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Whereas the zebrafish retina has long been an important model
system for developmental and genetic studies, little is known
about the responses of the inner retinal neurons. Here we report
single-unit ganglion cell recordings from 5- to 6-day-old zebrafish
larvae. In wild-type larvae we identify at least five subtypes of
ganglion cell responses to full-field illumination, with ON-OFF and
ON-type cells predominating. In the nrc mutant retina, in which the
photoreceptor terminals develop abnormally, we observe normal
OFF responses but abnormal ON-OFF responses and no ON re-
sponses. Previously characterized as blind, these mutants lack an
optokinetic reflex (OKR), but in another behavioral assay nrc
mutant fish have near-normal responses to the offset of light and
slow and sluggish responses to the onset of light . Pharmacological
block of the ON pathway mimics most of the nrc visual defects. We
conclude that the abnormal photoreceptor terminals in nrc mu-
tants predominantly perturb the ON pathway and that the ON
pathway is necessary to drive the OKR in larval zebrafish.

extracellular recordings � ON and OFF retinal pathway �
optokinetic response � retina � retinal ganglion cells

Zebrafish are highly visual animals whose retinas contain
numerous rods and four types of cones (1). By 3 days

postfertilization (dpf) zebrafish retinas have largely differenti-
ated (2), and by 4 or 5 days of age, visual responses can be reliably
elicited (3, 4). Mutations affecting retinal development and
function are easily induced by using forward genetic techniques,
and the visual abilities of potential mutants are often behavior-
ally tested by using the optokinetic reflex (OKR) (3, 5). The
OKR is a basic visual reflex exhibited by most vertebrates and
plays an important role in stabilizing the eye relative to the visual
scene (6, 7). It is easily elicited by moving vertical stripes through
the visual field. The eyes follow the stripes with a smooth pursuit
movement, followed by a rapid (saccade) eye movement in the
opposite direction.

One zebrafish mutant, no optokinetic response c (nrc), origi-
nally identified in a OKR behavioral screen, has no OKR under
any conditions tested and was reported to be completely blind
(8). The nrc mutant has a premature stop codon in the synap-
tojanin1 gene (9), which encodes a polyphosphoinositide phos-
phatase that regulates clathrin-mediated endocytosis and actin
cytoskeletal rearrangement at synapses (10, 11). In the nrc
mutant, the photoreceptor synaptic terminals do not form
properly and appear abnormal when viewed by electron micros-
copy (8). In WT fish, horizontal and bipolar cell processes
invaginate into the photoreceptor terminals which form two
types of synapses, ribbon synapses and flat contacts that relate
to the separation of visual input into ON and OFF channels (Fig.
1A) (12). The ON channel underlies the ability to see light
increments; the OFF channel, to see the light decrements (13).
Ribbon synapses are made mainly on ON bipolar and horizontal
cells, whereas the flat contacts are made mainly on OFF bipolar
cells (14–16). In the nrc mutant, few processes invaginate the
photoreceptor terminals, and the ribbons appear ‘‘free-f loating’’
in the terminals and unrelated to any postsynaptic elements (Fig.
1B). Flat synaptic contacts are observed, but they are displaced

to the base of the photoreceptor terminal (8). On the other hand,
the inner retina of the nrc mutant appears normal anatomically,
including proper bipolar cell ribbon synapses with amacrine and
ganglion cell processes, as well as conventional amacrine cell
synapses.

To understand better the functional consequences of the nrc
mutation, we have recorded from the retinas of WT and nrc
mutant larvae. The electroretinogram (ERG) is readily recorded
from larvae and provides information about the function of the
outer retina–photoreceptors (ERG a wave) and bipolar cells
(ERG b and d waves) (3, 17). However, recording inner retinal
responses—the amacrine and ganglion cells—is more challeng-
ing and only a few reports of massed ganglion cell recordings in
larval zebrafish have appeared (18). At 5–6 days of age, zebrafish
are 3 mm long and their eyes are only 200–300 �m in diameter,
making single-cell recordings from the intact eye technically
difficult. By using an isolated eye preparation (17), we have
succeeded in recording single-unit ganglion cell responses from
WT and nrc mutant zebrafish larvae. Here, we report that nrc
mutants have OFF ganglion cells but lack ON ganglion cells and
that many of the nrc mutant visual deficits can be mimicked by
pharmacological block of the ON pathway. Furthermore, a
behavioral test demonstrates that the nrc mutants respond
normally to the offset of light and are not totally blind.

Results
Characterization of WT Retinal Ganglion Cells. We recorded ganglion
cell (GC) responses from either the surface of the retina or from
the optic nerve, and the recordings appear equivalent. The
former method, with the cornea facing up, allows for simulta-
neous recordings of the ERG and single-ganglion cell responses
(Fig. 2). A typical GC recording is shown in Fig. 2B; in this case
an ON-OFF response. The recording and poststimulus time
histogram (PSTH) for the cell of Fig. 1B show that the OFF
response was more vigorous and had a higher firing rate than the
ON response (Fig. 2C). Once a single-unit response was isolated
from either the retinal surface or optic nerve, the recordings
typically remained stable for 20 min or longer.

We first characterized the types of GCs found in the zebrafish
retina. Action potentials from 156 GCs in WT zebrafish larvae
were recorded in response to full-field illumination. The majority
of cells (56%) responded at both light ON and OFF, that is, they
were ON-OFF cells (Fig. 3A). Other types of GC activity that
were frequently observed include transient ON responses (16%),
sustained ON responses (13%), and transient OFF responses
(11%) (Fig. 3 B, C, and D, respectively). In addition, some GCs
responded vigorously during darkness and stopped firing only
after the introduction of a light flash (Fig. 3E). These sustained
OFF cells resemble dimming detectors that were first discovered
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in the frog (19), but we rarely observed them in zebrafish (1%).
Another infrequently encountered type of ganglion cell fired
independently of the light stimulus (3%). These ‘‘spontaneous’’
cells are unlikely to be injured cells because the recordings
typically lasted for �20 min. They may be immature GCs. In
contrast to these two rare cell types, most light-driven cells do not
fire spontaneously during darkness. The frequency distribution
of the six major types of GCs observed in the WT zebrafish
larvae is shown in Fig. 3F.

Characterization of nrc Mutant Retinal Ganglion Cells. As noted
above, the nrc mutant was found to give no visual responses as
measured by the OKR and was thought to be completely blind
(8). However, the nrc mutant does show ERG activity, but it was
highly variable in the anesthetized animals in the previous study

(8). By using the isolated eye preparation, we found that the nrc
ERG is much more consistent. It consists of an a wave, a small
or absent b wave and a reduced d wave (Fig. 4A). Some
oscillations are typically seen after the a wave in accord with the
earlier study. The d wave, which reflects the activity of the OFF
bipolar cells (20), was consistently observed in all nrc mutants
tested, although it was almost always smaller than in the WT
retina (Fig. 4A). This finding suggests that at least some OFF
bipolar cells are receiving synaptic input from the photorecep-
tors in response to the cessation of light.

Single-unit recordings from nrc mutant eyes revealed that the
majority of cells (63%) responded only to the offset of light (OFF
cells, Fig. 4B), and no pure ON cells were recorded from any of
the 49 cells. This result is in striking contrast to the findings in
WT animals where the great majority of cells (�85%) are
ON-OFF or ON cells. Some nrc ganglion cells responded at both
light ON and OFF (27%) (Fig. 3C). However, the ON compo-
nent of the ON-OFF response from the nrc mutants was usually
delayed as compared with WT ON-OFF cells (compare Figs. 3A

Fig. 1. Diagram of photoreceptor terminals in WT and nrc mutant zebrafish
at 5 dpf. (A) In the WT retina, bipolar and horizontal cell processes invaginate
into the pedicle in a tight bundle to make two types of junctions: ribbon
synapses (arrow) and flat contacts (arrowhead). Ribbon synapses are made
onto presumed ON bipolar (B1) and horizontal (H) cell dendrites. Synaptic
vesicles surround the synaptic ribbon. Flat contacts are found between the
ribbon synapses and have dense cytoplasmic material on both sides of the
junction. (B) In the nrc retina, few processes invaginate into the photoreceptor
terminals. However, when present, many of these processes have small mem-
brane densities, characteristic of horizontal cell processes. Synaptic ribbons in
most of the pedicles are unassociated with postsynaptic processes and appear
to be floating. However, flat contacts (arrowhead) are seen onto presumed
OFF bipolar cell (B2) dendrites. However, they are displaced and make junc-
tions at the photoreceptor base, rather than within the photoreceptor ter-
minal. Synaptic vesicles often clump and fail to distribute evenly in nrc
pedicles, but they surround synaptic ribbons as they do in WT pedicles. Based
on Allwardt et al. (8).

Fig. 2. ERG and single-unit recordings from the same eye of a WT zebrafish
at 5 dpf. (A) ERG recording averaged from six responses to a 1-s light ON
stimulus. The ERG b wave originates from the ON -bipolar cells, whereas the
d wave originates mainly from the OFF bipolar cells (20, 35, 36). In zebrafish
(and most animals), the b wave is significantly larger than the d wave as in this
article (12). (B) Extracellular spike recording from a single ON-OFF retinal
ganglion cell in response to 1-s full-field illumination. (C) PSTH of the ON-OFF
ganglion cell (12 repeats of 1 s of light ON and 9 s of dark). (Bin width, 100 ms.)
The bars above the trace in B and PSTH in C indicate light ON (open bar) or light
OFF (filled bar).

Fig. 3. Types of GC responses in the WT retina elicited by 1 s of full-field
illumination. (A) ON-OFF response. (B) Transient ON. (C) Sustained ON. (D)
Transient OFF response. (E) Sustained OFF (dimming detector). Upper traces
show representative examples of a ganglion cell spike output to the light ON
and OFF stimulus. Lower histograms show the corresponding PSTHs of the
single-unit recordings. (Bin width, 100 ms for all PSTHs.) The bars above the
traces and PSTHs indicate light ON (open bar) or light OFF (filled bar). (F)
Distribution of retinal GC types observed in the WT retina.
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and 4C). As in the WT animals, spontaneous GCs were observed
in the nrc mutants, but more frequently (10%). Whereas spiking
activity of GCs was easily detected in WT retinas, it was more
difficult to find spiking cells in the nrc mutants, suggesting that
nrc mutants have a reduced number of light-driven GCs. Fig. 4D
compares the frequency distribution of GC types between nrc
and WT retinas.

nrc Mutants Can Detect Differences in Light Intensities. The OKR
assay is thought to provide a general measure of visual respon-
siveness. However, the OKR requires that an animal detect
moving stripes and it is possible that fish that fail to exhibit an
OKR may not be completely blind. To determine whether the nrc
mutant zebrafish can detect simple light increments and decre-
ments we developed a visual-motor behavioral assay based on
the recent observations of Prober et al. (21). In this assay, single
zebrafish larvae are placed in 80 individual wells of a 96-well
plate, which allows simultaneous monitoring of each larva by
using an automated video-tracking system. The motor output of
the zebrafish larvae in response to periods of 30 min of light ON
and 30 min of light OFF was recorded and quantified per second.

Both WT and nrc mutant fish responded similarly to the offset
of light, as shown in Fig. 5A. WT and mutant genotypes sharply
increased their activity immediately after the cessation of light.
This increased activity gradually returned to baseline, although
the nrc mutants returned to baseline faster than WT fish. On
average, there was a slight delay of �2 s in the nrc mutant
response to the offset of light (n � 120 fish for each genotype,
averaged from four light-OFF responses per experiment for
three experiments).

The nrc mutants also responded to the onset of light, but quite
differently from WT fish (Fig. 5B). WT fish had a dramatic spike
of motor activity immediately at light onset, known as a startle
response, after which they returned to lower-than-baseline ac-

tivity, called a freeze (Fig. 5B). In nrc mutant fish, the ON
behavioral response was delayed by �12 s, and the average
increase in motor activity was more gradual and weaker than
with WT fish. These observations correlate well with the slow
and sluggish ON response seen electrophysiologically in the
ON-OFF cells of nrc mutants. Our results indicate that the nrc
mutant fish readily detect light offsets and they even respond
weakly at light onset. They are, therefore, not completely blind.

Because teleosts can detect light through nonretinal tissues
[e.g., the pineal gland (22)], we confirmed that the behavioral
responses to light-intensity changes require intact eyes by using
chokh mutants. The chokh (chk) mutant zebrafish has a mutation
in the Rx3 homeodomain-containing transcription factor and
completely lacks eyes from the earliest stages of development (5,
23). They are otherwise morphologically normal and have
normal touch responses and swimming behavior. Unlike both
WT and nrc mutants, the chk mutants did not increase their
activity at either light decrement (Fig. 5C) or at light increment
(Fig. 5D). These fish appear to be completely blind to light-
intensity changes.

Pharmacological Block of the ON Pathway. To mimic the nrc muta-
tion and to explore further the effects of blocking the ON retinal
pathway in zebrafish, WT larvae at 5 dpf were incubated in fish
water containing 0.4 mM L (�)-2-amino-4-phosphonobutyric acid
(L-AP4) and 0.2 mM DL-threo-�-benzyloxyaspartate (TBOA) for
2 h. TBOA (an excitatory amino acid transporter blocker) and
L-AP4 (a metabotropic glutamate receptor agonist) have been
shown to completely eliminate the b wave in WT zebrafish (17).
Control animals (n � 25) displayed normal ERGs, whereas animals
treated with the drug mixture (n � 25) did not show any b wave

Fig. 4. The nrc mutant has predominantly OFF GCs and some ON-OFF cells.
(A) ERG traces (average from six responses each) from a WT and two nrc
mutants in response to a 1-s full-field illumination. Note missing or reduced b
wave response amplitude in nrc mutants during light ON. OFF responses (B)
and ON-OFF responses (C) in nrc retinal GCs are shown in the upper traces of
B and C, and PSTHs are shown in the histograms of B and C. (Bin width, 100 ms.)
(D) Histogram of the frequency of retinal GC type in WT and nrc retinas.

Fig. 5. Nrc mutants increase their activity in response to light decrements
and increments. The locomotor behavior of zebrafish larvae in response to 30
min of light ON and 30 min of light OFF is recorded per second. Each trace
represents an average of 480 responses from 120 individual WT or nrc mutant
larvae recorded over three experiments. (A) Behavioral responses after ces-
sation of light in WT and nrc mutants. The average locomotor behavior of nrc
mutants is slightly reduced as compared with WT fish but remains vigorous
following the lights OFF stimulus. (B) Motor activity in response to light ON in
nrc mutants is delayed and sluggish. Note the slow rise time of the nrc mutant
response to light ON compared with the light ON response of the WT fish. (C
and D) Analogous experiments performed with WT and eyeless chk mutants.
The chk mutants do not increase their activity to either light increments or
decrements and have a low baseline of activity.
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activity (Fig. 6A), suggesting that the activity of ON bipolar cells was
essentially abolished. The drug mixture did not perturb the d wave
amplitude, although it was on average slightly more prolonged. The
drug treatment also effectively abolished residual b wave activity in
nrc mutants (data not shown).

To examine the effects of the drug treatment on inner retinal
cells, we recorded spike activity of GCs in animals treated with
the drug mixture. OFF ganglion cells were readily recorded (n �
10) (Fig. 6B), as well as some ON-OFF cells (n � 5) (Fig. 6C).
No pure ON GCs were found. The ON component of the
ON-OFF GC responses in these drug-treated animals had a
longer latency than the ON response in WT ON-OFF cells,
similar to the ON component of most of the ON-OFF-type GCs
in nrc mutants (compare Figs. 4C and 6C). The latency in the ON
component ranged from 150 to 600 ms, as compared with control
eyes in which latencies were always �150 ms. Furthermore,
zebrafish larvae lost much of their ability to respond in the OKR
assay after the drug treatment (n � 30) (Fig. 6D). Some animals
did display some weak and/or spontaneous eye movements
indicating that the drug treatment did not affect their ability to
move their eyes, and they also swam normally. Surprisingly, when
tested in our visual-motor assay, the drug-treated animals dis-
played essentially normal responses at both the offset and onset
of light suggesting that some residual ON pathway activity
persisted.

Discussion
Much information about the visual world is processed within the
retina and coded by the ganglion cells. In the vertebrate retina,

the ON and OFF parallel pathways are two fundamental infor-
mation streams that relay visual signals from photoreceptors to
bipolar and ganglion cells and ultimately to higher visual centers
(24). Studies by Roska and colleagues (25) have shown how
spatial and temporal patterns of excitation and inhibition on
ganglion cells generate the spiking output pattern for each
ganglion cell type. They distinguished 10 physiological GC
subtypes in rabbits and correlated these with the dendritic
morphology of ganglion cells. In the present study, single-unit
recordings in WT zebrafish retinas revealed a variety of GC
subtypes in response to full-field illumination. For example, we
observed two types of ON responses, transient and sustained, as
well as transient and sustained OFF responses. We also recorded
ON-OFF GCs, and examination of the poststimulus time histo-
grams suggests several subtypes of these cells may exist (compare
Figs. 2B and 3A). It is likely that these distinct types of GC
responses represent different morphological subtypes of GCs.
Morphological analysis of the GCs in adult zebrafish retina has
revealed eleven different types (26). Five of these eleven sub-
types have bistratified or multistratified dendrites within the
inner plexiform layer (IPL), suggesting that they are ON-OFF
cells. The six remaining subtypes of GCs have dendritic arbors
that stratify exclusively in either the ON or OFF laminae in the
IPL, and are therefore likely to be pure ON- or OFF-type cells,
respectively. It is unknown whether the larval retina of zebrafish
contains the same morphological GC types, but our data suggest
that larval retinas do contain distinct subtypes of GC responses,
which are likely represented by morphologically distinct classes.

Can the OFF Channel Detect Movement? The nrc mutant was
isolated because it failed completely in the optokinetic behav-
ioral test (8). We show here that the nrc mutant does have a
remaining OFF pathway and demonstrate using another behav-
ioral test that nrc mutants can detect decreases of illumination
similar to WT fish. They also respond to the onset of illumina-
tion, but sluggishly and quite differently from WT fish. Thus,
contrary to previous conclusions, the nrc fish do have some visual
function, although it is clearly abnormal for light onset.

Optokinetic responses depend on an animal being able to
detect movement, and because nrc fish fail the OKR test, this
suggests that they are unable to perceive moving stimuli. That the
mutants have mainly OFF ganglion cells that appear normal
suggests that OFF ganglion cells are insufficient to cause a
response to movement. Pharmacological experiments in which
the ON responses to bipolar cells are blocked support this view.
These observations indicate that the retinal OFF pathway in
zebrafish cannot detect the movement required for the optoki-
netic reflex.

Which Ganglion Cells Mediate Movement Perception? Both the nrc
mutant fish and WT fish with pharmacologically blocked ON
bipolar cell responses suggest that ON ganglion cell activity is
responsible for movement detection in zebrafish, at least the
movement required for the OKR. In rabbit, ON transient,
directionally sensitive (ON-DS) ganglion cells have been ob-
served and proposed to be the cell type that detects OKR
movement (27). However, ON-OFF ganglion cells in a number
of species have been shown to be movement- and directionally
sensitive and these, too, could be candidates (28, 29). Although
ON-OFF ganglion cells have been recorded in both nrc mutant
fish and in fish in which the ON pathway from photoreceptors to
ON bipolar cells has been blocked, the ON responses are
typically delayed. Thus, these ON-OFF ganglion cell responses
are clearly abnormal, suggesting that the ON responses of these
cells are not sufficient to detect moving stimuli.

Our observations in zebrafish are similar to experiments in the
rabbit where pharmacological block of the ON pathway also
eliminated the OKR (27). Pharmacological block of the ON

Fig. 6. Pharmacological block of the ON pathway. (A) ERG traces from
control and drug-treated zebrafish larvae at 5 dpf. The b wave is completely
abolished in retinas of the fish treated with the drug mixture. The d wave
amplitude is not significantly increased after the drug mixture treatment but
is prolonged. Example of an OFF type (B) and ON-OFF type GC (C) in response
to a 1-s full-field illumination after drug treatment. Note the long latency of
the ON component of the ON-OFF GC response. (D) OKR assay performed on
control animals (n � 30) and animals treated with the drug mixture (n � 30).
The fish treated with the drug mixture lose their ability to respond in the
OKR test.
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pathway in cat and monkey retinas, on the other hand, does not
affect the OKR (27). In zebrafish and rabbit, movement sensi-
tivity, at least as far as the OKR is concerned, appears to depend
on normal ON retinal ganglion cell activity.

Generation of Delayed ON Responses in ON-OFF Ganglion Cells. How
might the OFF pathway generate ON responses in ON-OFF
ganglion cells? Pharmacological experiments that block re-
sponses in the second-order ON bipolar cells completely elim-
inate any b wave activity yet do not eliminate delayed ON
responses in the ON-OFF ganglion cells. This suggests that these
ON responses arise from laterally oriented pathways in the inner
nuclear layer, because b wave activity depends on activation of
the radially oriented bipolar cells. The obvious pathway, there-
fore, would be via an inhibitory, sign-reversing amacrine cell
pathway. This needs to be tested.

In a recent study in mice in which the ON pathway to the
bipolar cells was blocked pharmacologically, ON responses in
ON-OFF ganglion cells were observed, but these ON responses
also occurred with long latencies. These authors also proposed
that ON responses in ON-OFF ganglion cells were generated by
the OFF pathway (30).

Generation of OFF Bipolar Cell Activity. It has long been recognized
that photoreceptors make two types of synapses on bipolar cells:
ribbon synapses and flat or basal junctions (12). Ribbon synapses
are made mainly on bipolar cells that give ON responses, whereas
flat junctions are made mainly on bipolar cells that give OFF
responses (14–16). In teleosts, the rod-driven light responses are
exclusively mediated by mGluR6 receptors, whereas the cone-
driven light responses on ON bipolar cells are mediated mainly
by a glutamate transporter, also known as the excitatory amino
acid transporters (20, 31, 32). The OFF bipolar cell responses, on
the other hand, are mediated by AMPA/kainate receptors.

The flat junctions in all retinas have long been an enigma.
Although some increased membrane density has been observed
at the flat junctions, no aggregation of synaptic vesicles has been
seen at these junctions nor are they related to the synaptic
ribbons. Thus, it has been proposed that the photoreceptor
synaptic transmitter, glutamate, is released only at the ribbon
synapses and the postsynaptic processes at the flat junctions are
activated by transmitter diffusing from the ribbon release sites
(33). This could help explain, perhaps, why photoreceptor
synapses are typically invaginated.

If the ideas above are correct, then the nrc mutant presents a
puzzle. In most photoreceptor terminals in this mutant, few if
any ribbon synapses form (Fig. 1B). Yet flat junctions are
observed, displaced to the basal surface of the terminals. These
junctions are likely functional because both ERG d wave activity
and OFF ganglion cells are consistently recorded from the nrc
mutant. Thus, how the postsynaptic processes at the flat/basal
junctions are activated in the nrc mutant remains an open
question.

Materials and Methods
Zebrafish Maintenance and Behavioral Screening of nrc Mutants.
Zebrafish were maintained on a 10-h dark and 14-h light cycle
(34). The nrc mutant larvae were screened at 5 dpf by using the
OKR test (3). Larvae that failed to show any OKR activity were
classified as mutants. Control animals were either OKR-
responsive siblings or AB WT strain fish.

Eyeless (chk) Mutants. The chokh mutants were screened at 5 dpf
by using morphological markers; that is, no eye development and
darker body pigmentation. The chk mutation is recessive and
fully penetrant and is maintained in a TL background (23).

Isolated Eye Preparation. One eye was gently separated from an
anesthetized animal by means of a fine tungsten wire loop,
severing the optic nerve and ocular muscles. The rest of the
animal was pulled away with a pair of forceps and euthanized.
The isolated eye was placed on 2% agarose and covered with
Ringer’s solution. The Ringer’s solution contained 130 mM
NaCl, 2.5 mM KCl, 20 mM NaHCO3, 0.7 mM CaCl2, 1.0 mM
MgCl2, and 20 mM glucose. The pH of the Ringer’s solution was
maintained at pH 7.8 by continuously gassing it with �97% O2
and �3% CO2. Animals were incubated under dim-light condi-
tions for at least 10 min before the eye surgery, which was also
performed under dim light. Experiments were performed at
room temperature (22–26°C) during the light cycle.

Retinal Ganglion Cell Recordings. Responses were recorded by
placing an electrode on the surface of the retina or within the
optic nerve, and the recordings were similar. In the latter
method, the isolated eye was positioned with the cornea facing
downward on 2% agarose. Visual stimuli were presented at an
approximate intensity of 0.35 �W/cm2 by using an LCD monitor
(SyncMaster 740N, Samsung) placed directly underneath the
recording chamber. For full-field stimulation, a circular spot with
a diameter of 1 cm was used to ensure even illumination of the
entire retina.

For recording, a glass pipette with a tip diameter of 2 �m
containing a chloride-coated silver wire and filled with Ringer’s
solution was inserted into the back of the eye at the optic nerve
head by means of a micromanipulator. The reference electrode
was placed within the agarose in the recording chamber. Spikes
were amplified (total gain of 1,000) and bandpass filtered at
0.3–2 kHz. Spike waveform data were acquired at 10 kHz
through a NI-DAQ board to a PC by using a data-acquisition
program custom-written in LabVIEW (National Instruments).
To ensure single-unit isolation, recordings were monitored over
a loudspeaker, and electrode placement was carefully adjusted
by using the micromanipulator. Single-unit spike recordings
were separated from background noise by thresholding and
sorted offline. Time stamps for each action potential of each
sorted unit were used to generate PSTHs with custom-written
software in IGOR Pro (WaveMetrics ).

ERG or Simultaneous Recording of ERGs and Retinal Ganglion Cells.
ERG and single-unit responses either singly or together could be
recorded by placing an electrode with a tip diameter of 2–6 �m
under the lens on the surface of the retina by using an anterior
transscleral approach. A stable ERG recording was typically
achieved immediately, but it often took several minutes to isolate
a single-unit recording from a ganglion cell.

The isolated eye was placed with the cornea facing up at the
center of the stimulus light spot (diameter � 5 mm) from a
halogen light source. ERGs were amplified at 1,000 total gain,
and low-pass filtered at 300 Hz. The ERG traces and action
potentials were sorted by using custom-written software in
IGOR Pro (WaveMetrics ). No differences in the GC spike
patterns recorded from the optic nerve versus those recorded by
the transscleral approach were noted. Most of our single-unit
recordings were made from the optic nerve head.

Drug Treatments. L-AP4 and TBOA were purchased from Sigma
and Tocris, respectively. Stock solutions of 100 mM were pre-
pared by dissolving L-AP4 in 0.1 M NaOH and TBOA in DMSO
and were added to fish water to achieve final concentrations.
Larval fish at 5 dpf were incubated in fish water containing 0.2
mM TBOA and 0.4 mM L-AP4 for 2 h.

Visual-Motor-Behavioral Assay. Mutants identified by OKR testing
were each placed in one of 80 wells of a 96-well plate (Whatman
7701-1651). Locomotor activity was monitored for up to 10 h by
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using an automated video-tracking system (Videotrack; View-
Point Life Sciences) by employing a DinionXF 1/3-inch Mono-
chrome camera (model LTC0385, Bosch) fitted with a fixed-
angle megapixel lens (M5018-MP, Computar) (21). The 96-well
plate, camera, and infrared and white lights were housed inside
a custom-modified Zebrabox (Viewpoint Life Sciences). The box
was constantly illuminated with infrared light that the animals do
not see. All calculations were based on the ’’middur‘‘ dataset in
the Videotrack quantization mode, which, in our setup condi-
tions, is approximately equal to the total duration per second
that an individual larva is moving. The data were processed and
analyzed by using custom PERL software and Visual Basic
Macros for Microsoft Excel.

Nrc, WT siblings, and drug-treated WT fish were placed in the
Zebrafish Monitors at 5 dpf and were dark- or light- adapted for
2 h for acclimatization to the experimental apparatus. The lights
(69–83 �W/cm2 measured at 495�) were turned on or off every
30 min during the afternoon. The transition from full lights on
to full lights off occurs in �1 s. A total of 120 WT and 120 nrc
larvae were tested with 12 on and 12 off stimuli.
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