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Mutations that affect the survival of selected amacrine cell subpopulations
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Abstract

Amacrine neurons are among the most diverse cell classes in the vertebrate retina. To gain insight into mechanisms vital to the production
and survival of amacrine cell types, we investigated a group of mutations in three zebrafish loci: kleks (kle), chiorny (chy), and bergmann
(bgm). Mutants of all three genes display a severe loss of selected amacrine cell subpopulations. The numbers of GABA-expressing amacrine
interneurons are sharply reduced in all three mutants, while cell loss in other amacrine cell subpopulations varies and some cells are not
affected at all. To investigate how amacrine cell loss affects retinal function, we performed electroretinograms on mutant animals. While the
kle mutation mostly influences the function of the inner nuclear layer, unexpectedly the ¢4y mutant phenotype also involves a loss of
photoreceptor cell activity. The precise ratios and arrangement of amacrine cell subpopulations suggest that cell—cell interactions are
involved in the differentiation of this cell class. To test whether defects of such interactions may be, at least in part, responsible for mutant
phenotypes, we performed mosaic analysis and demonstrated that the loss of parvalbumin-positive amacrine cells in chy mutants is due to
extrinsic (cell-nonautonomous) causes. The phenotype of another amacrine cell subpopulation, the GABA-positive cells, does not display a
clear cell-nonautonomy in chy animals. These results indicate that environmental factors, possibly interactions among different
subpopulations of amacrine neurons, are involved in the development of the amacrine cell class.
© 2005 Elsevier Inc. All rights reserved.
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Introduction

The vertebrate retina is a complex neuronal network that
plays an essential role in visual perception. During
embryonic development, the retinal neuroepithelium gives
rise to six major classes of neurons and the Mueller glia.
Nearly all retinal cell classes consist of morphologically
distinct subpopulations. This diversity is particularly pro-
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nounced in the amacrine cell layer. In the mammalian retina,
based on their morphology, cells of this class have been
grouped into nearly 30 distinct types, which are present in
defined ratios and distribute in a nonrandom manner in the
plane of the inner nuclear layer (MacNeil and Masland,
1998; MacNeil et al., 1999). In addition to morphology, cell
diversity in the amacrine cell layer is apparent in the
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distribution of numerous neurotransmitters or neuropepti-
des, which are frequently confined to a subset of amacrine
neurons (reviewed in Kolb, 1997).

What are the molecular mechanisms that underlie ama-
crine cell diversity and the regular organization of these
neurons? A number of genes have been shown to play a role
in the determination of cell class identity in the vertebrate
retina (for recent reviews see Livesey and Cepko, 2001;
Ohnuma and Harris, 2003). Amacrine cell identity is
regulated by a cooperative interaction of numerous tran-
scriptional regulators, including Math3, MathS, NeuroD,
Foxn4, and Pax6 (Dyer and Cepko, 2000; Li et al., 2004;
Marquardt et al., 2001; Morrow et al., 1999). A more subtle
regulatory activity in the amacrine cell layer is mediated by
the cyclin kinase inhibitor, p57*P% its loss-of-function
causes an increase of calbindin-positive cells, while other
amacrine cell subpopulations investigated so far remain
unaffected (Dyer and Cepko, 2000). Following their
specification, amacrine cell perikarya distribute in the plane
of the inner nuclear layer in a nonrandom fashion. The
analysis of this distribution suggests repulsive interactions
between cells of the same type (Cameron and Carney, 2000;
Galli-Resta et al., 1997). Cell—cell signaling in the amacrine
cell layer is also suggested by cell ablation experiments,
which show that a selective loss of a specific cell population
leads to its overproduction during later stages of neuro-
genesis (Reh, 1987; Reh and Tully, 1986).

In addition to early developmental cell—cell interactions,
which may regulate the position of cell perikarya, amacrine
cells interact with each other via chemical and electrical
synaptic junctions (reviewed in Kolb, 1997; Vaney, 1999).
These interactions may also play a role in developmental
processes such as the regulation of cell numbers and cell
distribution. In addition, work in several laboratories has
suggested that the survival of amacrine neurons depends on
trophic factors such as brain-derived neurotrophic factor
(BDNF), its receptors, such as trkB, as well as insulin
growth factors I and II (IGF-I, IGF-II). Following antisense
knock-down of TrkB expression in murine retina, for
example, the number of parvalbumin expressing amacrine
cells is reduced (Rickman and Rickman, 1996). Similarly,
the inhibition of BDNF in a retinal culture assay affects the
survival of neurons in the amacrine cell layer (Cusato et al.,
2002). Finally, in vitro studies have demonstrated that
increasing the concentration of IGF-I or IGF-II in culture
medium promotes the differentiation and survival of
cultured rat amacrine neurons (Politi et al., 2001). Despite
these advances, the genetic mechanisms that regulate
amacrine cell diversity and distribution remain largely
unexplored.

One productive approach to further investigate genetic
pathways that regulate the differentiation and survival of
amacrine cells is the analysis of mutant strains that display
defects in this cell population. Unfortunately, few mutants of
amacrine cell development have been isolated so far.
Zebrafish, a relatively recent vertebrate model of eye

development, has been effectively used to isolate genetic
defects (reviewed in Malicki, 2000). Mutations in more than
30 loci, for example, have been shown to affect different
stages of photoreceptor development or survival (reviewed
in Tsujikawa and Malicki, 2004b). Genetic approaches in
zebrafish benefit from thorough morphological and histo-
logical studies of wild-type retinal development (reviewed
in Avanesov and Malicki, 2004). Genetic screens in zebra-
fish should thus provide an effective way to isolate
mutations in amacrine cell development.

During a large-scale mutagenesis screen of 3233
genomes, we recovered 109 mutant strains characterized
by defects in the neural retina. Several of these display a
severe loss of cells in the inner portion of the INL, an area
predominantly occupied by amacrine cell somata. Here, we
provide a comprehensive phenotypic analysis of 4 mutant
strains that contain defects in three loci, kleks (kle), chiorny
(chy), and bergmann (bgm). We show that, in all 4 mutant
lines, amacrine cell loss is largely restricted to GABA- and
parvalbumin-positive neurons, and that in at least one line,
the phenotype of parvalbumin-positive cells is due to cell
nonautonomous causes. To our knowledge, selective loss of
amacrine neuron subpopulations has not been reported in
the vertebrate retina so far, and thus the mutant strains
described in this study provide a valuable opportunity to
gain insight into mechanisms that control the differentiation
and survival of this cell class.

Materials and methods
Fish breeding and mutagenesis

Zebrafish strains were bred in standard fish facility
conditions as described previously (Kimmel et al., 1995;
Westerfield, 2000). ENU mutagenesis was performed on
Tuebingen males using standard protocols (Mullins et al.,
1994; Pelegri, 2002; Solnica-Krezel et al., 1994). Following
ENU treatment and standard test crosses, males were mated
to wild-type Tuebingen females and the F1 progeny
originating from these crosses were raised to adulthood.
F2 families were produced by in-crossing of F1 animals as
described previously (Driever et al., 1996; Haffter et al.,
1996).

Screening procedures

Screening was performed on F3 generation larvae
obtained by in-crossing of individuals from F2 families.
F3 embryos were collected in 90 mm petri dishes (Greiner,
Germany) and kept at 28°C in egg water containing 0.001%
(w/v) of methylene blue (Sigma, St. Louis, MO). For
phenotypic observations, larvae were anesthetized in 0.02%
Tricaine (Sigma) in egg water and visually inspected for
externally visible phenotypes at 5 dpf using a dissecting
microscope. The criteria used to screen included: externally
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visible eye phenotypes, such as the size, shape, and position
of the eye; the appearance of eye pigmentation; the size and
shape of the pupil; the size, shape, and position of the lens,
lens opacities (cataracts), and the thickness, shape, and
transparency of the cornea as well as abnormally dark
melanophores (as an indicator of reduced visual ability in
zebrafish). Candidate mutant individuals were fixed in 4%
paraformaldehyde (PFA) (w/v) in PBS and stored for further
histological analysis (see histology). For each set of putative
mutants, a wild-type sibling was processed in parallel as a
reference. All crosses that led to the identification of mutant
phenotypes were repeated to confirm reproducibility.
Carriers of mutant alleles were out-crossed to wild-type
Tuebingen and WIK strains for further analysis. Comple-
mentation testing was performed between heterozygous
carriers of mutations falling into the same phenotypic
categories.

Histology

Zebrafish larvae were raised to the desired age and
processed for histological studies using JB4 embedding
medium as described previously (Doerre and Malicki, 2001;
Pujic and Malicki, 2001). Sections were examined using an
Axioscope Microscope (Zeiss, Thornwood, NY), and DIC
images were collected using an AxioCam (Zeiss). Image
files were processed using Photoshop 7.0 (Adobe Systems,
San Jose, CA).

Immunohistochemistry

Embryos were fixed in 4% PFA in PBS (w/v, pH 7.4) for
2-3 h at room temperature, washed twice in PBST (PBS
with 0.1% Tween 20) for 5 min, infiltrated in 30% sucrose
(w/v) in PBST overnight at 4°C, and embedded in molds
containing OCT freezing medium (Richard-Allan Scientific,
Kalamazoo, MI). Blocks were then frozen at —20°C and
sectioned at 14—35 um on a Microm HM 500 OH cryostat
(Richard-Allan Scientific). Sections were collected on
Superfrost Plus slides (Fisher, Pittsburgh, PA), air dried
for 30 min, and re-hydrated in PBST for 10 min. For choline
acetyltransferase and serotonin immunolabeling, slides were
incubated in 10 mM sodium citrate, pH 6.0, at 100°C for 10
min, washed twice in PBST, 5 min each, and blocked in the
blocking reagent containing 10% (v/v) normal donkey
serum (Jackson Laboratories, Westgrove, PA) and 0.5%
Triton X-100 (v/v) in PBST for 30 min at room temperature.
For the remaining antibodies, sodium citrate treatment was
omitted, and donkey serum in blocking solution was
replaced with the same amount of normal goat serum
(Gibco, Carlsbad, CA). Following blocking, primary anti-
bodies were diluted in appropriate blocking solution and
applied either for 2 h at room temperature or overnight at
4°C in a humidified chamber. Subsequently, sections were
washed once in PBST for 10 min and incubated with
fluorophore-conjugated secondary antibodies diluted 1:500

in appropriate blocking solution (1 to 2 h, room temper-
ature). Finally, sections were washed in PBST as above,
stained with YoPro nuclear marker to aid in the detection of
mutant phenotypes (1:5000 dilution in PBST; Molecular
Probes, Eugene, OR), coversliped in PBST, and immedi-
ately analyzed on a Leica SP2 confocal microscope
(Heidelberg, Germany). GABA immunolabeling was car-
ried out on plastic sections which were prepared as
described above in the histology section with the following
modifications: embryos were fixed in 2% gluteraldehyde,
2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3)
for 6 h at room temperature. To aid in the selection of
mutant retinae, GABA-labeled sections were counterstained
with Hoechst 33258 nuclear dye (1:100,000 dilution in
PBST; Molecular Probes) and then imaged on Zeiss
Axioscope using UV illumination. To adjust contrast and
background levels, images were processed using Photoshop
software (Adobe).

The following primary antibodies and dilutions were
used: anti-carbonic anhydrase (1:250; gift from Paul Linser,
Whitney Laboratory, St. Augustine, FL); anti-BDNF (1:250,
Santa Cruz Biotechnlogy, Santa Cruz, CA); anti-choline
acetyltransferase (1:30; Chemicon, Temecula, CA); anti-
GABA (1:500; Sigma); anti-human neuronal protein HuC/
HuD (Hu) (1:20; Molecular Probes); anti-neuropeptide Y
(1:1000; ImmunoStar, Hudson, WI); anti-parvalbumin
(1:500; Chemicon); anti-serotonin (1:250; Sigma); anti-
TrkB (1:250, Santa Cruz Biotechnology); anti-TrkC (1:250
Santa Cruz Biotechnology); anti-tyrosine hydroxylase
(1:100; Chemicon); and Zpr-1 (1:150; Oregon Monoclonal
Bank, Eugene, OR). The specificity of BDNF and Trk
antibodies was tested by including blocking peptides
(provided by Santa Cruz Biotechnology) in primary anti-
body solution at the concentration of ca. 0.8 pg/ml.

Analysis of CA-, ChAt-, NPY-, Pv-, Ser-, TH-, and Zpr-
I-immunoreactive cells was performed from z-series stacks
of 6, 12, 30, 12, 30, 30, and 12 um, respectively. YoPro-
labeled nuclei and BDNF-, TrkB-, TrkC-, and Hu-positive
cells were analyzed on single confocal optical sections.
GABA and Hoechst counts were performed on 5 um plastic
sections using UV illumination for Hoescht detection. In all
immunostaining experiments performed at 6 dpf, for each
individual, we analyzed a single section through the center
of the retina, using lens size or the presence of the optic
nerve as reference points. The statistical significance of cell
count differences was evaluated using the Mann—Whitney
U test, or in some cases by Student ¢ test. The analysis of
BDNF and TrkB expression was carried out on embryos
derived from crosses between heterozygous carries of
mutant alleles, roughly at the time when mutant phenotypes
become first detectable on plastic sections (4 dpf for chy,
and 5 dpf for kle and brg). As mutants cannot be reliably
distinguished from wild-type animals based on the external
appearance at these stages, immunohistochemical analysis
was performed on 12 randomly selected individuals from
each cross.
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Eye surgery

Removal of eyes from zebrafish larvae was carried out
as described previously (Kainz et al.,, 2003). Following
surgery, larvae were raised to 6 dpf and genotyped on
plastic sections as above. Surgically removed eyes were
processed for immunohistochemistry and analyzed as
above.

Cell death detection by TUNEL assay

Zebrafish larvae were fixed in 4% PFA, cryoprotected in
sucrose, and sectioned as above at 14 um. Following two
washes, 10 min each, in 50 mM PBS (pH 7.4), sections
were treated with Proteinase K (Roche Applied Sciences,
Indianapolis, IN) for 10 min at the concentration of 2 pg/ml
in 50 mM Tris—HCI buffer, pH 8. Subsequently, sections
were rinsed 3 times in 50 mM Tris—HCI buffer, incubated 5
min in 70% ethanol/30% acetic acid solution at —20°C,
washed 5 times, 5 min each, in 50 mM Tris—HCI buffer,
and treated with blocking solution, containing (v/v in
PBST) 10% normal goat serum, and 0.5% Triton X-100
(30 min, room temperature). Finally, sections were incu-
bated with TUNEL reaction mixture (Roche) at 37°C for
several hours according to manufacturer’s instructions. To
detect apoptotic nuclei, sections were rinsed in 50 mM PBS
for 10 min, coversliped, and analyzed by confocal micro-
scopy as above. Images were processed using Photoshop
7.0. TUNEL-positive nuclei were counted and statistical
analysis was carried out using Mann—Whitney U test. To
distinguish between amacrine cells and other INL neurons,
counts were taken separately from the inner and the outer
halves of the INL.

ERG measurements

For ERG recording, mutant and wild-type zebrafish
larvae were raised using the light/dark cycle as above until
4-6 dpf. Recordings were performed on isolated larval eyes
as described previously (Kainz et al., 2003; Wong, 2005)
with the following modifications. The larvae were anes-
thetized in 0.01% tricaine, placed on a paper towel
moistened with a modified Ringer solution containing 20
mM of glucose (Dmitriev and Mangel, 2000), and the eye
was removed using a tungsten needle. The isolated eye was
then placed lens side up, facing the light source. In the
course of the recording session, the eye was perfused with
oxygenated Ringer’s solution. The light stimulus was
generated by an Ace power supply (Fostec, Auburn, NY),
equipped with a 100 W light bulb, and delivered to the
specimen through a fiber-optic cable to which a 10x (0.25
n.a.) microscope objective was attached for focusing the
light onto the eye. Light flashes of ca. 8400 pW/cm?® were
produced using an electronically controlled shutter (Uni-
blitz, Vincent Associates, Rochester, NY) and were
attenuated over 3 orders of magnitude using gelatin neutral

density filters (Kodak, Rochester, NY). To reduce electrical
noise, the experiments were performed in a Faraday cage.
Retinal responses were monitored with a glass micropipette
(tip diameter 10 um) filled with PBS. The signal was
amplified 100x using a low noise amplifier (DL Instru-
ments, Ithaca, NY), and bandpass-filtered with corner
frequencies of 0.3 and 1000 Hz. Data were acquired using
a 1 kHz sampling rate with a National Instruments IO Board
(PCI 6052) and LabView 6.1 software. The stimulus
duration was 800 ms and the interstimulus time 2 s.
Recordings were performed on light adapted retinae using
background illumination of ca. 20 uW/cm?. Responses from
mutant and wild-type siblings were alternately monitored
during a single session. For each measurement, 10 consec-
utive responses per animal were averaged to reduce
background noise. A minimum of 4 animals were used to
collect each data point. The a-wave isolation was accom-
plished by bathing isolated eyes in 2-amino-4-phosphono-
butyric acid (APB) and threo-beta-benzyloxyaspartate
(TBOA) as described previously (Kainz et al., 2003; Wong,
2005). Statistical evaluation of amplitude differences was
carried out using Student’s ¢ test.

Mosaic analysis

Blastomere transplantations were performed as described
previously (Avanesov and Malicki, 2004; Ho and Kane,
1990; Pujic and Malicki, 2001). Briefly, 5% lysine-fixable
biotin dextran (Molecular Probes) was purified using
Microcon YM-3 Centrifugal Filters (Millipore, Bedford,
MA) by spinning the columns 5 times at 10,000 g for 30
min. Dextran was injected into donor embryos at 1—4 cell
stage, and at late blastula stage, 15—30 cells were removed
from donor embryos and transferred into the animal pole of
host embryos. The detection of GABA expressing donor-
derived cells was performed on plastic sections. Briefly, host
embryos were fixed in a mixture of formaldehyde and
gluteraldehyde as described above, washed in PBSTD (PBS
with 1% Triton X-100 and 1% DMSO v/v), then rinsed in
water, immersed in prechilled acetone for 5 min at —20°C,
washed once in water and once in PBSTD, 5 min each, and
incubated in 10 pg/ml collagenase (Sigma) in PBSTD for 30
min at room temperature. Subsequently, embryos were
washed several times in PBSTD and incubated with Alexa
546-conjugated streptavidin (1:200; Molecular Probes)
overnight at 4°C. After 4 PBSTD washes, 15 min each,
embryos were dehydrated in graded ethanol series, embed-
ded in JB4, and sectioned as above. Finally, GABA
detection was carried out as described above. The frequency
of GABA-positive donor-derived cells was evaluated by
confocal microscopy. Pv-positive donor-derived cells were
detected on frozen sections. Mosaic embryos were fixed,
cryosectioned, and processed for immunostaining using
anti-parvalbumin antibody as described above. Donor-
derived cells were detected using Alexa 546-conjugated
streptavidin applied in blocking solution at 1:500 dilution
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during the secondary antibody staining step. The frequency
of donor-derived amacrine cells was evaluated as described
previously for photoreceptors (Doerre and Malicki, 2001,
2002).

Electron microscopy

Zebrafish larvae were fixed overnight at 4°C in 2.5%
gluteraldehyde and 2% formaldehyde in cacodylate buffer
(0.1 M) containing 0.08 M CaCl,. Following fixation,
larvae were washed twice in cacodylate buffer for 15 min,
post-fixed in 2% osmium tetroxide in cacodylate buffer for
1.5 h at room temperature, rinsed twice in cacodylate buffer
for 10 min and once in water, and stained in 2% uranyl
acetate in maleate buffer (Emst F. Fullam, Schenectady,
NY) for 20 min. Dehydration in graded ethanol series and
embedding in Epon (Polysciences, Warrington, PA) were
performed as described previously (Doerre and Malicki,
2001, 2002). 70—-90 um ultrathin sections were prepared
and post-stained with aqueous uranyl acetate solution as
above. Analysis was performed using Phillips CM-10 and
JEOL JEM 100 CX electron microscopes.

Semi-quantitative RT-PCR

Eyes of wild-type and mutant larvae were dissected at
5—6 dpf and used to extract RNA with Trizol reagent as
described in our previous work (Tsujikawa and Malicki,
2004a). RT-PCR was performed as described previously
(Tsujikawa and Malicki, 2004a) using the following PCR
conditions: denaturing at 95°C for 30 s, annealing at 60°C
for 30 s, and extension at 72°C for 30 s for the total of 38
cycles using Ex-Taq polymerase (Takara, Inc). f-actin
amplification served as a control for the efficiency of RNA
purification procedure. The following primer pairs were
used in these experiments: 5'-CCA CCA TGA AGA TCA
AGA TC-3 and 5-GGT GGC AAC AGT TCT GTT TA-
3’ for f-actin control; 5-GAG CAG GTC ATT GAG
GAG TT-3 and 5-CAG CTG TCA CCC ACT GGC TA-
3’ for bdnf; 5'-GTT TGT GTG GAG AGC GAT CCT-¥
and 5-CAC CAA GAG ATT TTC TCC GAC-3' for rkB1

Table 1
Summary of mutant phenotypes

(ntrk2a); 5'-G GAT CCC ACA CTT GCA GCA-3' and 5'-
CTG TAG CGG CTG TCC GTC AAA-3' for trkCl
(ntrk3a); 5-GTG ATG TCT TTA AGT GTA ACC AT-¥
and 5-CTG ATG AAC CTC CTT ACA GGA-3' for igfl;
5'-ATG GAT GAT TAC CAT GTA TT-3’ and 5'-TCA TTT
TCG GGA TGT GCT GA-3' for igf2 (Maures et al.,
2002).

Results
A screen for visual system mutants

In the course of a large-scale chemical mutagenesis
screen, we searched for mutants that affect visual system
development. Teleost melanophores are known to redis-
tribute their pigment granules in response to illumination
changes (Fujii, 2000; Murphy and Tilney, 1974; Sugimoto,
2002). This vision-dependent response, thought to serve the
purpose of background adaptation, has been also observed
in zebrafish and is defective in several zebrafish retinal
mutants (Malicki et al., 1996; Neuhauss et al., 1999).
Taking advantage of this behavior, we identified 122
mutant strains characterized by abnormal background
adaptation. The retinae of these mutant animals were
subsequently inspected in plastic sections. This analysis
revealed 109 mutant strains characterized by histological
defects in the retina. Here, we present an analysis of four
mutations that produce abnormally dark melanophore
pigmentation and amacrine cell loss. All four defects
segregate in a Mendelian fashion and display recessive,
fully-penetrant phenotypes (summarized in Table 1). Based
on complementation testing, these mutants define three
loci: kleks (kle), bergmann (bgm), and chiorny (chy).

The most obvious feature of external phenotype in mutant
animals is abnormally dark melanophores. In kle, melano-
phores appear excessively dark on the dorsal surface of the
head and trunk by 120 hpf (hours post-fertilization) (Fig. 1C,
compare to the wild type in A). As development proceeds, the
pigmentation phenotype becomes more pronounced, and the
kle mutant embryos look nearly black both dorsally and

Locus name Alleles External phenotype Retinal phenotype

kleks (kle) 124734 5 dpf: abnormally dark melanophores, 6 dpf: numbers of GABA-, Pv-, and
swim bladder absent ChAt-positive amacrine cells reduced

bergmann (bgm) 121127 5 dpf: abnormally dark melanophores, 6 dpf: numbers of GABA-positive amacrine
poor touch response, swim bladder absent cells and bipolar cell nuclei reduced

chiorny (chy) 121118 6 dpf: abnormally dark melanophores, 6 dpf: numbers of GABA-, Pv-, ChAt-, and
reduced size eye and lens, poor touch Ser-positive amacrine cells reduced. Fewer
response, swim bladder absent photoreceptors, Mueller glia, and bipolar cells

123198 6 dpf: abnormally dark melanophores, 6 dpf: numbers of Pv-positive amacrine cells

reduced size eye and lens, poor touch
response, brain necrosis, swim bladder absent

reduced. Fewer photoreceptors and Mueller glia

ChAt, Pv, and Ser are choline acetyltransferase, parvalbumin, and serotonin, respectively.
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120 hpf
kle c D

144 hpf

144 hpf

Fig. 1. External phenotypes of mutant animals. Dorsal (A, C, E, G, 1) and
lateral (B, D, F, H, J) views of wild-type and mutant larvae. (A)
Melanophores in wild-type larvae are contracted in the dorsal regions of
the head. (C, E, G, I) In contrast, melanophores in mutant larvae are
abnormally dark. The head of the k/e mutant larvae, for example, is nearly
completely covered by black pigmentation (dashed box in panel C). A
similar phenotype is seen in bgm and chy (dashed boxes in panels E, G, and
D). (B, D, F, H, J) In a lateral view, kle and bgm animals (panels D and F,
respectively) appear nearly indistinguishable from the wild type (B). The
chy animals, on the other hand, display a reduction of eye size and brain
necrosis (23198 allele, arrow in panel J). In all panels, anterior is right and
dorsal is up.

ventrally (not shown). Overall, kle mutants retain the normal
wild-type morphology with the exception of the swim
bladder, which is absent in some mutant larvae. A phenotype
similar to that of k/e is also present in the hgm mutant strain
(Fig. 1E). Morphologically, the bgm mutants appear largely
normal (Figs. 1E, F). At 120 hpf, melanophores are
abnormally dark on the dorsal and ventral trunk of mutant
larvae (Fig. 1E, and not shown). In the third mutant strain,
chy, the degree of melanophore defect is similar to kle and
bgm. The chy animals display, however, additional abnor-
malities: the chy?’!% allele causes a reduction in the size of
the eye cup and lens at 144 hpf (Fig. 1 arrow in H, and data not
shown). The chy?’?® mutation, in addition to eye size
reduction, produces a cloudy appearance of the brain, which

suggests degeneration (Fig. 1 arrow in J). Swim bladders do
not develop in the chy mutants, and are only occasionally
present in the hgm homozygotes. Once pigmentation defects
become obvious, the bgm and chy mutants barely respond to
touch. All mutant animals die by 8 dpf.

The external defects in kle, bgm, and chy are not
apparent during early developmental stages. Embryos from
crosses between mutant heterozygotes show no apparent
signs of developmental defects until 120 hpf. Prior to this
stage, melanophores of all mutant strains are evenly spaced
and frequently display a compact appearance, typical of
wild-type embryos (data not shown, but see Fig. 1A).
Likewise, during the first 96 h of development, the eye and
the lens of the chy homozygotes do not reveal a size
reduction, and the brain in the chy™*’*® homozygotes
contains no visible signs of degeneration even upon close
examination.

Histological analysis of mutant phenotypes

In the wild-type retina, six major classes of neurons
localize to precise positions within the three main cell
layers by 60 hpf. This laminar arrangement is even more
distinct by 120 hpf (Fig. 2A). To investigate whether the
kle, bgm, and chy mutations alter the fate of retinal
neurons, we inspected the appearance of mutant eyes on
histological sections (Fig. 2). The most obvious abnormal-
ity in mutant retinae is the presence of empty spaces in the
inner portion of the INL, most likely due to cell
degeneration (arrows in Figs. 2E, H, K, and N compare
to the wild type in B). In all mutant retinae examined (n >
10 for each allele) cell degeneration was confined to the
inner portion of the INL. No obvious degenerative changes
were observed in the ganglion cell layer and the photo-
receptor cell layer at this or at later developmental stages.
In chy, the loss of INL neurons is accompanied by a size
reduction of the entire retina and the lens (Fig. 2K). Despite
its smaller size, the lens differentiates largely in a normal
fashion. In addition to the INL defects, the structure of the
IPL is compromised in all mutants. The IPL appears less
compact compared to that in the wild type, and eventually
displays obvious holes in the center and periphery,
indicating that cell degeneration has also affected neuronal
processes.

To determine when the INL cell loss first becomes
detectable, we performed histological analyses between 84
and 144 hpf in 12-h intervals. The time of phenotype onset
varies somewhat among mutant alleles. While in kle and
bgm mutant retinae, cell loss is first detectable by 120 hpf,
in chy mutants cell degeneration becomes apparent by 96
hpf (arrows in Figs. 2D, G, J, and M, compare to the wild
type in A). In addition to the retinal phenotype, all mutant
alleles examined cause cell loss in the midline brain regions
(arrows in Figs. 2F, I, L, and O, compare to the wild type in
C). The onset of brain degeneration coincides with the
appearance of retinal cell loss (data not shown).
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Fig. 2. Histological analysis of mutant phenotypes in the retina and brain. Transverse sections through central retinae and brains of wild-type and mutant
animals at 96 to 144 hpf in the plane of the optic nerve. (A, D, G, J, M) The layered arrangement of retinal neurons is clearly visible at 96—120 hpf. (A) INL
neurons in wild-type animals show uniform distribution and are densely packed. (D, G) Starting at 120 hpf, the retinae of the kle and bgm mutants display a
mild cell loss in the inner portions of the INL (arrows). (J, M) In c¢hy mutants, similar defects become obvious slightly earlier at 96 hpf (arrows). Two alleles of
chy, chy'""8 and chy'?3"°8 | produce phenotypes of somewhat different strength at 96 hpf. chy'>*’*® appears stronger (M) than chy?’"!® (I). (B) The compact
structure of the INL in the wild-type retina persists at 6 dpf. (E, H, K, N) In contrast to that, the INL of mutant retinae shows cell degeneration restricted to the
inner portions of the INL, presumably the amacrine cell layer (arrows). (E—H) In kle (E) and bgm (H) mutants, cell degeneration appears restricted to the
presumptive amacrine cell layer. (K, N) In ¢4y mutants, this phenotype is accompanied by a decrease of eye and lens size. In addition, the IPL of mutant retinae
contains small holes (E, H, K, N) which are absent in the wild type (B). (F, I, L,O) Mutant animals also experience region-specific cell degeneration in the
brain. While the brain of wild-type animals appears compact (C), mutants show signs of cell loss in the midline region at ca. 132—144 hpf (arrows in panels F,
I, L, and O). Asterisks indicate the optic nerve. Dorsal is up in all sections. gc/, ganglion cell layer; in/, inner nuclear layer; prcl, photoreceptor cell layer; ip/,

inner plexiform layer; op/, outer plexiform layer; /e, lens; hpf, hours post-fertilization.

Apoptosis in mutant retinae

To investigate the distribution of cell death in mutant
animals, we performed TUNEL analysis. For each mutant
strain, we inspected sections from at least 5 mutant
individuals, and compared them to those obtained from at
least 5 wild-type siblings. In agreement with histological
data, we detect an increased number of TUNEL-positive cells
in the retinae of all three mutant lines at 5 to 6 dpf. Apoptotic
profiles are dramatically more frequent in the inner region of
the INL of all three mutant lines, compared to their wild-type
siblings (Figs. 3A—D). No significant changes are observed
in the GCL, PRCL, and the outer half of the INL in chy and
brg mutants (see graphs in Fig. 3). In addition to the INL
defects, the kle mutant retinae display an elevated level of cell
death in the photoreceptor cell layer (Fig. 3, graphs). As the

overall histological appearance of the kle photoreceptor cell
layer is normal at this stage (Fig. 2E), apoptosis is likely to
affect only a small subset of photoreceptor cells. For reasons
that we do not fully understand, photoreceptor cell death is
detected predominantly in the ventral retina. Our TUNEL
data indicate that cell degeneration in mutant animals is of
apoptotic nature and, with one exception, is restricted to the
inner portion of the INL, presumably affecting the survival of
retinal amacrine cells.

Phenotypes of specific amacrine cell subpopulations

To determine the magnitude of cell loss in mutant retinae,
we visualized the appearance of the entire amacrine cell
layer with an antibody directed against the Hu polypeptide,
which is expressed in amacrine and ganglion cells. In all
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Fig. 3. Cell death in mutant retinae. To evaluate the distribution of cell death in mutant eyes, we performed TUNEL analysis at 5 dpf in chy and bgm and at 6
dpf in kle. (A) Wild-type individuals show little apoptotic cell death in the retina at 6 dpf. By contrast, kle (B), bgm (C), and chy (D) mutant eyes contain
numerous apoptotic profiles located mostly in the inner INL. The counts of TUNEL-positive nuclei in individual retinal cell layers revealed that statistically
significant differences are indeed observed in the inner INL, the area predominantly occupied by amacrine cells. In addition, k/e retinae display elevated cell
death in the ventral portion of the photoreceptor cell layer. Graphs provide quantitative evaluation of cell death from mutants and their wild-type siblings (at
least 5 individuals were examined for each data point). Standard deviation is provided and statistically significant differences are indicated by asterisks. GCL,
ganglion cell layer; i-INL, proximal inner nuclear layer; o-INL, distal inner nuclear layer; PRCL, photoreceptor cell layer; /e, lens. In all panels dorsal is up.

mutants examined, Hu-positive amacrine cells in the INL
appear somewhat disorganized and are significantly reduced
in numbers (Table 2 and not shown). In contrast to amacrine
cells, in kle and bgm retinae, the numbers of photoreceptor
and ganglion neurons as well as Mueller glia remain
unchanged. In chy animals, all retinal layers contain fewer
cells (Table 2).

Numerous investigations of the vertebrate retina dem-
onstrated that the amacrine cell population consists of many
morphologically and biochemically distinct cell types that
can be distinguished using antibodies or other staining
methods. To determine whether the kle, bgm, and chy
phenotypes uniformly affect the entire amacrine cell class,
or are restricted to a subset of these cells, we performed
immunohistochemical analyses with markers of amacrine
cell subpopulations. Mutant animals and their wild-type
siblings were fixed at 6 dpf, cryosectioned, and stained with
appropriate reagents. As the mutant phenotype is sometimes
difficult to distinguish on the basis of external appearance,
sections were counterstained with nuclear markers, YoPro
or Hoechst. This allowed us to visualize empty spaces that
degenerating cells leave in mutant retinae.

A common feature of amacrine cell defects in all
mutants examined is a sharp reduction of GABA-positive
cells, one of the most numerous amacrine cell subpopu-
lations (Table 2). This phenotype is observed in INL and
GCL alike, but the strengths of mutant phenotypes in these
two layers do not correlate with each other. The loss of
GABA-positive cells is the least pronounced in kle (Fig. 4

and Table 2), the strongest in c/y (Fig. 5 and Table 2), and
of an intermediate strength in bgm (Fig. 6 and Table 2).
Parvalbumin (Pv)-positive cells are another sizable sub-
population of amacrine neurons, which overlaps with
GABA-immunoreactive cells by ca. 20% (data not shown).
The Pv-positive population is also strongly reduced in kle
and chy (Table 2). The staining of Pv-positive cells varies
in intensity. In addition to brightly staining cells, some
neurons display faint immunoreactivity. We have com-
pared the frequency of faintly labeled cells in wild-type
and mutant animals. For kle and bgm, the population of
weakly immunoreactive cells is not affected, while in chy,
its size is reduced only by ca. 20%, which may reflect the
overall decrease of eye size in this mutant (data not
shown).

Similar to Pv-positive neurons, the choline acetyltras-
ferase (ChAt)-immunoreactive cells are less frequent in
kle and chy but are not affected in bgm mutants. In the
rabbit retina, cholinergic amacrine cells are known to be
GABA-immunoreactive (Brecha et al., 1988). The reduc-
tion of this cell population may thus be related to the
loss of GABA-positive cells. In contrast to GABA-, Pv-,
and ChAt-immunoreactive cells, the populations of
serotonin- and tyrosine hydroxylase (TH)-positive cells
are unchanged in kle and bgm, and Neuropeptide Y
(NPY)-immunoreactive cells display the wild-type fre-
quency in all mutants. These observations indicate that
mutant loci compromise the survival of specific amacrine
cell subpopulations.
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Table 2
Cell fate analysis in mutant retinae

Major cell classes in mutant retinae of kle, chy, and bgm

6 dpf Hu (INL) Hu (GCL) CA Zprl Bipolar cell nuclei

wt (kle) 97 + 10 (15) 82 +9 (11) 21+ 6 (23) 75+ 12 (8) 281 + 19 (6)

kle'?73? 76 + 19 (12) 91 + 13 (12) 20 + 6 (13) 76 + 5 (8) 269 + 23 (6)

A 22% - - - -

wt (bgm) 107 + 13 (10) 106 + 14 (10) 26+ 2 (9) 92 +9 (14) 294 + 25 (7)

bgm™!"?7 73 + 7 (9) 106 + 12 (7) 26 + 4 (9) 90 + 10 (12) 262 + 13 (6)

A 32% - - 11%

wt (chy) 108 + 16 (12) 103 + 14 (12) 23+ 6 (12) 94 + 7 (10) 286 + 14 (7)

chy?!1"8 75+ 10 (12) 84 + 11 (12) 17 +5 (13) 78 + 7 (10) 241 + 18 (6)

A 31% 18% 26% 17% 16%

wt (chy) 92+ 11 (8) 87 + 15 (8) 28+ 3 (8) 90 + 9 (8) NA

chy'?31% 35+ 11 (8) 57+ 7 (8) 23 +3(8) 76 + 5 (8) NA

A 62% 34% 18% 16% NA

Amacrine cell subpopulations in mutant retinae

6 dpf GABA (INL) GABA (GCL) Pv (INL) Pv (GCL) ChAt (INL) Ser NPY TH

wt (kle) 68 + 5 (11) 18 4 (11) 18 + 5 (15) 29 + 6 (15) 13 3 (11) 5+2(14) 2+1(16) 5+2(15)
kle'?73? 33 + 11 (15) 12 + 5 (15) 11 + 6 (19) 19 + 5 (19) 9+2(11) 6+ 2 (14) 2+1(12) 5+1(6)
A 51% 33% 39% 34% 31% - - -

wt (bgm) 65 + 8 (10) 17 + 4 (10) 16 + 8 (12) 52 +5(12) 13 £ 4 (6) 742 (10) 2+1(9) 6+3(9)
bgm™1%7 25+ 5 (7) 9+4(7) 11+5(11) 50+ 6 (11) 12+2(5) 6+2(8) 1+1(11) 5+1(12)
A 62% 47% - - - - -

wt (chy) 61 +9 (10) 15 + 4 (10) 16 + 8 (7) 43+ 6 (7) 13 £3 (13) 5+2(15) 1+1(12) 5+2(11)
chy?!"8 18 + 7 (12) 0+1(12) 2+3(8) 34+ 5 (8) 9 +3 (15) 3+1(13) 1+1(17) 4+2(17)
A 70% 100% 88% 21% 31% 40% - -

wt (chy) NA NA 16 + 4 (8) 32+ 12 (8) NA NA 2+1(8) 4+1(8)
chy'?31%8 NA NA 2+1(8) 36 £ 8 (8) NA NA 2+1(8) 2+1(8)
A NA NA 88% NA NA - 50%

Cell counts in mutants and their wild-type siblings of kle, bgm, and chy strains at 6 dpf. Each number represents an average cell count for a specific cell
population evaluated on single transverse sections through retinae of wild-type and mutant animals. Standard deviation is provided, and the numbers of
individuals used to calculate averages are indicated in parentheses. Each group of mutants is compared to their wild-type siblings from the same clutch of
embryos. Statistical analysis was carried out using Mann—Whitney U test. Percentage change is provided only in cases where statistically significant
differences are observed. Most counts were performed using projections of confocal z-series image stacks. For some cell populations, a statistically significant
difference in cell counts was observed between wild-type siblings of different mutants. Changes in reagent concentrations as well as variation in fixation and
antibody incubation procedures may account for this variability. Values with decimal fractions are rounded to whole numbers. NA, not analyzed.

As the inner plexiform layer is the main destination of
amacrine cell processes, one would expect that amacrine
cell mutants affect its organization. IPL changes are indeed
observed in mutant strains. The kle and bhgm phenotypes are
accompanied by a decrease of the Pv immunoreactivity in
the outer portion of the IPL, presumably reflecting a loss of
processes that originate from Pv-positive neurons (Figs. 4
and 6C, D, inset arrows). A nearly complete loss of Pv
staining in both the inner and the outer portion of the IPL is
observed in chy (arrows in Figs. 5C and D insets). The
NPY- and choline acetyltransferase-immunoreactive pro-
cesses remain, however, largely unchanged in mutant
animals, indicating that IPL defects are also specific to
selected subpopulations of amacrine cells.

The specificity of mutant phenotypes varies. The bgm
mutation appears to produce the most specific defect, which
predominantly affects amacrine cells. The c/y defect, on the
other hand, is the least specific and produces a reduction in
cell number of roughly 20—-30% in all major cell classes
examined, including photoreceptor cells and Mueller glia. As
cell degeneration is not obvious outside the inner portion of

the INL in the chy retinae, this observation indicates that the
chy locus may play a dual role in retinal differentiation. First,
it may function in the determination of the overall retinal size,
and second it may be necessary for the differentiation of
selected retinal cell classes.

Early onset of amacrine cell defects

As indicated by birthdating studies, neurogenesis in the
zebrafish retina starts at approximately 28 hpfin the ganglion
cell layer. The first amacrine cells are born 10 h later, at ca. 38
hpf, and gradually differentiate over 30 h or so (Hu and
Easter, 1999; Schmitt and Dowling, 1999). By 72 hpf, many
amacrine cell-specific markers are detectable in wild-type
retinae. To investigate whether amacrine cell loss at 5 dpf'is
due to cell-fate changes at earlier stages of embryogenesis, we
inspected mutant retinae at ca. 80 hpf. At this stage, mutant
animals cannot be recognized on the basis of their external
appearance or via histological analysis of their retinac on
plastic sections. To identify mutant eyes at 80 hpf, we
surgically removed one eye from each embryo at about 75—
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Fig. 4. Selected subpopulations of amacrine cells degenerate in kle. Analysis of the kle mutants and their wild-type siblings with markers of specific retinal cell
populations at 6 dpf. (A, B) A strong reduction of GABA-immunoreactive cell number is obvious in mutants (B) compared to their wild-type siblings (A). To
assure that all GABA-positive cells in mutant retinae were taken into account, the fluorescence in panel B is slightly enhanced compared to panel A. (C, D) A
significant size reduction is also detected for Pv-positive cell populations in the mutant GCL and the INL (D), when compared to the wild type (C). Processes of
Pv-positive amacrine neurons are present in the inner (C, inset, arrowhead) and the outer (C, inset, arrow) sublaminae of the wild-type IPL. In contrast to that,
the outer layer of Pv-positive processes is much less prominent in mutant retinae (D, inset, arrow), while the inner layer retains prominent staining (D, inset,
arrowhead). (E, F) ChAt-positive cells are less frequent in the mutant retina (F) when compared to the wild type (E). Graphs on the right-hand side provide a
comparison of cell counts in the retinae of mutant and wild-type siblings. Each dot represents the number of cells in a separate retina. Red horizontal and
vertical lines in each graph indicate the average and the standard deviation, respectively. For Pv staining, only intensely labeled cells were taken into account.
Asterisks indicate changes of statistical significance as evaluated by the Mann—Whitney U test. GCL, ganglion cell layer; INL, inner nuclear layer; ipl, inner
plexiform layer. CA, ChAt, GABA, NPY, Pv, and Ser stand for carbonic anhydrase, choline acetyltransferase, gamma-aminobutyric acid, neuropeptide Y,

parvalbumin, and serotonin, respectively. In panels A—D, dorsal is up, lens is left.

80 hpf and fixed it for immunohistochemical analysis.
Approximately 3 days after the surgery, eye donor animals
were fixed, and analyzed on plastic sections to determine
their genotype. Once mutant larvae were identified using this
method, the eyes collected earlier were processed for
immunohistochemistry using anti-GABA and anti-Pv anti-
bodies. In parallel to these amacrine cell markers, retinae
were stained with the Zprl antibody or Hoechst nuclear stain
to evaluate photoreceptor cell layer morphology as an
independent control for staging. Retinae that did not contain
aprominent Zprl expression or elongated photoreceptor cells
throughout the entire PRCL were considered delayed and
eliminated from the analysis.

In chy™'""® mutants, we have not detected a significant
difference in the numbers of GABA- and Pv-positive cells,
compared to their wild-type siblings (Fig. 7). In contrast to
that, the retinae of kle animals display a decrease in the

number of GABA-positive amacrine cells in the INL at 80 hpf
(Figs. 7A and B). While wild-type retinae contain the average
of 58 GABA-positive cells, on average, 49 cells are present in
the eyes of kle mutant homozygotes (n > 13 sections from
retinae of at least 4 individuals), representing a decrease of ca.
15% (P < 0.05). A statistically significant decrease was not
seen in other cell populations of kle homozygotes: Pv-
positive amacrine cells and photoreceptors (Fig. 7). These
results suggest that the kle defect is present shortly after the
formation of a functional retina, and raise the possibility that
other amacrine cell defects observed in kle may develop as a
secondary consequence of the GABA deficiency.

Retinae of kle and chy animals are functionally defective

Although amacrine cells display the most severe differ-
entiation defects in all mutant strains investigated and other
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Fig. 5. Mutations of the ¢hy?/® locus produce a loss of selected amacrine cell subpopulations. Analysis of the chy mutants and their wild-type siblings with
markers of specific retinal cell populations at 6 dpf. (A, B) A reduction of GABA-immunoreactive cell number is obvious in the ¢hy mutants (B) in comparison
to their wild-type siblings (A). (C, D) The mutant INL contains fewer Pv-positive cells (D) compared to wild-type animals (C). The remaining Pv-positive cells
in the mutant INL show somewhat elongated morphology (D, inset, arrowhead), different from the one observed in the wild type (C, inset, arrowhead). In
contrast to the wild type (C, inset, arrow), the processes of Pv-positive cells are barely detectable in the IPL of mutant retinae (D, inset, arrow). (E, F) The
frequency of serotonin-positive amacrine cells displays a ca. 40% decrease in a mutant retina (F) when compared to the wild type (E). Graphs on the right-hand
side provide a comparison of cell counts in the retinae of mutant and wild-type siblings. Each dot represents the number of cells in a separate retina. Red
horizontal and vertical lines in each graph indicate the average and the standard deviation, respectively. For Pv staining, only intensely labeled cells were taken
into account. Asterisks indicate changes of statistical significance as evaluated by the Mann—Whitney U test. GCL, ganglion cell layer; INL, inner nuclear
layer; ipl, inner plexiform layer. CA, GABA, NPY, Pv, Ser, and TH stand for carbonic anhydrase, gamma-aminobutyric acid, neuropeptide Y, parvalbumin,

serotonin, and tyrosine hydroxylase, respectively. In panels A—F, dorsal is up, lens is left.

cell classes appear either morphologically intact or are
affected to a lesser degree, it remains possible that
functional defects are also present outside the INL, in
photoreceptor cells for example. In addition, one would like
to know how amacrine cell loss affects retinal function. The
electrical activity of inner and outer nuclear layers in the
retina can be evaluated using electroretinography (ERG).
Zebrafish ERG responses are well documented and similar
to other vertebrate species consist of at least three
components: a-, b-, and d-waves (reviewed in Seeliger et
al., 2002). The corneal negative a-wave reflects the function
of the outer retina and is quickly obscured by the large
positive b- and d-waves, which reflect the activity of the
inner nuclear layer. To evaluate whether ERG responses are
affected in mutant retinae, we performed recordings from
isolated larval eyes at 6 dpf. Light stimulation of wild-type
retinae produces robust responses over a range of light
intensity that varies by four orders of magnitude (Fig. 8A).
Unexpectedly, most chy mutant individuals do not respond

to light at any level of intensity at 6 dpf (6 out of 11
individuals tested) while the remaining ones exhibit very
small b-waves when compared to the responses of wild-type
siblings (Figs. 8B and C, compare to the wild type in A).
This result indicates that chy mutants exhibit a defect of
photoreceptor layer function. To see whether this defect is
present prior to the appearance of cell loss in mutant retinae,
we assayed ERG responses in chy mutants at 4 dpf using the
same light exposure regimen. Since the mutant phenotype is
not distinguishable at this stage, we applied the same eye
dissection strategy as described for immunostaining experi-
ments above. We found that, indeed, the chy mutant animals
display an abnormal ERG response already at 4 dpf (Fig.
8G, compare to wild-type siblings in F). The majority of
mutants tested exhibit a sharply reduced b-wave response (5
out of 8 individuals tested) and the remaining ones fail to
produce any response at all (Fig. 8H). These results indicate
that, in addition to amacrine cell defects, the chy?’"'® allele
produces an early loss of photoreceptor function. To assess
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Fig. 6. Selected subpopulations of amacrine cells degenerate in bgm. Analysis of the bgm mutants and their wild-type siblings with markers of specific retinal
cell populations at 6 dpf. (A, B) A sharp reduction is seen in the population of GABA-positive cells in mutant retinae (B), compared to the wild type (A).
GABA-positive processes are not apparent in the mutant IPL, compared to wild-type sibling animals of the same age (arrowhead in panel A). (C, D) The
number of Pv-positive cells in the mutant INL appears reduced (D), compared to wild-type individuals (C). This difference, however, is not statistically
significant (graph). The Pv-positive neuronal processes are either reduced or absent in the outer (arrows) but not the inner (arrowheads) IPL. Other populations
of amacrine cells, including neuropeptide Y-positive neurons (arrowheads in panels E and F), do not show a significant reduction. Similarly, the number
Mueller glia and photoreceptors cells remain unchanged between wild-type and mutants (graphs). Graphs on the right-hand side provide a comparison of cell
counts in the retinae of phenotypically mutant and wild-type siblings. Each dot represents the number of cells in a separate retina. Red horizontal and vertical
lines in each graph indicate the average and the standard deviation, respectively. For Pv staining, only intensely labeled cells were taken into account. Asterisks
indicate changes of statistical significance as evaluated by the Mann—Whitney U test. GCL, ganglion cell layer; INL, inner nuclear layer; ipl, inner plexiform
layer. CA, GABA, NPY, Pv, Ser, and TH stand for carbonic anhydrase, gamma-aminobutyric acid, neuropeptide Y, parvalbumin, serotonin, and tyrosine
hydroxylase, respectively. In panels A—F, dorsal is up, lens is left.

whether this photoreceptor defect is associated with intensity, although observed, are not statistically significant
structural abnormalities, we performed electron microscopic (Fig. 8I). These results indicate that the kle mutation does
analysis of mutant photoreceptor cells. No obvious differ- not significantly affect the photoreceptor cell layer func-
ences are found in the appearance of outer segments, inner tions. Thus, the decrease of the kle b-wave amplitude is
segments, synaptic termini, or cell junctions of chy photo- unlikely to originate in the photoreceptor cell layer and most
receptors (Fig. 8E, and data not shown). probably reflects an INL malfunction, possibly due to
In contrast to chy, the kle mutation mainly affects the amacrine cell loss.
INL function. kle mutant animals display a ca. two-fold
decrease of the b-wave amplitude, compared to their wild- chy function is cell-nonautonomous in the amacrine cell

type siblings at the same levels of light intensity (Fig. 8D, layer
quantitated in J). In contrast to the b-wave, the a-wave

appears unaffected. To evaluate the photoreceptor response The regular spacing of amacrine cell perikarya in the
more precisely, we isolated the a-wave by inhibiting INL plane of the inner nuclear layer and the precise ratios of
function by pharmacological means (Kainz et al., 2003; different cell types suggest that cell—cell interactions play
Wong, 2005). At low light intensity levels, the kle—/— a- a role in the differentiation of amacrine neurons. One
wave amplitude (n = 4) is nearly identical to that of wild- would therefore expect that a defect in one amacrine cell

type siblings (n = 5). The differences at higher light subpopulation may be followed by secondary, cell-non-
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Fig. 7. The immunostaining of wild-type and mutant retinae at approximately 80 hpf. (A, B) In kle mutants (B), GABA-immunoreactive amacrine cells in
the INL are less frequent than in their wild-type siblings (A). (C, D) No significant difference in the Pv-positive amacrine cell population is observed
between chy™"’® mutant embryos (D) and their wild-type siblings (C). Counts of Zprl-positive cells and Hoechst stained nuclei were performed in the
photoreceptor cell layer to provide an estimate of photoreceptor layer differentiation. Except for the GABA and Hoechst counts in kle and chy retinae, each
dot (triangle) represents the number of cells in a separate retina. Results from two independent experiments are indicated with dots and triangles,
respectively. Differences in cell counts in these two experiments are most likely due to the fact that even a small age difference involves pronounced
changes of cell number at early stages of amacrine cell layer differentiation. GABA and Hoechst analysis was performed on sections from retinae of 4
individuals. Graphs on the right-hand side provide a comparison of cell counts in the retinae of mutant and wild-type siblings. Asterisks indicate changes of
statistical significance while red horizontal and vertical lines in each graph indicate the average and the standard deviation, respectively. Statistical analysis
was carried out using Mann—Whitney U test for GABA and Hoechst staining results in k/e animals. The remaining data were evaluated using Student’s ¢
test. For Pv staining, only intensely labeled cells were taken into account. GABA and Pv stand for gamma-aminobutyric acid and parvalbumin, respectively.

In panels A—D, dorsal is up, lens is left.

autonomous phenotypes in other cells. To test whether
this is the case in zebrafish mutants, we performed mosaic
analysis of the chy mutant phenotype. Pv-positive cells in
the INL are one of the most severely affected cell
populations in mutant retinae. We decided to investigate
whether the loss of these cells is due to an intrinsic defect
in this cell population or it is caused by an abnormal
environmental factor, such as a deficit in a cell population
which interacts with Pv-positive cells. In zebrafish, this
question can be addressed by generating mosaic animals
via blastomere transplantation between genetically diver-
gent host and donor embryos. We generated two classes
of genetically mosaic animals: embryos containing small
clones of donor-derived mutant cells in otherwise wild-
type host retinae, and embryos containing small clones of
wild-type donor-derived cells in otherwise mutant host
retinae. Animals containing clones of wild-type cells in
wild-type retinae, or clones of mutant cells in mutant
retinae served as controls. Host and donor genotypes were
determined on the basis of external phenotype at 6 dpf.
These studies revealed that the frequency of Pv-positive
amacrine cells in donor-derived clones depends on the
genotype of host rather than donor retinae (Fig. 9).
Mutant cells in the environment of wild-type retinae
contribute to the Pv-positive cell population with the same
frequency as wild-type cells. Consistent with this result,
wild-type cells in the environment of mutant retinae
contribute to the Pv-positive cell population with the same
frequency as mutant cells in mutant environment (Fig.

9B). As expected, the frequencies of photoreceptor cells
do not display statistically significant differences in all
four groups of blastomere transplantation embryos (Fig. 9
table). These observations indicate that the loss of Pv-
positive amacrine cells in chy is a secondary consequence
of an environmental deficiency, most likely in another
retinal cell class.

Pv-positive neurons constitute a small subset of
amacrine cells. Thus, the loss of Pv-positive cells may
be a consequence of a defect in another amacrine cell
subpopulation. It is thus possible that while the Pv-cell
phenotype is cell-nonautonomous, the phenotypes of
other amacrine cell populations are autonomous. To test
whether this is the case, we performed mosaic analysis of
the mutant phenotype in GABA-positive cells. GABA-
immunoreactive cell population is severely depleted in
chy mutant animals by 6 dpf. We investigated whether
this reduction is due to an intrinsic defect in GABA-
positive cells, or due to a deficiency in the environment
of these neurons. Mosaic analysis revealed that the
frequency of donor-derived GABA-positive mutant cells
is not significantly improved in wild-type environment.
Consistent with this result, the frequency of donor-
derived wild-type cells is not significantly different in
mutant environment, compared to wild-type retinae (Fig.
9). The results of mosaic analysis indicate that, in
contrast to Pv-positive cells, the phenotype of GABA-
positive neurons in chy retinac does not display a
significant nonautonomy.
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Fig. 8. Representative ERG responses from kle”?*”** and chy™'""® animals. All responses were elicited using 800 ms flashes and recorded at 4 levels of light
intensity. (A) Prominent ERG waveforms are evident in wild-type larvae at 6 dpf and consist of a-, b-, and d-components. (B) chy mutant individuals almost
completely lack all components of the wild-type ERG response at 6 dpf (6 out of 11 individuals tested showed no response). (C) Quantification of b-wave
amplitude in chy mutants (n = 11) in comparison to the wild-type siblings (n = 10) shows a dramatic decrease of the b-waves amplitude at all thresholds of light
intensity. (D) In kle mutants (n = 5), all components of ERG responses are present as compared to the wild-type sibling animal (n = 4, not shown). b-wave
amplitudes, however, appear reduced in mutant individuals at all light intensities tested. (E) Electron micrographs of sections through wild-type (upper) and chy
mutant (lower) photoreceptor cell layer at 6 dpf. No differences in photoreceptor ultrastructure are obvious between wild-type and mutant animals. (F, G)
Responses of a wild-type larva at 4 dpf (F) are compared to these of the chy mutant sibling of same age (G). In the ¢4y mutant, ERG responses are sharply
reduced so that the b- and d-waves are barely detectable at low light intensity level (arrowheads). (H) Quantification of b-wave amplitudes shows a significant
decrease in mutants (n = 8) when compared to their wild-type siblings (n = 4) at 4 dpf (Student’s 7 test, P < 0.05). (I) Isolated a-wave amplitudes are compared
between wild-type (n = 5) and mutant (n = 4) kle individuals at 6 dpf. Although the mutant amplitudes are somewhat reduced, the changes are not statistically
significant (Student’s ¢ test, P > 0.05). (J) By contrast, b-wave amplitudes are significantly different between mutant (n = 5) and wild-type sibling (n = 4)

individuals (Student’s ¢ test, P < 0.05). In panels A and F, numbers to the left indicate light attenuation in exponential units. In panels C and H-J, asterisks
indicate statistical significance and vertical lines provide standard deviations.

The expression of several potential regulators of amacrine differences in mRNA expression levels between mutant
cell survival is not altered in kle, bgm, and chy retinae animals and their wild-type siblings (data not shown). In
parallel, we used anti-BDNF, anti-TrkB, and anti-TrkC

Several genes, including BDNF, its receptor TrkB, as antibodies to evaluate expression on the protein level. These
well as IGFI and 11, are thought to influence amacrine cell antibodies have been previously reported to recognize
survival (Cusato et al., 2002; Politi et al., 2001; Rickman single bands on Western blots of zebrafish homogenates
and Rickman, 1996). An altered expression level of one or (Germana et al., 2004). Staining of wild-type retinae at 3, 5,
more of these factors could be the cause of amacrine cell 7, and 10 dpf revealed strong ntrk2 expression in the optic
defects in kle, chy, and bgm mutants. To test this possibility, nerve and a weakly elevated signal in the IPL. A weak bdnf
we performed a semi-quantitative RT-PCR analysis of signal was detected both in the GCL and the inner portion
expression levels for zebrafish bdnf, neurotrophin receptors of the INL starting at 5 dpf. No n#rk3 expression was found

ntrk2a (formerly trkB1) and ntrk3a (trkC1), as well as igf] at 3 or 5 dpf. The specificity of these expression patterns
and igf2 genes. The expression of all five of these loci has was tested by peptide blocking. Both Bdnf and Ntrk2
been previously detected in larval zebrafish eyes (Martin et staining were eliminated following incubation with peptides
al., 1995; Maures et al., 2002). Our studies revealed no used for the production of relevant antibodies. Consistent
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Group Pv % PR% m n
wt>wt 218% 219 3202 75
mt>wt 1.85% 228 3122 79
wt>mt 048% 224 1682 41
mt>mt 052% 241 576 17

Group GABA% PR% m n

wt>wt 8.09 223 1706 63
mt>wt 6.00 194 651 28
wt>mt 5.86 209 631 26
mt>mt 4.82 229 353 21

Fig. 9. Mosaic analysis of the amacrine cell survival phenotype in the INL of ¢/y animals. In panels A and B, parvalbumin-positive cells are stained green. In
panels C and D, GABA-positive cells are stained green. In all image panels, donor-derived cells are labeled red, and donor-derived parvalbumin- and GABA-
positive cells appear yellow. (A) Clones of donor-derived wild-type cells contribute parvalbumin-positive neurons (arrowhead). (B) In the environment of
mutant retinae, wild-type clones contribute much less frequently to the parvalbumin-positive cell population in the INL. (C) Clones of donor-derived wild-type
cells contribute GABA-positive amacrine neurons. (D) In the mutant environment, wild-type cells contribute to the population of GABA-positive cells with a
comparable frequency. Tables to the right show the frequency of donor cell contribution to parvalbumin- and GABA-positive cell populations (Pv% and
GABA%, respectively), in four types of transplantation experiments. For the Pv-positive cells, this frequency depends on the genotype of host animals,
indicating cell-nonautonomy. Neither host nor donor genotypes affect the frequency of donor-derived photoreceptor cells (PR%). m indicates the total number
of cells counted in 7 clones of donor-derived cells. Asterisks indicate statistically significant differences as analyzed by the chi-square test. In all image panels,
brackets indicate the photoreceptor cell layer and asterisks indicate the optic nerve, lens is right and dorsal is up.

with RT-PCR results, we did not detect any obvious
differences in Bdnf and Ntrk2 staining between wild-type
animals and their mutant siblings (data not shown). These
data indicate that amacrine cell loss in mutant retinae is not
due to the absence of expression or a gross misexpression of
the genes tested. Genetic mapping will be necessary,
however, to conclusively exclude the possibility the
mutations in these genes are the cause of kle, chy, or bgm
mutant phenotypes.

Discussion

The identification of mutants with impaired vision can be
achieved in zebrafish using morphological criteria, the
staining of specific cell populations with histochemical
procedures, or behavioral tests (Baier et al., 1996; Malicki et
al., 1996; Neuhauss et al., 1999). In a large-scale genetic
screen, staining or behavioral assays become prohibitively
labor-intensive, and frequently are not practical. A draw-
back of morphological screens, on the other hand, is that
only obvious eye defects are isolated, while many more
subtle abnormalities remain unnoticed. To identify more
subtle defects, in addition to morphological criteria, we took
advantage of the observation that visual system defects are
frequently associated with the lack of background adapta-
tion in zebrafish larvae. Teleost melanophores are known to

redistribute their pigment granules in a microtubule-depend-
ant fashion (McNiven and Porter, 1986; Murphy and Tilney,
1974). This behavior is known to be affected by the level of
illumination (reviewed in Fujii, 2000), and appears to be
disrupted in several zebrafish retinal mutants, including
lakritz (lak), brudas (bru), and out of sight (out) (Malicki et
al., 1996; Neuhauss et al., 1999). By searching for the lack
of pigment adaptation, we identified visual system muta-
tions that either do not cause defects in the external eye
morphology or produce only subtle morphological pheno-
types. Histological analysis of retinae from these animals
confirmed that despite their normal external appearance,
many display severe abnormalities. In this work, we focus
on loci that cause cell loss in the INL: in four mutant lines
that are the subject of this study, cells degenerate predom-
inantly in the inner portion of the INL. Based on the
evaluation of individual cell populations, we conclude that
these mutations produce the most severe defects in amacrine
neurons, while photoreceptor, bipolar, and ganglion cell
layers remain unaffected or display milder abnormalities,
even at advanced stages of development. Mutations in only
one of the three loci examined, chy, cause a noticeable
decrease in eye size, associated with reduced numbers of all
major retinal cell classes. Even in the chy mutants, however,
on histological sections and in TUNEL assays, cell
degeneration is obvious only in the amacrine cell layer. In
addition to abnormally pigmented melanophores and eye
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size reduction, few other external abnormalities are recog-
nizable in mutant animals. Histological analysis reveals,
however, cell degeneration around the brain ventricle,
suggesting that the mutant genes function both in the retina
and in the brain.

Apoptotic cell death in mutant retinae is restricted to
the proximal INL, as evidenced by TUNEL assay. The
sole exception to this pattern is the photoreceptor cell
layer of kle mutant animals. Despite the loss of some
cells, however, photoreceptor function appears unchanged
in kle ERG studies. This may be because apoptosis affects
only a small subset of photoreceptor cells and is mostly
confined to the ventral retina. In the proximal INL, cell
death affects amacrine cells, a neuronal population that
consists of many morphologically and biochemically
distinct cell types. To better understand the specificity of
mutant phenotypes in the amacrine cell layer, we
performed immunohistochemical studies using markers of
amacrine cell subpopulations. This analysis revealed that
some subpopulations of amacrine neurons are selectively
affected in kle, chy, and bgm mutant animals. A common
feature of mutant phenotypes is that all of them involve a
sharp decrease in the numbers of GABA-positive cells.
Other populations of cells that are strongly affected, albeit
less consistently, are Pv- and ChAt-positive neurons.
Defects in other cell classes are even less frequent or
absent. Among the three loci, the mutation of bgm
produces the most specific phenotype in the amacrine cell
layer, affecting GABA-positive cells only. Mutations in
the chy locus, on the other hand, produce the broadest
spectrum of defects. We have not observed an ectopic
accumulation of any retinal cell population, indicating that
the mutant loci are unlikely to play a role in the formation
of gross retinal architecture. In addition to retinal
phenotypes, mutant animals display similar brain defects.
Overall, the similarities of mutant phenotypes suggest that
all three loci may function in the same genetic pathway.

The analysis of mutant phenotypes revealed that they
affect multiple cell subpopulations in the amacrine cell
layer. As some of the markers that we used in our studies
label overlapping cell populations, it is possible that a
mutation primarily affects a single cell subpopulation
characterized by a particular histochemical marker expres-
sion while defects in populations characterized by other
markers merely reflect expression overlap. This could be
the case, for example, for the populations of Pv- and
GABA-positive cells. The loss of Pv-positive cells could
result from a defect that is present in GABA-immunor-
eactive cells. If this was the case, only these Pv-positive
cells that also express GABA would be affected. To test this
possibility, we labeled wild-type retina with antibodies
against Pv and GABA and found that only about 20% of
Pv-positive cells in the INL are GABA-immunoreactive
(data not shown). In the kle mutant retina, however, over
50% of Pv-positive cells are absent. These observations
indicate that the loss of Pv-positive cells is not a cell-

autonomous consequence of a defect in GABA expressing
cells. This result, however, does not exclude the possibility
that the loss of Pv cells is a cell-nonautonomous con-
sequence of a defect in GABA-positive neurons. Amacrine
cell types in the retina form synaptic connections with each
other (Famiglietti, 1991; Mariani and Hersh, 1988; Yamada
et al.,, 2003). In the absence of normal synaptic partners,
some populations of amacrine cells may undergo apoptosis.
Such a mechanism could lead to a nonautonomous cell loss.
The relationships between the defects of different amacrine
cell subpopulations in kle, chy, and bgm is an interesting
topic that deserves investigation. Further studies of this
subject in zebrafish mutants may reveal inductive, trophic, or
functional interactions between different types of amacrine
neurons.

Contrary to what histological analysis suggests, ERG
studies of chy reveal a functional defect in the photoreceptor
cell layer. What is the relationship between photoreceptor
cell defect and amacrine cell loss in chy mutant retinae? A
causal relationship between the loss of photoreceptor
function and amacrine cell degeneration is unlikely. The
strongest argument against such a possibility is the
observation that although several zebrafish mutants, elipsa
and oval for example, display a complete absence of ERG
response, their INL neurons do not exhibit any signs of
degeneration (Bahadori et al., 2003; Doerre and Malicki,
2002). Similarly, a loss of INL cells has not been observed
in zebrafish photoreceptor mutants that produce milder ERG
response defects (Allwardt et al., 2001; Kainz et al., 2003).
The most obvious alternative possibility is that the chy gene
plays a dual role in the retina and functions in two
independent mechanisms, one required for photoreceptor
function and one for amacrine cell survival.

The role of the chy locus in the amacrine cell layer
appears even more complex in the light of mosaic analysis.
The loss of Pv-positive cells in the INL is clearly
nonautonomous and may originate in another amacrine
cell subpopulation, or alternatively, it may originate in
another retinal cell class. In contrast to Pv-positive neurons,
the phenotype of GABA-positive cells does not display a
significant cell-nonautonomy. Wild-type clones in mutant
retinae do not contain a significantly different fraction of
GABA-immunoreactive cells as compared to control
mutant clones in mutant retinae. One possible interpretation
of the difference between the phenotypes of Pv- and
GABA-positive cells is that the nonautonomy of cell loss in
Pv-positive cell population is secondary to a cell autono-
mous defect in GABA-positive cells. The differentiation of
the amacrine cell layer and its remarkable diversity of cell
types is likely to involve complex cell—cell interactions,
which remain poorly understood. Mosaic analysis of the
chy phenotype offers some of the first insights into this
area.

The zebrafish mutants described in this work define a
new class of retinal defects. In contrast to photoreceptor cell
mutants, which have been characterized in the retinae of
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numerous vertebrate species, including humans, rodents,
dogs, birds, and fish (Doerre and Malicki, 2002; Dryja et
al., 1990; Kijas et al., 2002; Semple-Rowland et al., 1998),
genetic defects that predominantly produce severe amacrine
cell loss to our knowledge have not been described in
vertebrates so far. A possible exception to this state of
affairs, is the nervous (nr) mutant mouse retina, charac-
terized by a late-onset thinning of the INL and a reduced
density of glycine- and GABA-positive amacrine cells (Ren
et al., 2001). These two cell populations are reduced by ca.
25% in the nr mutant retina, a relatively weak phenotype,
compared to the zebrafish amacrine cell defects described
here. It is not clear whether other amacrine cell subpopu-
lations are also affected in nr animals. The nr mouse also
displays photoreceptor degeneration (White et al., 1993).
Even more subtle changes of GABA expression have been
suggested in the spastic (spa) mouse (Yazulla et al., 1997).
Given the limited number of amacrine cell mutants
characterized so far, defects in the zebrafish kle, chy, and
bgm loci provide a unique opportunity to study the
mechanisms of amacrine cell differentiation and survival
in the vertebrate retina.
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