriad

reports of interruptions of this process due to afferent visual
deficits such as unilateral and bilateral congenital cataracts1–3;
deliberate visual deprivation4; the “searching” eye movements
of the blind that are often mistaken for nystagmus5; and retinal
dystrophies that lead, usually in short order, to instabilities or
poor calibration of the OMS, often resulting in some form of
nystagmus, most commonly fusion maldevelopment nystagmus
syndrome (FMNS)—formerly known as latent/manifest latent
nystagmus (LMLN) in the case of monocular deprivation—and
infantile nystagmus syndrome (INS), formerly known as con-
genital nystagmus (CN).6

In all forms of true nystagmus, attempts to hold the fovea on
a target are disrupted by a slow eye movement (slow-phase)
that drives the eye off target. This movement is periodically
interrupted by a corrective saccade (fast-phase) that attempts
(in the case of INS) either to bring the eye back to the target
(foveating saccade) or to act in opposition to the runaway
slow-phase (braking saccade).7,8 This nearly continuous mo-
tion of the target onto and off the fovea, except during brief
�20- to 300-ms foveation periods each cycle after a foveation
saccade, degrades visual acuity9 and, when combined with an
afferent deficit, can severely reduce a patient’s ability to func-
tion normally.

Leber Congenital Amaurosis (LCA) is a retinal dystrophy
that is the most common genetic cause of visual impairment in
children. Although the optic disc may look normal,10 retinal
degeneration begins shortly after birth and can lead to total
blindness within a few years. There are at least nine genes that
are implicated in LCA, of which RPE65 accounts for between
10% and 20% of all cases. This gene is necessary for the
photoisomerization of all-trans retinal to 11-cis retinal, part of
a cycle that regenerates the pigment rhodopsin in photorecep-
tors.11,12 There are currently two animal models of RPE65-
deficient LCA, the Rpe65�/� mouse13 and the Briard dog,14,15

that have served as the basis for the development of novel
genetic therapy treatments that involve the use of a serotype 2
adenoassociated virus (AAV) to deliver the missing RPE65 gene
to the retinal pigment epithelium where it can reestablish local
production of photopigment16 and in short order restore re-
ceptor function and rescue vision. In this study, we did not
attempt to determine the effectiveness of different vectors or
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their dosages. We restricted our analyses to the ocular motor
recalibration that results.

In previous work with RPE65-deficient dogs that had clin-
ically apparent INS,17 we presented the novel finding that it
was possible under some conditions for the OMS to recalibrate
and stabilize after the repair of the afferent deficit. In that study
we looked only at the long-term (�10 month) posttreatment
results, believing them to be representative of a steady state
plateau, based on historical observations of the long-term ef-
fectiveness of traditional nystagmus surgeries18 that have been
borne out by analysis of the more recently developed tenotomy
procedure.19,20 It has been observed that once this plateau is
reached, it remains stable: Patients report stable results de-
cades after Kestenbaum surgery, and the first tenotomy proce-
dures performed on humans have maintained improved vision
nearly a decade later. We also showed that treatment and
restoration of vision in only one eye could result in noticeably
damped nystagmus in both eyes, often to subclinical levels,
although the foveation characteristics (duration and repeatable
accuracy) were not as good in the untreated eye, which is
wholly understandable, as there is little visual impetus to drive
such a degree of fixation. We have repeatedly seen this occur
in humans with strabismus who fix with one eye at a time.

To analyze the improvement in nystagmus waveform, we
used the expanded nystagmus acuity function (NAFX),21 an
objective measurement of best potential visual acuity, based
on the above-mentioned foveation characteristics. We devel-
oped this function because previous metrics for nystagmus
analysis (e.g., peak-to-peak amplitude or frequency), or their
product intensity, are poor indicators of actual visual perfor-
mance, as they do not take foveation criteria into account. The
NAFX has proven its utility as an objective measure of INS
waveforms and their improvement with therapy and is the
direct descendant of the NAF, a function developed for evalu-
ating the data of subjects who had sufficient ocular motor
control that their fixations usually fell within one foveal radius
of each other, and the eye was sufficiently slowed during these
periods to under 4 deg/s. Unfortunately, many subjects with
INS do not have this level of control, and so it was necessary to
redesign the algorithm to allow for greater position and veloc-
ity variability in subject foveation, while still allowing for its
use with subjects who could meet the more stringent criteria
of the original function.

In this study, we again worked with the RPE65�/� line of
dogs to further examine the time course of the stabilization of
the OMS, as afferent visual information becomes available after
successful receptor rescue. We paid particular attention to the
first 3 months after treatment, noting the time when, according
to ERGs, receptor function was detected.

METHODS

We performed ocular motility recordings on two separate groups of
dogs for this study. The first cohort of nine dogs was recorded before
treatment, and every 4 weeks over the space of 4 months after treat-
ment. The second cohort of four dogs was recorded before treatment
and again at four weeks after treatment. All animal work followed the
guidelines set forth in the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Canines

The RPE65-mutant strain of dog is an autosomal recessive model of
Leber Congenital Amaurosis and displays no extraocular abnormalities.
Its disease originated as a naturally occurring disorder affecting the
Briard breed of dog in several countries.14,15 Although the disease was
initially15 classified as a congenital stationary night blindness, affected
dogs have variably severe abnormalities of cone-mediated vision as

well, show slow progression of symptoms with age, and have very
slow development of degenerative retinal morphologic changes.22 The
RPE65-mutant strain used in this study is a crossbred strain derived by
breeding a single affected Briard dog into a research colony strain of
normal Beagle-crossbred dogs. This breeding has created a dog much
more suitable for research studies and colony housing than are pure-
bred Briards. The natural course of the disease in dogs means that there
is an extremely long window of time in which therapeutic trials can be
undertaken. The eye-movement data recorded for this study were from
canines that were undergoing separate studies to examine minimum
critical dosage and safety and efficacy of different vectors. Thus, we
had no control over their availability for study or the decisions regard-
ing the time when they would be used for post mortem studies.
Although we would have preferred to examine these dogs in a more
detailed manner, we were fortunate to have access to them at all.

Clinical Examination

Before any recordings, each dog’s eye movements were examined for
qualitative appearance with either an ophthalmoscope or a high-posi-
tive magnifying glass and penlight. Nystagmus, if present, was roughly
characterized for amplitude, frequency and plane(s). Ocular alignment
was noted as well. Visual behavior was tested by allowing the dog to
wander freely in the examination room (14 � 12 feet) and observing
whether it reacted to movements made by the people in the room and
how well it could avoid obstacles during its explorations. This behavior
was videotaped. If the dog was able to successfully navigate the room
in normal light, the light level was then reduced to the lowest level that
would still permit videotaping, and the dog’s performance was again
observed as an indicator of scotopic visual function.

After treatment, in the weeks between recording sessions, the
animal caretaking staff undertook periodic visual inspections of the
eyes of the dogs with nystagmus, to note if any clinically evident
changes developed, as an adjunct to the objective ocular motor record-
ings described in later.

Treatment

The first group of dogs received bilateral injections of AAV-RPE65 at
one of four dosages. The standard dosage (SD) of 2 � 1012 particles/
150 �L (i.e., total dose of 3 � 1011 particles) was given to two dogs;
attenuated injections of 0.01 � SD were given to two dogs; one dog
received 0.001 � SD; two dogs received 0.001 � SD; and one control
dog received only saline. Further details on the gene therapy and ERGs
can be found elsewhere.23 The dogs of the second cohort were treated
with a different vector, AAV2.hRPE65v2, abbreviated as AAV2.RPE65,
whose transgene cassette was modified for greater expression. In
addition, a surfactant (0.001% PF68) added to the infusion solution
resulted in a higher proportion of particles not being lost to the inert
surfaces of the delivery system (syringes, tubing). The greater delivery
of the vector to the retina was determined to result in a faster and more
widespread (in area) rescue of receptor function than the vector used
for the first cohort. The dogs received 150 �L containing a total of
8.25 � 1010 vg (vector genome). Further details for this cohort have
been published elsewhere.24

Recording

Eye-movement data were recorded with a high-speed video system
(EyeLink II; SR Research Ltd., Osgoode, ON, Canada) capable of mea-
suring horizontal and vertical movement simultaneously at a sampling
frequency of 500 Hz and resolution of 16 bits. Although the video
system was designed for use in human subjects, we were able to
modify it for use in dogs by repositioning the cameras more laterally to
compensate for the greater interpupillary distance in dogs, whose eyes
are not as forward-pointing as humans. Because the video cameras are
mounted on a headband (specifically designed for human head-fixed
operation) that does not fit a dog’s head, we mounted the cameras to
an adjustable and lockable earth-fixed frame.
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Dogs with long hair that could potentially cover their eyes, or
otherwise interfere with the sensors or cameras were shaved the day
before recording. Their eyes were irrigated to remove any stray hairs,
and they were examined with an ophthalmoscope for signs of irrita-
tion. They were then returned to their kennels after a brief session of
socialization.

In previous work,25 we described the techniques necessary to
record eye movements using head-mounted IR from comfortably re-
strained, alert, relaxed, co-operating, but untrained dogs. For this
study, the only modification necessary was to better assure that, during
recording, the dogs did not make head movements, which—if not
detected during experiments—would lead to motion artifacts. Firm but
gentle hand pressure behind the dog’s occiput accomplished this. Such
contact served three purposes: In addition to restraint, it allowed the
investigator to report on any movement so that corrupted data could
be discarded. Furthermore, the constant contact helped to relax the
dogs. As an additional safeguard against poor data quality due to the
dog’s movement or inattention, sessions were video recorded, with a
live video feed also present at the data acquisition operator’s station.

Before recording, each dog’s eye movements were calibrated
against known targets in the horizontal and vertical planes. Special
effort was made to increase accuracy during calibration. Each target
was presented multiple times within the dog’s binocular field to ensure
sufficient accurate conjugate saccades to the target. These techniques
allowed for a “ballpark” calibration of the video system, using its native
routines (which are suitable for behaving subjects, such as humans or
lower primates that have been trained to reliably fix on a target). A
final, more accurate calibration was applied post hoc to the data by
using custom software developed in a commercial package (MATLAB;
The MathWorks, Natick, MA), to examine where each dog looked
during the repeated target presentations. Finally, to ensure accuracy
over the course of an experiment, the calibration presentation was
repeated during each trial.

Recording Protocol

All ocular motility recordings were performed in accordance with the
Institutional Animal Use and Care Committees’ (IACUC) guidelines
regarding animal experimentation. A trained veterinarian was present
or could be summoned at all times. An experiment consisted of
between two and seven trials, determined by how co-operative the
investigators felt the dog to be. If a dog refused to allow its head to be
held still, or ceased to attend to targets, it was allowed to rest in the
sling apparatus for several minutes before further attempts were made.
If it still refused to co-operate, it was immediately released for that
session. No more than two sessions were attempted for any dog per
day.

Each trial lasted from 30 to 90 seconds, again depending on the
dog’s ability and willingness to co-operate. During each trial the dog
was required to fix on an object that was determined to hold its
interest, such as an electronic toy that made noise and had a flashing
light. One examiner stood 57 in. from the dog’s eyes and, holding the
fixation target near his own eyes, moved repeatedly between the
points of 0°, �15° horizontally and �10° vertically, holding the target
for approximately 5 seconds at each point. Because he was looking
directly into the dog’s eyes, the examiner was able to verify when the
dog looked at each target and report if the dog failed to do so. The data
acquisition operator also monitored the dog’s performance using both
a live feed from the video camera recording the session and the
on-screen feedback provided by the video system. Recordings made
when a dog ceased to pay attention to the target or moved its head
(also monitored by the investigator stabilizing the dog’s head) were
marked accordingly.

Analysis

Eye-movement recordings by the video system were exported using
routines provided by SR Research into a format that could be read and
analyzed with the custom-written software. Only position data were

measured directly; velocity was calculated by means of a two-point
central differentiator algorithm that also acted as a low-order, low-pass
filter with a cutoff frequency that decreased as the separation between
the difference points increased. More information on this algorithm
and its consequences may be found elsewhere (Jacobs JB, et al. IOVS
2003;44:ARVO E-Abstract 4249). Further filtering was performed using
a fourth-order, low-pass filter with a cutoff frequency of 20 Hz, suffi-
cient to reduce noise while retaining the eye movement data, which
follows a 1/f spectrum. Effects on saccadic velocity were no more than
a 5% reduction in peak velocity, which was not a factor in this study.

Foveation quality and its potential effect (not accounting for affer-
ent deficit) on human visual acuity are calculated using the NAFX,
which returns a single value that ranges linearly between 0.0 and 1.0,
corresponding to no vision at the low end, to a Snellen acuity of 20/15
(1.33) at the high end for young adults. It is important to note that
these values represent human vision. Most dog breeds have a lower
maximum acuity, approximately 20/70 (e.g., several breeds of working
dogs, especially hunting dogs), owing to the less developed nature of
the canine area centralis compared with the human fovea. The NAFX
calculates this value based on the duration and repeatability (i.e., the
standard deviations of fixation positions and velocities) of centralisa-
tion (foveation in humans) periods, defined as the data points that
simultaneously satisfy particular position and velocity limits, defined as
the centralisation window. Although details for application of the
NAFX have been described previously,21 it is instructive to summarize
the most important rules. Most crucial is to ensure that the data are
accurately calibrated to allow identification of the fixating eye. Then,
only segments of data should be selected where the subject is known
to have been attending to the target, because without attention, fove-
ation does not have a physical meaning. It is imperative to avoid long
stretches of data (e.g., minutes), when the subject (patient with nys-
tagmus, normal human, or canine) does not always maintain concen-
tration or, in many cases, may switch which eye is fixing the target. As
a consequence of this failure to maintain fixation throughout such
records, they are too noisy (including blinks) to accurately measure the
quality of fixation, the nystagmus mechanisms, or to compare pre- and
posttherapy nystagmus.26 The second important point is to select the
position and velocity criteria for the foveation window as small as
necessary to suit the fixation ability of the subject being measured, but
no smaller than that. In the case of the dogs, the centralisation
window boundaries were �3.0° horizontally and �1.5° vertically,
reflecting the extent of the area centralis. The velocity limits were set
between �4 and �10 deg/s, as for humans. We limited our analyses to
data segments that were no longer than 10 seconds and that showed
no changes (or loss) in fixation during that time. Records where the
dogs made head movements, or failed to attend to the targets were not
analyzed.

RESULTS

Pretreatment

Five of the dogs in the first cohort (BR248, BR251, BR246,
BR235, and EMB28) had continuous, clinically apparent INS,
with waveform components that were pendular (P), jerk (J) or
both. Only one dog from the second cohort, BR334, had
nystagmus detectable either clinically or with recordings. All
dogs had poor ocular motor control, resulting in large excur-
sions of eye position beyond that of the nystagmus amplitude.
Table 1 lists the dogs examined in the ocular motor portion of
the study and summarizes their nystagmus characteristics, the
treatment that they received, and their visual and ocular motor
outcomes.

Figure 1 shows waveforms representative of the pretreat-
ment nystagmus typically seen in these dogs. Both pendular
and jerk waveforms were commonly seen. In EMB28 a dual-jerk
waveform was recorded. Compared with human INS, there
were fewer foveating and braking saccades, probably due to
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the (�3° � �1.5°) area centralis, which is larger than the
(�0.5°) fovea of humans. The amplitudes were on the low end
of human INS, and the frequencies were slightly higher; as a
result, the velocities were also higher.

After Treatment

Electroretinograms. ERGs were performed on the first
cohort no sooner than 1 month after treatment. Restored
receptor function was detected in three of the four eyes that
received the AAV-RPE65 SD. The eyes that received attenuated
dosages showed greatly reduced results, with rescue of none of
the four eyes treated with 0.01 � SD, only one of the two eyes
at 0.001 SD, none of the four eyes treated with 0.0001 � SD,
and, unsurprisingly, none of the four control eyes. For this
group of dogs, ERGs were measured only as present (detect-
able signal) or not present.

ERGs for the dogs of the second cohort were performed at
5 weeks and 3 months after injection. Unlike with the first
group, quantitative measurements were obtained. Restored
a-waves were detected in all eyes that received subretinal
injection of the AAV2.RPE65, a direct indication of photore-

ceptor activity. At 5 weeks, the peak amplitude of 55 �V
measured in BR334’s left eye was greater than 60% of that in an
unaffected dog. By 3 months, the peak had declined to less
than 20%, but was still significantly greater than before treat-
ment.

Ocular Motility Recordings. We performed recordings on
the dogs of the first cohort before treatment and then at 4, 8,
and 10 weeks after injection. Until the session at 10 weeks
there were no noticeable changes in the dogs’ nystagmus,
either qualitatively or quantitatively, which was consistent
with the results we had reported previously.17

BR246, which received only normal saline, and BR251 and
EMB28, which each received 0.01 � SD, showed no recovery
of receptor function according to ERG. Similarly, no changes
were measured in their nystagmus.

Although BR235 was treated binocularly with the SD and
showed restoration of receptor function, this dog also had no
apparent improvement in its nystagmus during any of the
recording sessions, nor at the time of any follow-up clinical
examination. By inspection, before and after treatment, though
the high-frequency (�10 Hz) pendular nystagmus appeared to

TABLE 1. Clinical and Ocular Motor Data from Canines with Nystagmus

Dogs with
Nystagmus

Age at
Treatment Nystagmus (Pre) Dosage

ERG (Post)
(OS, OD) Nystagmus (Post)

BR248 11 wk P & J � 5–8 Hz �2° p–p AAV, SD �, � Uniocular improvement
BR251 11 wk P � 10 Hz �1° p–p AAV, 0.01 SD �, � Unchanged
BR246 11 wk Intermittent P � 7–10 Hz �2° p–p Saline �, � Unchanged
BR235 7 mo P � 8–10 Hz �1–1.5° p–p AAV, SD �, � No clinical improvement
EMB28 7.25 mo DJ (J � 2 Hz, P � 8 Hz) �1–2° p–p AAV, 0.01 SD (OD)* �, � Unchanged
BR334 16 wk P � 8 Hz �1–2° p–p AAV2, (OD)* �, � Ampl: LE�RE Calm

periods: LE�RE

SD, standard dosage of 2 � 1012 particles/150 �L; P, pendular; J, jerk; DJ, dual jerk; p–p, peak-to-peak amplitude; �, detectable ERG signal;
�, undetectable ERG signal.

* Major portion of dose delivered into the intravitreous space.
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FIGURE 1. Representative pretreat-
ment waveforms from four of the
dogs. Note the presence of large
drifts of eye position, in addition to
the oscillations due to the nystagmus
and the dual-jerk waveforms of
EMB28 (bottom right).
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be well aligned from cycle to cycle, detailed analysis detected
little or no actual centralisation (i.e., time-per-cycle within the
centralisation window), as shown by the waveforms in Figure
2 and phase plane in Movie S1, http://www.iovs.org/cgi/
content/full/50/10/4685/DC1, resulting in a very low NAFX in
each case.

More unusual was BR248, also treated binocularly at the
standard dose. In this case, treatment was effective in only one
eye. ERG performed on the right eye showed recovery,
whereas there was minimal response in the left eye. Until the
10th week, no improvement was quantitatively recorded; how-
ever, sometime between the week 8 and week 10 recording
sessions, we observed that the nystagmus in the right eye
decreased to a clinically undetectable level most of the time,
though it usually remained noticeable in the left eye, confirmed
by quantitative recording as shown in Figure 3, top, and Movie
S2, although it would occasionally appear at pretreatment
levels (Fig. 3, middle) or be clinically undetectable in either eye
(Fig. 3, bottom). On rare occasions, the amplitudes would
invert from the most common case, resulting in a clinically
detectable oscillation in the normally quiescent right eye,
whereas the usually florid left eye would damp below clinical
levels. This mostly uniocular response is puzzling, directly
contrasting with our previous finding of binocular recalibration
resulting from uniocular treatment.

Close examination of BR248’s posttreatment waveforms
(Fig. 4) showed the beginnings of well-developed centralising
saccades and the extension of centralisation periods, reminis-
cent of the development of foveation in infants.27 These better
periods led directly to an increase in the NAFX for this post-
treatment waveform. Contrast this with the lack of centralisa-
tion demonstrated by BR235 in Figure 2.

BR334, from the second cohort, was treated with the more
effective AAV2.RPE65 vector at a dose of 8.25 � 1010 vg. The
dosage to the left eye was injected subretinally and lacked the
surfactant, whereas the right eye injection contained the sur-
factant and was delivered 10% subretinally and 90% delivered
intravitreously—a far less efficient method. Clinical examina-
tion showed increased pupillary response, increased visual
behavior, and decreased nystagmus within 15 days, although it
was not possible to make quantitative OMS recordings until 4
weeks. Even though receptor function was restored in only the

left eye, the nystagmus was damped in both eyes. In contrast to
BR248, the other dog that was successfully treated in only one
eye, this result is more in line with the previous finding17 that
successful restoration of vision to one eye could lead to de-
creased nystagmus in both eyes.

Before treatment, there were frequent periods when one
eye (or both eyes) was not stable enough to allow calculation
of an NAFX because of insufficient centralisation duration.
Posttreatment, these episodes were greatly reduced in number
and duration. Figure 5 shows the contrast in nystagmus before
and after treatment. It should be noted that, even before
treatment, there were occasional brief periods during which
the nystagmus was nearly quiescent, leading to high NAFX
values. However, these periods were much more common and
of much greater duration after treatment. These greatly con-
trasting conditions could appear one right after the other, as

57.2 57.3 57.4 57.5 57.6 57.7 57.8 57.9 58
−3.5

−3

−2.5

−2

−1.5

−1

−0.5

0

0.5

1

E
ye

 P
os

iti
on

 (°
)

Time (sec)

BR235 10 Weeks Post−Treatment

REH

LEH
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ment levels. Bottom: damping was apparent in both eyes. Dashed-
dotted lines: area centralis. Abbreviations as in Figure 2.
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FIGURE 4. Detailed examination of the posttreatment waveforms for
BR248. Note the appearance of distinct centralisation periods, marked
in bold. The presence of these periods almost every cycle has a direct
correlation to increased visual acuity. Abbreviations as in Figure 2.
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shown in Figure 6, top, leading to a great range in NAFX—in
this figure from 0.07 to 0.32 in the space of just a few cycles—
even though the right eye had little or no vision. Part of this
variability is most likely dependent on the dog’s state of
arousal, just as is commonly seen in human INS. The left eye’s
horizontal waveform has a decreased peak-to-peak amplitude,
which is especially notable when compared with that of the
right eye, as shown in Figure 6, bottom.

We performed NAFX analysis only in the dogs that initially
had nystagmus and that, after treatment, had a measurable
improvement in retinal function. For BR235, the analysis
yielded such low and widely spread NAFX values (average,
�0.1; standard deviation �0.1) that comparison between the
pre- and posttreatment data was not meaningful. The other two

dogs, BR248 and BR334, had valid NAFX results, which are
shown in Figure 7.

DISCUSSION

We used ocular motility recordings to determine the time
changes of INS in RPE65-deficient LCA canines and assessed
the time course of the recalibration of the ocular motor system.
As stated in the Methods section, these dogs were part of
separate studies to examine minimum critical dosage and
safety and efficacy of different vectors. Therefore, access to
them was limited.

The study of canine eye movements and vision is another
area where the NAFX has proven its value. The foveation or
centralisation improvements of nystagmus waveforms are di-
rectly related to the potential visual acuity of humans and
canines, respectively, as the same basic mechanisms of vision
and their physical limitations apply. Two dogs, BR248 and
BR251, received gene therapy at a young age with the SD and
0.01 SD AAV, respectively. As a control, BR246 received saline
at a young age. Two dogs, BR235 and EMB28, received gene
therapy at an older age with the SD and 0.01 SD AAV, respec-
tively. Finally, BR334 received gene therapy at a young age
with AAV2. BR248 showed improved receptor function and
NAFX; the older dog, BR235, also showed improved receptor
function but not NAFX. The young dog, BR334, showed im-
proved receptor function and NAFX. Based on these data, there
appears to be a time window of less than 7 months during
which improved vision should allow for ocular motor recali-
bration. As a rule, at the low dosages and control used in this
study, the NAFX did not show improvement after treatment.
This result was as expected, since receptor function did not
improve.

An additional consideration regarding why BR235 showed
no improvement is that vision was so poor that fixation was
minimal and the NAFX may be less meaningful for values that
low. Another complicating factor is the variability in the dogs’
fixation behavior, which is comparable to children and some
adult patients. We are limited by their willingness to fixate a
target that is not inherently interesting and by their desire to
co-operate. However, for dogs as for human patients, our
experimental paradigm allows for analysis of repetitive, short
periods of target fixation.

Dogs showed improvement only after 10 weeks after treat-
ment. Re-examination of data from our previous study also
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FIGURE 7. Pre- and posttreatment NAFX values in both eyes of BR248
and BR334.
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FIGURE 5. BR334’s horizontal nystagmus before and after treatment.
Waveforms are plotted on the same scale to facilitate comparison. In
addition to the amplitude damping, ocular motor control appears to be
improved as indicated by reduction in drifts off target. Abbreviations as
in Figure 2.

5.8 6 6.2 6.4 6.6 6.8 7 7.2 7.4

11

12

13

14

15

E
ye

 P
os

iti
on

 (°
)

BR334 Post−Treatment

REH

80 80.2 80.4 80.6 80.8 81 81.2 81.4 81.6

−27

−26

−25

−24

−23

−22

−21

E
ye

 P
os

iti
on

 (°
)

Time (sec)

LEH

REH

FIGURE 6. BR334, after treatment. Top: the right eye, which did not
respond to treatment, still demonstrated brief periods when the nys-
tagmus was damped. Bottom: comparison of damping in the left eye,
which did respond to treatment, and the right eye. Note the difference
in peak-to-peak amplitudes between the two eyes. Abbreviations as in
Figure 2.
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showed no improvement in nystagmus before 10 weeks after
treatment.17 We previously reported littermates treated several
years apart in which the window had definitely closed for the
adult (Jacobs JB, et al. IOVS 2005;46:ARVO E-Abstract 2401).
However, it is possible for recalibration to occur relatively
quickly (i.e., within a month). This occurrence is not without
precedent, in that other forms of recalibration (e.g., myasthe-
nia gravis or paretic patching)28,29 occur relatively quickly.
Why did one dog (BR334) recalibrate so quickly (15 days),
whereas others have taken many weeks longer? We hypothe-
size that this is because of how quickly the receptors regained
function due to the new vector/delivery system. This recovery
of function suggests that the quantity or quality of new visual
information plays a crucial role in ocular motor recalibration.
In BR235, the NAFX pretreatment was very poor compared
with that in other dogs in the study. While seemingly allowing
ample room for improvement, the age at treatment was possi-
bly a factor, even though it is possible for some older dogs to
show improvement. Also, there may just have been too high a
deficit to overcome; taken together, these results suggest
highly idiosyncratic therapeutic outcomes.

The question arises as to whether there is an all-or-nothing
response or a quantifiable progression over the first 10 weeks.
To answer this question, it would be necessary to examine
ERGs at a finer time scale to observe the recovery and to relate
the results to OMS recalibration. Unfortunately, because of the
need to anesthetize the dogs, canine ERG testing is so stressful
and potentially dangerous that the rate of progression may not
be discoverable until human clinical trials can be done, as these
tests can be performed on awake subjects.

It is critical to avoid confusing the interval between resto-
ration of afferent signal and recalibration of the OMS with the
sometimes almost-immediate decrease in nystagmus that oc-
curs after extraocular muscle surgery. In the former case, the
change is effected centrally,30 whereas in the latter it is the
result of a rapid modification of peripheral response (i.e., the
tenotomy and reattachment of the muscle and the resulting
proprioceptively modified small-signal response).31,32

In BR334, treated binocularly with AAV2, successful resto-
ration of vision to one eye led to clinically decreased nystag-
mus in both eyes, albeit unequally, with an improved NAFX
only in the eye with improved retinal function. In BR248,
treated binocularly with SD AAV, the treatment was effective in
only one eye. An ERG performed on the right eye showed
recovery, whereas there was minimal response in the left eye;
the NAFX values reflected this disparity. These mostly uniocu-
lar responses are puzzling, directly contrasting with our previ-
ous finding of binocular ocular motor recalibration resulting
from uniocular treatment.17 Even though receptor function
was restored in only the left eye, the nystagmus was damped in
both eyes. The current results suggest variability of “rubber-
band yoking.”25 Although there is probably an emotional or
motivational input to the nystagmus, just as in humans, it is
unlikely to be the cause here, as the dog showed no change in
the other eye.

These differences suggest that, as previously noted,25 the
yoking between eyes is highly variable, ranging from very
tightly coupled, where both eyes make nearly identical version
movements, differing only slightly in their foveation periods, to
very loosely coupled, as presented herein, where not only may
the amplitudes and even the phases differ between eyes, but
also the underlying frequency of the nystagmus. We observed
this in BR334, with one eye oscillating at 8 Hz and the other at
10 Hz.

Finally, in a previous study17 we had examined two litter-
mates that had nearly identical nystagmus. One dog, BR58, was
treated at 10 months of age, and BR57 was originally left
untreated as a control. As documented, BR58 showed restored

receptor function and also greatly reduced nystagmus. Several
years later, BR57 also received treatment at the age of 52
months with the same dosage of AAV.RPE65, but although it
too showed improved receptor at a level comparable to BR58
and there were isolated periods where its nystagmus damped
to the same level as measured in its sibling, for the majority of
the time, the NAFX remained unchanged (Jacobs JB, et al. IOVS
2006;47:ARVO E-Abstract 2513).

In summary, if OMS recalibration occurred (as determined
by the clinical appearance of nystagmus and quantified by
NAFX improvement), the improvement was apparent no
sooner than 10 weeks after treatment in all but one case. This
finding applies to the results of this study as well as to the 11
dogs documented previously. Longer term, dose-related studies
would be needed to determine the minimum necessary degree
of restored receptor functionality, the duration after rescue for
recalibration of the OMS, and the conditions under which
recalibration information can successfully affect the contralat-
eral eye. Recently, human trials have begun. One of these
includes nystagmus as an outcome measure, and the early
results are consistent with those reported for the canine model
of LCA.33
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