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Zebrafish on the move: towards a behavior-genetic analysis of

vertebrate vision
Herwig Baier

Behavioral screens have uncovered dozens of zebrafish
mutants with striking visual defects. In parallel with mutant
studies, recent psychophysical experiments indicate that
zebrafish are capable of high-level motion processing,
previously thought to be restricted to animals with a visual
cortex. It should be possible now to devise assays to screen
for mutations in visual perception.
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Abbreviations
DA-IPC dopaminergic interplexiform cell

OKR optokinetic responses
OMR optomotor responses
RGC retinal ganglion cell

Introduction

"T'he main goal of this review is to draw attention to the suc-
cess of recent zebrafish screens for point mutations in genes
essential for visual development or function [1-10,11°,12°].
Here, I will restrict myself to the description of three
mutants with rather striking neurobiological and behavioral
phenotypes [11°,12°]. The fact that behavioral mutants

Figure 1

have been found represents major progress and would not
have been possible without the persistent efforts of several
laboratories to devise rapid, robust, and informative screen-
ing assays. This review will highlight three assays, all of
which exploit innate behavioral responses by zebrafish to a
moving stimulus. These assays test for optokinetic respons-
es (OKR) [5,13,11°], for optomotor responses (OMR) [11°],
or for the visually mediated escape response [10,12°]. The
OMR assay, in addition to being ideal for high-throughput
screens, has also enabled a psychophysical analysis of
zebrafish motion vision, which is discussed towards the end
of this review.

Behavioral assays reveal visual impairments
of mutant zebrafish

In the standard OKR assay [5,13], single fish larvae are
immobilized within a dish, which sits on a stable platform
inside a rotating drum. The drum is fitted with black and
white stripes. As it turns around the dish, the fish move their
eyes to pursue the drifting bars. Phases of smooth pursuit are
periodically interrupted by fast saccadic eye movements in
the opposite direction. When the angle of eye orientation is
plotted as a function of time (as in Figure 1, bottom panels),
the graph takes a saw-tooth shape for wild-type fish
(Figure 1a, bottom). Mutants with retinal dysfunction natu-
rally do not show an OKR, but more subtle mutations have
also been identified. The blumenkoh! (blu) mutation, for
example, leads to an enlargement of retinotectal arbors [4]
and to OKR deficits (Figure 1c; [11°]), whereas the aszray

Optokinetic behavior of three retinotectal
mutants. The top panels show the heads of
wild-type and mutant fish larvae and illustrate
the organization of their retinotectal
projections. The subset of axons that
originate in the nasal part of the retina
(labeled green, traced only from the left eye)
normally projects to the posterior part of the
tectum. Axons from the temporal retina
(labeled red, traced only from the right eye)
normally project to the anterior tectum. The
bottom panels show plots of the optokinetic
response (OKR), the typical saw-tooth
function of eye movements that is produced
when viewing a rotating set of stripes. It
should be noted that the OKR is probably not
mediated by the tectum, but by a smaller
visual nucleus not shown here. (a) In wild-type
fish, all axons project to the contralateral side
of the brain and form small arbors within the
tectum. Retinotectal mutants show various
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disruptions of this pattern. (b) Bel mutant
axons project to the ipsilateral tectum; the
OKR is reversed. (¢) Blu mutant axons form

larger arbors; the OKR is impaired. (d) Ast
mutant axons project to several ectopic

places in the forebrain and hindbrain; the
OKR is nevertheless normal.




452 Sensory systems

(asf) mutant, despite severe path-finding errors in the
retinotectal projection [3], shows a surprisingly normal OKR
(Figure 1d; [11°]). A particularly intriguing case is the bella-
donna (bel) mutant, discussed below, which shows an OKR
that is opposite to the direction of movement of the grating
(Figure 1b; [11°]).

In the OMR assay, fish larvae swim freely in long, narrow
chambers. The chambers are placed on top of a computer
monitor, which sits on its back (i.e. the screen faces up) [11°].
"To evoke the OMR, the fish are shown computer-animated
patterns that sweep below them across the screen. Wild-type
fish follow the perceived motion of their visual environment.
In a flowing river, this behavior helps them stay at one loca-
tion, preventing them from being carried downstream. The
readout of the OMR assay during a screen is quite simple:
blind or motion-blind mutants will swim in random direc-
tions, while wild-type fish will swim in the direction of the
stimulus and accumulate at one end of the chamber. The
OMR assay is fast and can handle up to ten clutches, with
1040 fish each, in parallel [11°]. One of the many mutants
whose visual defects have been detected with the OMR
assay is the /akrirz (lak) mutant, discussed below, which lacks
a large subset of retinal ganglion cells (RGCs). OKR-defec-
tive fish usually also fail in the OMR assay [11°].

In the escape assay [10], adult fish are placed into a circu-
lar container inside a rotating drum. Except for one black
patch, the drum is white. As the drum rotates around the
container, the spot will come into view of the fish and will
trigger a flight reaction. The test can be made more diffi-
cult for the fish by dimming the ambient light, thus
decreasing the contrast of the black spot against the back-
ground. This way, the visual-sensitivity threshold can be
measured, and mutants with decreased sensitivity can be
revealed. The escape assay has been used to identify the
two dominant 7ightblindness loci, nba [10] and nbb [12°], of
which #66 is discussed below.

Cross-wiring of optokinetic responses in the
achiasmatic belladonna mutant

Belladonna (bel) mutant larvae display a striking behavior in
the OKR assay [11°]. Their eyes move in episodes of
smooth pursuits interrupted by saccades, similar to wild-
type fish (Figure 1a); however, the direction of eye
movement is opposite to the drift direction of the optical
stimulus (Figure 1b). Thus, a clockwise rotation evokes a
counterclockwise tracking movement of the eye, and vice
versa. In bel mutants, RGC axons frequently project ipsi-
laterally [3]. In the tectum, they form a normal retinotopic
map, with temporal axons connecting to the anterior part
and nasal axons to the posterior part (Figure 1b). A com-
bined behavioral and anatomical analysis [11°,14] has
shown that the reverse OKR is tightly correlated with the
degree of miswiring of the retinotectal projection. Thus, if
most or all of the retinal fibers project ipsilaterally, then the
OKR is found to be reversed, whereas it is normal in cases
where the projection is predominantly contralateral.

How can ipsilateral misrouting of retinal fibers lead to sign-
inversion of the OKR? "To answer this question, one must
consider the path along which visual information is chan-
neled in order to mediate the OKR. The OKR clearly
involves a feedback loop that matches sensory input (move-
ment on the retinal surface) to motor output (muscle control
of eye movements). The direction of a horizontally moving
grating is either nasal-to-temporal or temporal-to-nasal. For
a grating that rotates around the fish (as used here), the
direction of movement is opposite for the two eyes, tempo-
ral-to-nasal for one and nasal-to-temporal for the other. The
brain area that mediates the OKR for a given eye (the fish
homolog of the accessory optic system) is located on the
contralateral side of the animal. This nucleus feeds the visu-
al input into the oculomotor complex, which commands the
eye muscles to turn the eye in register with the stimulus. In
bel mutants — at least in those with fully penetrant ipsilat-
eral misrouting — the stimulus is disconnected from the
recipient eye and drives the movement of the other eye
instead. Because this eye sees the motion going in exactly
the opposite direction, the OKR is reversed. Thus, in e/
mutants, the two eyes steer each other’s movement. In the
OMR assay, in which the stimulus is presented from below,
the direction of motion the fish see is the same for both
eyes. The miswiring therefore should not affect the behav-
ior. Sure enough, the OMR of 4¢/ mutants is normal [11°].

The lakritz mutation sheds light on the dark
side of blindness

"T'he visual defect of the /akrirz (lak) mutant was first picked
up by the OMR assay [11°]. This recessive mutation was
originally identified on the basis of a presumed pigment
defect [15,16]. Mutants appear more blackish than wild-
type fish as a result of a permanent dispersal of melanin
granules in their melanophores (black pigment cells); hence
their name (German for ‘licorice’). Apart from the pigment
phenotype, the mutants appear normal morphologically and
display no obvious behavioral abnormality [15]. Subsequent
behavioral tests have revealed that their blackness is a sec-
ondary consequence of their blindness [11°]. Normally,
zebrafish adjust their pigment distribution to the ambient
light, in a visually controlled neuroendocrine response.
Many blind fish fail to do so [11°]. For example, the b/u
mutant (Figure 1c¢) is also darker, although not as extreme as
lak. A combined OMR and OKR re-screen of 12 mutants
with dispersed pigment has shown that two thirds of them
are blind or visually impaired; one third, however, are nor-
mal [11°]. A screen for ‘black’ fish could be a powerful
primary screen for blind fish, but its information would be
limited without a more direct functional assay.

Sections of the /e retina have revealed that 80% of its
RGCs are missing (Figure 2; [11°]). This is one of the most
specific developmental phenotypes discovered so far. The
only good candidate gene for /e, based on its similar
genotype in the mouse [17,18], seems to be the Brz-34 (or
Brn-3.2) gene, which belongs to the family of POU domain
transcription factors. The zebrafish Bru-34 gene, however,
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The retina of the blind /ak mutant lacks most lak
retinal ganglion cells. In this composite
picture, a methylene-blue stained section of a
mutant retina is shown on the left, and a wild-
type retina is shown on the right. The /ak
mutation quite specifically prevents
development of the majority of retinal ganglion
cells (a). The inner plexiform layer (b) is
somewhat thinner in the mutant, probably as a
result of the absence of ganglion cell
dendrites. The inner nuclear layer (c),
however, appears to be increased in cell
number. Scale bar =100 um.

wild-type
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maps to a different chromosome than that on which /a# is
located ([19°]; K Finger, H Baier, unpublished data), indi-
cating that /afé encodes an as yet unidentified gene.
Interestingly, the inner nuclear layer of the /a4 retina,
which is populated by bipolar cells and amacrine cells,
seems to be enlarged by about the same number of cells
that the ganglion cell layer is diminished (Figure 2). The
lak gene product could be an essential determinant of
RGC development, perhaps acting as a switch between
ganglion cell and amacrine cell fate.

A functional link between olfaction and vision
is exposed by the nbb mutation

A behavioral screen for dominant adult mutations that dis-
rupt the escape from a threatening object was used to
identify a mutant with a unique, somewhat perplexing
phenotype. Mutants of the wightblindness b locus (nbb)
exhibit visual thresholds that are elevated by 2-3 log units
after prolonged darkness [12°]. Normally, under dark-
adapted conditions, the rod pathway is active, but in #bb
mutants the RGCs remain quite unresponsive (although
the rod response itself is normal), rendering the fish almost
blind at night. The loss of visual sensitivity in #bb is pre-
ceded by a reduction in the number of dopaminergic
interplexiform cells (DA-IPCs). The DA-IPC is a teleost-
specific type of amacrine cells that releases dopamine,
modulating the light-adaptive state of the teleost retina
(reviewed in [20]). In a paper that accompanies their 760
study, Li and Dowling [21] show that infusion into wild-
type eyes of 6-OHDA (6-hydroxy-dopamine), a drug that
specifically kills the DA-IPCs, phenocopies the night
blindness observed in 766 mutants. Infusion of a dopamine

agonist can partially restore the visual sensitivity of
DA-IPC-depleted fish, indicating that dopamine is neces-
sary and sufficient for the modulation of particular phases
of dark adaptation in the fish retina.

What causes the dysfunction and disappearance of
dopaminergic cells in #b6 mutants? The authors’ latest
study [12°] shows that it could be secondary to reduced
innervation by centrifugal projection neurons from the dis-
tant olfactory bulb. These neurons normally innervate the
retina, as well as some other targets in the brain, via the ter-
minal nerve (TN), but do so to a much lesser extent in
adult #bb mutants. Surgical removal of the olfactory bulb in
wild-type fish ablates the TN projection, causing a loss in
visual sensitivity similar to that of the #46 mutant [12°].
The most parsimonious explanation of this result is that
the TN neurons regulate the function (and perhaps the
survival) of DA-IPCs. When the connection is disrupted
(by mutation or by olfactory-bulb ablation), dark-adapta-
tion of the inner retina is disturbed.

In teleost fish, amphibians, and other vertebrates,
dopamine, applied to the dark-adapted retina, mimics the
effects of light on the so-called retinomotor movements in
the outer retina. These involve the contraction of cones
(bringing their outer segments into the focal plane) and the
elongation of rods (out of the focal plane), as well as the
dispersal of light-protective melanin granules into the fin-
ger-like protrusions of the retinal pigment epithelium,
which surrounds the photoreceptor outer segments (for
reviews, see [20,22]). Dopamine also suppresses rod input
to horizontal cells, whereas it enhances cone input [20].
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Figure 3

(a) First-order motion

Time

(b) Second-order motion

Time

Current Opinion in Neurobiology

Zebrafish larvae respond to both first-order and second-order motion
stimuli. (@) A four-frame movie gives a strong (first-order or Fourier)
motion stimulus. The dark—bright square-wave grating is displaced to
the left between frames in quarter-cycle steps. (b) Second-order (or
non-Fourier) motion can be created by moving a sinusoidal contrast
envelope across an array of randomly twinkling dots. This stimulus can
be purged of Fourier motion artifacts by equilibrating the luminance of
the high-contrast and low-contrast areas. The optomotor response of
zebrafish larvae is evoked by both motion displays.

Furthermore, goldfish eyes injected with 6-OHDA and
therefore presumably depleted of DA-IPCs are more sen-
sitive to light, as shown with a behavioral assay, the dorsal
light response [23]. If dopamine, released by the DA-IPCs,
triggered a physiological switch from the dark-adapted to
the light-adapted state, as suggested by these studies, then
one should expect abnormal light-adaptation in zbb
mutants. However, light adaptation is unaffected in #bb
mutants, as is the function of rods and cones. This dis-
crepancy deserves further study.

In addition to providing a new twist to the long-standing
debate on the role of dopamine in retinal physiology, the
nbbh mutation has revealed a mysterious link between olfac-
tion and vision, which also requires further exploration.
The fascinating implication of this work is that a localized
disruption in a remote region of the brain can have far-
reaching consequences for the function of retinal circuitry.

A mutant screen is uniquely suited to reveal such unex-
pected connections.

Zebrafish may emerge as a model for
psychophysical studies

The OMR assay uses computer-animated stimuli and is
easily quantified. It thus invites a psychophysical approach
to the study of zebrafish motion perception, which
requires control over parameters of the visual stimulus
such as spatial and temporal frequencies or contrast. So one
may ask how the zebrafish motion pathway compares to
the well-studied primate system. The human visual sys-
tem seems to employ several psychophysically and
neurophysiologically separable neural strategies in order to
extract motion from a visual scene (see e.g. [24] for a
review). A basic ‘first-order’ system will process informa-
tion in the drift of luminance-variations in an image (the
so-called Fourier motion energy) [25]. A grating that is
composed of black and white stripes that drift from one
end of the computer screen to the other is a typical first-
order stimulus (Figure 3a). The ‘second-order’ system
picks up movements of texture, contrast, and other higher-
order cues (see the example in Figure 3b), whereas it does
not process luminance-defined motion. A neural pathway
that processes second-order motion has been discovered in
the mammalian visual cortex (reviewed in [26]). Zebrafish
do not possess a visual cortex, so it was unclear if they per-
ceive second-order motion at all.

A recent study (M Orger, H Baier, unpublished data) has
started to address this question. The authors first show that
zebrafish larvae vigorously swim in the direction of first-
order motion, even when faced with an artificial situation
in which edges and shapes move in a direction that is
opposite to the luminance-defined motion. This finding
establishes that fish and mammalian motion pathways, at a
basic level, work in a similar fashion. Next the authors
tried several motion displays that had been purged of first-
order motion cues. Indeed, second-order cues are also
effective in driving the OMR. The strongest response was
seen to a drifting column of luminance-reversing pixels.
However, the fish also swim in the direction of a drifting
contrast envelope that sweeps across an array of twinkling
random dots, a standard second-order stimulus (Figure 3b),
as well as with other examples of texture-defined motion.
Zebrafish have either developed a strategy for high-level
motion processing that differs from the strategy used by
primates, or the detection of second-order cues is not
‘high-level’ after all, but rather can be accomplished by the
basic circuitry of the vertebrate visual system.

Conclusions and outlook

Recent behavioral screens have identified mutants with a
broad range of visual phenotypes. The small scale of these
screens suggests that the field has only scratched the sur-
face and that larger, better-designed screens should be
conducted. It is also necessary to step up the efforts to map
and clone the newly discovered mutations. The genomic



resources that allow for efficient cloning of point mutations
are now available, most importantly a dense genetic map.

The success of behavior—genetic screens has sparked an
interest in the visual capabilities of zebrafish. When we can
be more certain what the fish visually perceive, the reason-
ing goes, we may be able to improve the assays for future
screens. Along the way, by analyzing the behavior of wild-
type fish in response to diverse stimuli, we hope to learn
more about the fundamental features of vertebrate vision,
which future mutant screens may then help to dissect.
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