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Light Stimulates a Transducin-Independent Increase of
Cytoplasmic Ca®>" and Suppression of Current in Cones from
the Zebrafish Mutant nof
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Transducins couple visual pigments to cGMP hydrolysis, the only recognized phototransduction pathway in vertebrate photoreceptors.
Here we describe a zebrafish mutant, no optokinetic response f**" (nof), with a nonsense mutation in the gene encoding the « subunit of
cone transducin. Retinal morphology and levels of phototransduction enzymes are normal in nof retinas, but cone transducin is unde-
tectable. Dark current in nof cones is also normal, but it is insensitive to moderate intensity light. The nof cones do respond, however, to
bright light. These responses are produced by a light-stimulated, but transducin-independent, release of Ca*" into the cone cytoplasm.
Thus, in addition to stimulating transducin, light also independently induces release of Ca>" into the photoreceptor cytoplasm.
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Introduction

Phototransduction is the transformation of a light stimulus into
an electrical response. Rod and cone photoactivated visual pig-
ments stimulate transducin directly and catalytically, and the en-
suing hydrolysis of cGMP closes cation channels in the photore-
ceptor outer segment plasma membrane (Ebrey and Koutalos,
2001). There are two amplification steps in this pathway, activa-
tion of transducin and hydrolysis of cGMP, that provide rods
with enough sensitivity to detect single photons (Rieke and Bay-
lor, 1998). Rod photoreceptors lacking transducin are unrespon-
sive to light (Calvert et al., 2000).

In both rod and cone photoreceptors, a light-evoked decrease
in the concentration of cytoplasmic free Ca>™ plays a central role
in light adaptation (Matthews et al., 1988; Nakatani and Yau,
1988). In darkness, influx of Ca*>* through cGMP-gated channels
is balanced by efflux via Na*/K *~Ca®" exchange. Closure of
channels by transducin-mediated phototransduction slows Ca**
influx, whereas efflux continues. The resulting lowered cytoplas-
mic Ca*" restores channels to their open state by stimulating
guanylyl cyclase to synthesize more cGMP. This model for Ca**
homeostasis and the role of Ca>* in light adaptation is widely
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accepted, simple, and consistent with physiological and bio-
chemical findings (Ebrey and Koutalos, 2001; Fain et al., 2001).

There are indications, however, that Ca*>™ regulation in pho-
toreceptors may be more complex than this model suggests. A
prediction from the model is that light should have little effect on
cytoplasmic Ca*" when influx and efflux of Ca** are minimized
by perfusion with solutions containing no Ca>* or Na ™. How-
ever, recent studies show instead that light stimulates a rapid
increase in intracellular Ca®" under those conditions (Matthews
and Fain, 2001, 2002). This suggests that there is a previously
unrecognized mechanism for Ca’*" homeostasis in photo-
receptors.

Photoreceptor types differ in several important aspects of
their physiological function. Best appreciated is the difference
between rods and cones. Cones are less sensitive to light than
rods, but they respond over a much broader range of background
intensities (Schnapf et al., 1990; Burkhardt, 1994). Cones also
avoid saturation even in the presence of intense continuous illu-
mination that bleaches >99% of their visual pigment
(Burkhardt, 1994, 2001), a property not shared by rods. One
approach to understanding the biochemical basis for physiolog-
ical differences between photoreceptors is to evaluate the need for
specific molecular components that are unique to particular pho-
toreceptor types.

Here we investigate the role of transducin in cone phototrans-
duction using a newly identified zebrafish mutant, no optokinetic
response f**! (nof). Because of a point mutation in the gene en-
coding the a subunit of cone transducin (Tce), all four types of
cones in this mutant have undetectable levels of Tca protein. Not
surprisingly, nof cones do not respond to light of dim to moderate
intensity; however, the mutant cones do respond to bright light.
We demonstrate that these responses are produced by a light-
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stimulated, but transducin-independent, release of Ca** into the
cone cytoplasm.

Materials and Methods

Mutant isolation and maintenance. The nof mutant was isolated in a
three-generation screen of ethyl nitrosourea-mutagenized AB strain ze-
brafish using the optokinetic response (OKR) behavioral assay as de-
scribed previously (Brockerhoff et al., 1998). Briefly, progeny from
crosses between F2 siblings were partially immobilized in 6% methylcel-
lulose (Sigma, St. Louis, MO), and their eye movements were analyzed in
response to rotating illuminated stripes. In crosses between nofheterozy-
gotes, 25% of the larvae showed no eye movements in white light. The
stripe width used for the screen was 20°. Under normal conditions nof
larvae do not survive to become adults. However, when we grew nof
larvae with a 10X higher than normal concentration of paramecium,
50-100% of the mutant larvae would survive past 12 d post-fertilization
(dpf). Between 12-20 dpf, nof mutants began to eat brine shrimp and
then survived as well as wild-type (WT) larvae under the normal condi-
tions of our fish facility. Fish that show a normal OKR (OKR+) include
WT fish and fish heterozygous for the nof mutation. There were no
obvious phenotypic differences in electrophysiology or histology be-
tween WT and heterozygous fish. For all experiments identifying and
scoring polymorphisms, a hybrid strain between AB and WIK was used.
WIK is a WT zebrafish strain that is polymorphic with the AB strain and
is commonly used for mapping studies (Johnson and Zon, 1999). Be-
cause nof was generated in AB, this mutation segregated with AB mark-
ers. For single-cell recordings and Ca’* measurements, animals used
were between 2 and 3.5 months old.

Construction of adult zebrafish retina cDNA library. Retinas from pet
store-purchased adult WT zebrafish were dissected away from the rest of
the eye under a dissecting microscope and immediately placed on dry ice.
Frozen retinas were then stored at —70°C before RNA isolation. Total
RNA (273 ug) was isolated from 200 adult WT zebrafish retinas using
RNAzol B (Tel-Test, Inc). Poly(A) Quik mRNA kit (Stratagene, La Jolla,
CA) was used to isolate 20 g mRNA. cDNA was synthesized using a Zap
cDNA Gigapack III gold cloning kit (Stratagene) from 5 ug mRNA. The
cDNA was then size selected using a Sephacryl S-500 column (Amersham
Biosciences, Arlington Heights, IL). The average size of cDNA was be-
tween 500 and 3000 bp. The cDNA was then packaged into Lambda ZAP
1T vector (Stratagene). The primary library contained 9.5 X 10° plaque
forming units (pfu). After amplification the titer of the library was 5.5 X
10° pfu/ml. All procedures were conducted following the manufacturer’s
instructions.

Histological analysis. Light and transmission electron microscopy
(TEM) on mutant and sibling OKR+ larvae were done as described
previously (Schmitt and Dowling, 1999). For TEM, 60—70 nm sections
from two OKR+ and two nof larvae were analyzed.

In situ hybridization. In situ hybridization on whole-mount larvae was
done as described previously (Brockerhoff et al., 1997). DNA encoding
full-length Tce, containing 52 bp of sequence upstream of the initiating
ATG and 111 bp 3" of the stop codon, was amplified from an adult
zebrafish retinal cDNA library using taq DNA polymerase (Qiagen,
Hilden, Germany) and ligated into TOPO?2.1 cloning vector (Invitrogen,
San Diego, CA). This clone was then digested with Apal and BamHI, and
the resulting 1.2 Kb fragment was then subcloned into the pZErO-2
cloning vector (Invitrogen) that had also been digested with Apal and
BamHI. Sense and antisense digoxigenin-labeled probes were synthe-
sized using T7 and Sp6 polymerases, respectively. The approximate con-
centration of the probe used for hybridization was 1 ng/ul. In situ hy-
bridization on 10 wm cryosections was done as described previously
(Barthel and Raymond, 2000).

Cloning and mapping of zebrafish homologs of phototransduction genes.
Degenerate primers and a nested PCR strategy were used to amplify
200-700 bp ¢cDNA fragments from an adult zebrafish retina cDNA li-
brary with tag DNA polymerase (Qiagen) (see Table 1). Full-length
clones were then obtained by either additional PCR or by screening the
plated library. Primers used for mapping are listed in Table 1. cDNAs
were mapped on either the LN 54 or the T 51 radiation hybrid panels as
described (Geisler etal., 1999; Hukriede et al., 1999). All cDNA sequences
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have been submitted to the GenBank database. For sequence analysis, the
full-length rod and cone transducin genes were amplified from the ze-
brafish retinal cDNA library using pfu DNA polymerase (Stratagene).
The sequence of the pfu amplified clone has been submitted to GenBank
(Table 1). Single-strand conformational polymorphism (SSCP) analysis
was done as described (Foernzler and Beier, 1999).

Phosphodiesterase assay. Eyes from nof mutants and OKR+ zebrafish
larvae were collected on ice and homogenized in 2X phosphodiesterase
(PDE) buffer containing (in mm): 14 KCl, 10 NaCl, 6 MgClL,, 2 DTT, 10
HEPES, pH 8.0, at a concentration of two eyes per 2.5 ul of buffer. Six
microliters of homogenate were incubated for 5 min on ice with 2 pl of 1
mg/ml tosyl phenylalanyl chloromethylketone-treated trypsin (Sigma).
Trypsin digestion was quenched with 2 ul of 12.5 mg/ml soybean trypsin
inhibitor (Sigma). PDE was activated by the addition of 10 ul of substrate
solution (1 mm ATP, 1 mm cGMP; specific activity ~50,000 cpm/pul in
1X PDE.) After a 5 min incubation at room temperature, samples were
placed in a boiling water bath for 2-5 min. Two microliters of 5 mm
c¢GMP/5 mm GMP were added to each sample, and the samples were then
spun for 10 min at 14,000 rpm in a microfuge at 4°C. Six microliters of the
reaction supernatant were spotted on a TLC plate (PEI cellulose; EM
Science), and GMP and cGMP were separated using 0.2 M LiCl. Excised
GMP was eluted in 1 ml of 2 M LiCl in a scintillation vial for 10 min with
gentle rotation at room temperature. Six milliliters of scintillation fluid
were added, and the samples were counted in a Beckman scintillation
counter. All reactions were performed in duplicate, and the experiment
was repeated twice.

Antibody production, Western blots, and immunocytochemistry. The
peptide sequence n-MDRICKPDYLPT-c (aa 159-170) was used to gen-
erate rabbit polyclonal antibodies as described previously (Lerea et al.,
1989). This sequence was chosen because the homologous region in
mammalian Tca has previously been shown to be antigenic (Lerea et al.,
1986). This peptide sequence is unique to cone transducin and is not
present in rod transducin. The antibody was affinity purified using a
glutathione S-transferase fusion protein containing amino acid 141-180
of zebrafish Tce. This fusion was also used to generate a rabbit polyclonal
antibody that recognizes both rod and cone Ta. For Western blot anal-
ysis, affinity-purified anti-Tca was diluted 1:50, anti-regulator of
G-protein signaling (RGS) 9 (Cowan et al., 1998) was diluted 1:500, and
anti-rod-cone Ta was diluted 1:2000. All immunoblotting was per-
formed at least twice to confirm that all of the results shown are repro-
ducible. Immunocytochemistry on 10 wm frozen sections was done as
described previously (Brockerhoff et al., 1997). Cone Ta antibody was
diluted 1:25, and antibody zpr1 was diluted 1:250. Secondary antibodies
Cy2- and Cy3-conjugate (Jackson ImmunoResearch, West Grove, PA)
were each diluted 1:200.

Single-cell recordings. Cone outer segment membrane currents were
recorded from isolated cells with suction electrodes following established
methods (Rieke and Baylor, 2000). Cells were superfused continuously
with a Ringer’s solution containing (in mm): 105 NaCl, 2 KCl, 30
NaHCO;, 1.5 CaCl,, 1.6 MgCl,, 10 glucose, pH 7.4 when equilibrated
with 5% CO,/95% O,. The solution filling the suction electrode was
identical except that the NaHCO; was replaced with NaCl, and 3 mm
HEPES was added. Light stimuli were delivered from light-emitting di-
odes (LEDs) with peak wavelengths of 470, 590, and 640 nm. Each re-
corded normal cone was identified as long wavelength (L), middle wave-
length (M), short wavelength (S), or UV sensitive on the basis of the
relative amplitude of their responses to flashes delivered from each of the
three LEDs. We recorded from >30 L and M cones, each of which had a
long and thin outer segment. The >15 recorded S and UV cones had
much stouter outer segments. In recordings from nof cones, cells were
identified as UV/S or L/M on the basis of their morphology.

Measurement of free Ca”*. The free-calcium concentration was mea-
sured from the outer segments of normal and nof zebrafish cones as
described previously for salamander photoreceptors (Sampath et al.,
1998, 1999), modified by Matthews and Fain (2001). In brief, dissociated
cones were incubated in darkness for 30 min with 10 um fluo-4AM
(Molecular Probes, Eugene, OR). The unincorporated dye was washed
away, and the inner segments of the cones were drawn into a suction
electrode so that the light response could be recorded, leaving the outer
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Table 1. Genetic map position of candidate genes
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LOD score GenBank accession

Clone LG Position (panel used) Primers for mapping® number

Transducin « (rod) 6 Between 54.8 and 6 (T51) MT2 /MT4 AY050499
57.3 (M from top

Transducin « (cone) 8 Between 46.7 and 13.2(T51) MT228 /MT229 AY050500
49.2 M from top

PDE 1y (rod) 12 Between 49.9 and 6.4 (T51) MT5 /MT42 AY050506
51.1 <M from top

Transducin y (cone) 3 14.16 R from 14.4 (LN54) MT269 /MT271 AY050507
fh34e06

GCAP-1 4 24.46 cR from 8.3 (LN54) MT11/MT12 AY050501
19667

GCAP-2 23 39.96 cR from 7.4 (LN54) MT13 /MT14 AY050502
113363

RETGC-1 15 6.61 cR from 28336 12.7 (LN54) pKHD3F /pKHD3R AY050503

RETGC-2 Between 53.5 and 13.6 (T51) pCAT6F /pCAT6R AY050504
59.1 cM from top

RETGC-3 5 18.03 R from 9.6 (LN54) MT47 /MT48 AY050505
120915

GRK7 18 46.04 R from 12.2 (LN54) MT274 IMT275 AY050508
710008

GABA,, receptor 15 27.44 R from 9.2 (LN54) MT77 IMT79 AY050509
79189

“Primer sequences available upon request. LOD, Log of the odds.

segments exposed to the bathing solution. A 9.2 uwm spot from an argon
ion laser (Model 60AT, American Laser Corporation, Salt Lake City, UT)
tuned to 488 nm was focused onto the outer segments of the cones, and
the emitted fluorescence was collected with a 505 nm dichroic mirror and
a 510 nm emission filter (Omega Optical, Brattleboro, VT). The laser
intensity was adjusted with neutral density filters to 1.7 X 10'° photons
per square micrometer per second to keep dye bleaching to a minimum
during the fluorescence measurement. Rapid solution changes from
Ringer’s to 0Ca®"/0Na * solution were made by laterally translating the
microscope stage with a computer-controlled stepping motor (Matthews
and Fain, 2001, 2002). The 0Ca>*/0Na ™ solution consisted of 111 mm
choline chloride, 2.5 mm KCI, 2 mm EGTA, and 3 mm HEPES, adjusted to
pH 7.7-7.8 with tetramethylammonium hydroxide.

Results

Identification of the nof mutant

The nof mutation was identified during an ongoing screen for
recessive mutations that interfere with the vision-dependent
OKR of zebrafish larvae (Brockerhoffet al., 1995, 1997, 1998). No
OKR could be elicited from larvae homozygous for the nof mu-
tation using white light. The nof mutation is inherited in a simple
Mendelian manner as a recessive mutation. It has been main-
tained in our laboratory for several generations.

Mapping of candidate genes for vision mutants

In conjunction with our unbiased screen for vision mutants, we
have also been mapping candidate genes, known genes that are
likely to be needed for a normal optokinetic response. We gener-
ated an adult zebrafish retina cDNA library and cloned zebrafish
homologs of several known phototransduction genes (Table 1).
Our cDNA library was also provided to the Washington Uni-
versity EST project, and many additional expressed sequence
tags (ESTs) have been sequenced and mapped by that group
(http://zfish.wustl.edu/).

Mapping of nof and identification of the nof gene

The nof mutation was initially mapped by SSCP analysis using
simple sequence length polymorphic markers selected for bulk
segregant analysis (http://zebrafish.mgh.harvard.edu/cgi-bin/

ssrmap/bulkseg_list.cgi). A linked polymorphism was identified
with marker Z22270 indicating that nof is on linkage group 8
(LG8). Because Tca is also on LG8 (Table 1), it was evaluated as a
candidate gene. A polymorphism in Tca was initially scored by
SSCP analysis. No recombinants were found in the 50 nof mu-
tants examined. The region surrounding the polymorphism,
~400 bp of Tca genomic DNA (from cDNA bp 121-255) span-
ning intron 2, was then sequenced from nof and WT larvae. This
sequence analysis identified a single nucleotide change that intro-
duces a stop codon immediately before the second intron of the
Tca gene in the nof mutant. The full-length WT cDNA encodes a
protein of 354 amino acids, and the mutation truncates the pro-
tein at position 52 (Fig. 1A). To confirm that the nof phenotype is
caused by a Tca mutation, we rescued it using a transgene that
expresses normal full-length Tca under control of a fragment of
the zebrafish Tca promoter. The OKR of ~14% of the nof mu-
tants was restored by the presence of the transgene. The isolation
and analysis of the promoter fragments will be described else-
where (B. Kennedy, unpublished observations).

An alignment of the zebrafish and bovine Tca amino acid
sequences is shown in Figure 1 B. Zebrafish Tca is ~78% identi-
cal in amino acid sequence to its human, mouse, and bovine
homologs. We also cloned the zebrafish rod transducin a subunit
(Tra) and found it to be ~75% identical to zebrafish Tca. This is
similar to the identity between bovine rod and cone T« (Lerea et
al., 1986).

Tca in WT zebrafish

To understand the effects of the Tcoe mutation, we first charac-
terized WT Tca expression in zebrafish. Figure 2 shows the de-
velopmental time course of the appearance of Tca mRNA. This
pattern of expression mimics that seen for other genes expressed
exclusively in cone photoreceptors such as cone opsins (Ray-
mond et al., 1995). Tca mRNA is first detectable at ~50 hr post-
fertilization (hpf) in the pineal (data not shown). By 2.5 dpf, Tca
mRNA also appears in a small patch in the ventral nasal retina
(Fig. 2A). It then spreads within the ventral retina first in the
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A wr (41)AGESGKSTIVKQMK(4)...
nof ..AGESGKSTIVK-

B 1 50

zfish MGSGASAEDKEMAKKSKELEKQLQEDADKEAKTVKLLLLGAGESGKSTIV
bovine MGSGASAEDKELAKRSKELEKKLQEDADKEAKTVKLLLLGAGESGKSTIV

51 100
zfish KQOMKILHQGGYTKEEQMEFRSIIFGNILQSALAIIRGMEMLSINFGSPSA
bovine KQMKIIHQODGYSPEECLEYKAIIYGNVLQSILAIIRAMPTLGIDYAEVSC

101 150
zfish QEDSQKLONLSDSIEEGTMPPELADVIKRLWKDAGVQASFDRAAEYQLND
bovine VDNGRQLNNLADSIEEGTMPPELVEVIRKLWKDGGVQACFDRAAEYQLND

151 200
zfish SAGYYLNEMDRICKPDYLPTEQDVLRSRVKTTGIIEEQFGCKELHFRMFD
bovine SASYYLNQLDRITAPDYLPNEQDVLRSRVKTTGIIETKFSVKDLNFRMFD

201 250
zfish VGGQRSERKKWIHCFEGVTCIIFCGALSAYDMVLVEDDEVNRMHESLHLF
bovine VGGQRSERKKWIHCFEGVTCIIFCAALSAYDMVLVEDDEVNRMHESLHLF

251 300
zfish NSICNHRFFATTSIVLFLNKKDLFQEKIKKVHLSICFPDYDGPNTYEDAS
bovine NSICNHKFFAATSIVLFLNKKDLFEEKIKKVHLSICFPEYDGRNSYEDAG

301 350
zfish NYIKTQFQDLNMKKGVKEIYSHMTCATDTRNVEIVFNAVTDIIIKENLKD
bovine NYIKSQFLDLNMRKDVKEIYSHMTCATDTQNVKFVFDAVTDIIIKENLKD

351
zfish CGLF-
bovine CGLF-

Figure 1.  Identification of the Tcoe mutation in nof. A, The nof mutation changes nucleotide
154 froma Ctoa T to introduce a stop codon (TAG) at amino acid position 52. B, Alignment of
zebrafish Tcae with bovine Tcaw. Nonconservative changes are indicated in bold.

nasal direction and then in the temporal direction (Fig. 2B, C). By
~3.5 dpf, Tca expression extends throughout both the dorsal
and ventral retina (Fig. 2D).

To determine whether Tca is expressed in all four types of
cone photoreceptors—UV, short, middle, and long wave-
length—we analyzed its expression using sections of WT adult
zebrafish retinas. Distinct cone types are found at different layers
in the adult zebrafish retina, so they can be identified on the basis
of their depth in the retina (Raymond et al., 1993; Robinson et al.,
1993). The results of in situ hybridization using Tca probes on
adult sections are shown in Figure 2 E. All four cone types in the
zebrafish retina express Tcaw mRNA. The Tca antisense probe
labels the myoid regions of the short single (UV), long single
(short wavelength), and double (middle and long wavelength)
cones. Two rows of staining were observed. The proximal row is
from short single cones, whereas the more distal row contains
long single and double cones. In contrast, the sense riboprobe
negative control did not label any cells in the retina (Fig. 2 F). This
result was confirmed by immunocytochemistry using a poly-
clonal antibody that specifically recognizes zebrafish Tca. Ze-
brafish Tca protein was found in the outer segments of all four
types of cone photoreceptors but was not detected in rod photo-
receptors (Fig. 3C).

Tca in the nof mutant

Whole-mount in situ hybridization of 5 dpf larvae from a cross
between nofheterozygotes revealed dramatically reduced levels of
Tca mRNA in ~25% of larvae as shown in Figure 3A (n >50).
Comparisons of retinal sections from mutants with OKR+ sib-
lings revealed a profound reduction of mRNA levels at both 6 dpf
and 2 months of age in the mutants (data not shown). This is
consistent with reports that a premature stop codon often stim-
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A P\ B

Figure 2.  Tca mRNA expression in larval and adult WT zebrafish. A-£, Antisense mRNA
expression; f, sense control. Age of samples is between 52 and 56 hpf (A), between 70 and 74
hpf (B, (), between 79 nd 83 hpf (D), and adult (£, F). Refer to Results for a detailed description
of the staining pattern. p, Pineal; n, nasal; t, temporal; d, dorsal; v, ventral; y, yolk. The dark
staining of the yolk is nonspecific and is frequently seen with many other probes (Westerfield,
1995).

ulates degradation of mRNA, a process referred to as nonsense-
mediated mRNA decay (Frischmeyer and Dietz, 1999; Lykke-
Andersen, 2001).

To characterize expression of Tca protein we generated a
polyclonal antibody to a peptide sequence unique to Tca (see
Materials and Methods). Figure 3B shows that the affinity-
purified antibody recognizes a single polypeptide of the correct
size to be zebrafish Tca. With this antibody we were unable to
detect any Tca protein in nof using as much as 150X more nofeye
homogenate than OKR+ homogenate (data not shown). We
were also unable to detect Tca in nof cone photoreceptors by
immunocytochemical analyses (Fig. 3C). Because our antibody
would not recognize the truncated form of cone transducin ex-
pressed from the nof gene, we cannot eliminate the possibility
that this polypeptide is present in the mutant. However, the trun-
cated protein would lack all the known functional domains of
transducin except subdomains involved in G and rhodopsin
binding (Muradov and Artemyev, 2000; Slep et al., 2001). Such a
short polypeptide could be unstable in the cell, and indeed, the
nof mutation is recessive. Because we have not detected any phe-
notype in nof heterozygotes, it appears that if such a polypeptide
is expressed, it does not influence phototransduction in cones.

Morphology

The functional consequence of the nof mutation is very specific.
Figure 4A shows that the overall morphology and size of nof
larvae at 5 dpf are normal. Nearly 100% of nof larvae develop
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Figure3. TcamRNAand protein expression in nofversus OKR+ zebrafish. A, In situ hybrid-
ization of nofand OKR+ larvae at 5 dpf shows that Tco mRNA is dramatically reduced in the nof
mutant. B, Western blot analysis of eye homogenates using affinity-purified Tcx polyclonal
antibody. Tca protein is undetectable in the nof mutant. ¢, Immunocytochemical analysis of
OKR+ and nof retinas at 2 months using affinity-purified Tcce antibody. ros, Rod outer seg-
ments; dc, double cone; /s, long single cone; ss, short single cone; opl, outer plexiform layer; in/,
inner nuclear layer.

normal swim bladders and swim actively starting at day 4 in a
manner similar to OKR+ larvae. Externally, the eyes are of nor-
mal size and shape. Only one externally visible feature distin-
guishes nof from OKR+ larvae: the melanophores of homozy-
gous nof larvae are slightly contracted in comparison to OKR+
larvae under ambient illumination. Because of this, nof larvae
appear pale in comparison to their OKR+ siblings.

Figure 4 B shows the retinal morphology of nof versus OKR+
zebrafish larvae at 5-6 dpf. The retina appears laminated, and all
of the major cell types are present. There is no evidence of smaller
or more darkly stained cells that would be signs of degeneration.
Because Tca protein is localized to cone outer segments (Fig. 3C),
we analyzed the morphology of cone outer segments in nof and
sibling OKR+ larvae using electron microscopy. No obvious
morphological defects were detected in the cone outer segments
at the EM level (Fig. 4C). The cone outer segment membranes
were neatly organized in both the OKR+ and nofretinas. Thus, in
contrast to many phototransduction mutants that cause photo-
receptor degeneration or reduced outer segment length (for re-
view, see Clarke et al., 2000), no cell death was apparent, and
outer segments appeared normal in the nof mutant. Further-
more, no obvious signs of photoreceptor degeneration were de-
tected by light microscopy in nof adults up to 1 year of age (data
not shown), and immunocytochemical labeling with zprl, an
antibody that recognizes double cones, revealed a normal spacing
of double cones in nof mutants as late as 2 months after fertiliza-
tion (Fig. 5A). These results show that the nof retina is normal,
and if any degeneration takes place it does so on a slow time scale.
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Figure4.

Normal morphology of the nofmutant. A, Dorsal (top) and lateral (bottom) view of
nofand OKR+ larvae at 5 dpf. The nof mutant appears morphologically normal. Typical length
ofa5dpfis ~6 mm. B, G, The retina of nof appears normal. Light ( B) and transmission electron
microscopy ( () of nofand OKR+ retinas at 5— 6 dpf are shown. Typical diameter of the eye at 5
dpfis ~300 wm. Scale bar (shown in (): T wm. PRL, Photoreceptor layer; ONL, outer nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell layer; L, lens.

Probes for secondary effects of the nof mutation

We analyzed zebrafish nof mutants for secondary effects caused
by the absence of Tca by measuring the levels of phosphodiester-
ase (PDE), RGS9, and opsins, proteins that are expected to inter-
act with Tca. We also measured the levels of Tra in the nof
mutant to determine whether it might be upregulated to com-
pensate for the cone Ta mutation.

No antibody is yet available that recognizes cone PDE sub-
units in zebrafish. Instead we used activity measurements to es-
timate the levels of PDE subunits in OKR+ and nof cones. Be-
cause the majority of cGMP PDE activity in vertebrate retinal
homogenates derives from photoreceptors, and because ze-
brafish retinas are functionally dominated by cones at 5 dpf
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Figure5. A, zpr1 staining of 2-month-old OKR+ and nof retinas. ros, Rod outer segments;
dcis, double cone inner segments. B, PDE activity appears normal in the nof mutant. Measure-
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larvae are shown. (, Western blot analysis of homogenates of eyes from 5—7 dpf OKR+ and nof
larvae. Lanes 7and 2 were labeled with an antibody that recognizes zebrafish rod and cone Tax
subunits. Each /ane corresponds to 5-10 larval eyes.
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(Branchek, 1984; Van Epps et al., 2001), activity measurements
should reflect the level of functional cone PDE. At 5 dpf, long-
term dark adaptation of WT zebrafish does not affect the sensi-
tivity of the visual response (Van Epps et al., 2001). The activity of
photoreceptor PDE catalytic subunits in retinal homogenates is
normally maintained in an inhibited state by a small y subunit
(Hamilton and Hurley, 1990) that is highly susceptible to degra-
dation by trypsin (Hurley and Stryer, 1982). We measured the
maximal PDE activity by treating nof and OKR+ larvae eye ho-
mogenates with trypsin to degrade the y subunit specifically.
There was no significant difference in either the basal (inhibited)
or maximal (uninhibited) PDE activity between nof and OKR+
homogenates (Fig. 5B). The normal basal and maximal activity
suggest that both the yand a subunits of cone PDE are intact and
present at normal or near-normal concentrations in the nof mu-
tant. Additional evidence that in nof cones both PDE and guany-
lyl cyclase activities are normal is that nof cone photoreceptor
dark currents are normal (see below).

To measure RGS9 we used the polyclonal antibody 4432
(kindly provided by T. Wensel, Baylor College of Medicine,
Houston, TX) (Cowan et al., 1998). In zebrafish homogenates
this antibody recognizes a protein of the correct size to be RGS9
that was equally abundant in OKR+ and noflarval homogenates
(data not shown). Furthermore, we compared rhodopsin, UV
cone, and long wavelength cone opsin protein levels at 4 and 14
months of age in OKR+ and nof fish (antibodies kindly provided
by T. Vihtelic and D. Hyde, University of Notre Dame, South
Bend, IN) (Vihtelic et al., 1999). We did not detect any difference
in the levels of these opsin proteins between mutant and OKR+
fish (data not shown). These data show that loss of Tca does not
dramatically affect levels of specific proteins that it interacts with
in the phototransduction cascade. These findings are consistent
with the phenotype of mice in which the Tra subunit gene was
inactivated (Calvert et al., 2000).

To measure Tra levels we used a polyclonal antibody that we
generated against a fragment of zebrafish Tca that includes re-
gions of identity with Tra (see Materials and Methods). A dou-
blet was detected on immunoblots of homogenates from OKR+
retinas (Fig. 5C, lane 1) corresponding to the expected sizes of
Tca and Tra. A fainter band with slower mobility was also de-
tected, suggesting the presence of a small amount of a modified
form of Tca. Only the band with greatest mobility, correspond-
ing to the slightly smaller mass of Tra, was detected in nof retina
homogenates (Fig. 5C, lane 2). The intensity of the Tra signal was
similar in OKR+ and nof homogenates.

Light responses and calcium measurements from single cones
To resolve whether nof cones respond to light, we recorded pho-
toresponses directly from individual adult zebrafish cone photo-
receptors. Both rods and cones in the adult retinas are suitable for
suction electrode recordings using established methods (Rieke
and Baylor, 2000). We also used the fluorescent indicator dye
fluo-4 to measure light-induced changes in free-Ca** concentra-
tion with methods established previously for salamander photo-
receptors (Sampath et al., 1998, 1999; Matthews and Fain, 2001).

Light responses from cones of adult homozygous nof mutants
and from their OKR+ siblings are shown in Figure 6. Figure 6 A
shows average responses of a normal L cone to a series of 10 msec
flashes of increasing intensity. Half-maximal responses were elic-
ited by flashes producing 1000-2000 photoisomerizations. Fig-
ure 6 B compares the flash responses of a normal cone to that of a
nof cone to a flash 70X brighter. A similar lack of response was
seen in >100 nof cones for flashes up to 200X brighter than those
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Figure 6.  Photoreceptor responses of the nof mutant. A, Current recordings from an OKR+

L cone in response to 10 msec flashes of 590 nm light. The dimmest flash had a strength of 630
photons per square micrometer, and each successive flash was twice as bright. B, Response from
a nof cone to a 10 msec flash of 44100 photons per square micrometer. For comparison the
response of the OKR+ L cone from Bto aflash 70 X dimmeris shown. C, Comparison of the flash
sensitivity of rods and cones from OKR+ (control) and nof fish. In contrast to cones, nof rods
have normal sensitivity. Error bars are SE from recordings from 4 nofrods, 5 0KR+ rods, 73 nof
cones, and 6 OKR+ cones. Open circle, OKR+ rod; closed circle, nof rod; open diamond, OKR+
cone; closed diamond, nof cone.

required to elicit half-maximal responses in normal cones. Figure
6C summarizes measurements of the flash sensitivity from 6
OKR+ cones and 73 nof cones. The nof cones that were analyzed
included both L/M and S/UV cones. The lack of flash responses in
nof cones indicated that their sensitivity was at least 1000 times
less than that of their OKR+ siblings. Further evidence for the
low sensitivity of nof cones came from measurements of their step
responses (see below). Figure 6C also compares the sensitivity of
rods from OKR+ and nof fish; the absence of Tca had little or no
effect on rod sensitivity, indicating that the nof mutation caused a
specific defect in cone function.

The absence of Tca could attenuate the light response directly,
by reducing the efficiency of phototransduction, or indirectly, by
altering the number of cGMP channels that are open in darkness.
To distinguish between these two possibilities, we compared dark
currents in OKR+ and nof cones by exposing their outer seg-
ments to 0.5 mMm l-cis-diltiazem while recording membrane cur-
rents from the inner segments. This concentration of diltiazem
reduced the dark current by 60—-70% in OKR+ cones. The absolute
magnitude of the current changes produced by diltiazem in six
OKR + and eight nof cones differed by <30% (data not shown). This
indicates that OKR+ and nof cones maintain similar currents in
darkness and that the differences we found in their light responses
are caused by less efficient phototransduction in nof.

In addition to flash responses, we recorded responses to 2 sec
light steps. Normal zebrafish cones responded rapidly to the on-
set and termination of a light step (Fig. 7A). Responses to dim
steps reached a peak in 100—200 msec and maintained this level
throughout the step. Responses to bright steps reached an initial
peak and then sagged as light adaptation partially restored the
current.
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Figure 7.  Small, Ca®"-sensitive electrical responses are detected in nof cones during light
steps. A, Shown is a family of step responses of 2 sec duration from an OKR+ L cone. The
dimmest step had an intensity of 1575 photons per square micrometer per second, and each
successive step was twice as bright. B, Comparison of step response from an OKR+ cone with
the response of anof cone to a light step 400 X brighter. C, Average response of 26 nof cones to
a 2 sec light step of intensity 1.3 > 107 photons per square micrometer per second. The
averaged amplitude is significantly smaller than that obtained from the majority of individual
cells because this average includes every nof cone from which responses to this step were
measured. Some of the cells included in the average did not appear to respond. D, Comparison
of the maximum amplitudes of nof cone responses with and without BAPTA loading. BAPTA
dramatically reduced the response from nof cones. The inset shows the averaged responses from
2 sec stimuli. Calibration, 0.2 pA. The step intensity was 6.5 X 10° photons per square micro-
meter per second, and in all cases 590 nm light stimuli were used.

As expected from their insensitivity to light flashes, nof cones
were 500-1000X less sensitive to steps than cones from OKR+
fish (32 nof cones, 12 normal cones). The nof cones, however, did
generate small responses to steps that bleached a few percent of
the cone visual pigment per second (Fig. 7B). Although the light
needed to stimulate nof cones was bright, it was within the normal
operational range for cone vision (Burkhardt, 1994). Step re-
sponses of individual nof cones ranged from near 0 pA to 1.5 pA.
The cells that failed to respond included both L/M and S/UV
cones; the fraction of cone cells that failed to respond was similar
to that obtained with OKR+ fish. To determine the significance
of these small responses, we averaged the response amplitude
across all recorded cells, thus avoiding bias that would otherwise
be introduced by selecting cells with apparent responses. The
presence of a non-zero average response was highly significant
(Fig. 7D) (p < 0.0001).

The kinetics of the step responses in the nof cones were also
considerably slower than those of the normal cones (Fig. 7B). nof
cone responses peaked in 1-1.5 sec compared with 0.1-0.2 sec for
OKR+ cones; nof responses also recovered much more slowly
than normal. The kinetics of the response in nof can be seen more
clearly in Figure 7C, which shows the step response averaged
from 26 nof cones plotted on a longer time scale to permit recov-
ery of the response.

Because bright lights were required, we questioned whether
the nof responses could be artifacts. The response clearly origi-
nated from the nof cones because the response was eliminated
when all of the visual pigment in the cell was bleached (data not
shown). Heating artifacts are unlikely, because photoreceptor
dark current increases with temperature (Lamb, 1984), opposite
to the response of nof to bright light.
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We investigated whether the residual light responses of nof
cones could be mediated by Ca*". Light normally causes a de-
cline in cytoplasmic free-Ca*" concentration in rod and cone
outer segments because of suppression of Ca** influx and con-
tinued efflux by Na™/K"—Ca®" exchange (Yau and Nakatani,
1985; Ratto et al., 1988; Gray-Keller and Detwiler, 1994; Sampath
et al., 1998, 1999). Most of the Ca*" decline is prevented when
Na “/K"—Ca*" exchange is inhibited by exposing the outer seg-
ment to 0Ca>*/0Na ™ solution (Matthews et al., 1988; Nakatani
and Yau, 1988; Matthews and Fain, 2001). Recent experiments
show, however, that exposure to 0Ca®"/0Na " solution not only
greatly slows the light-stimulated Ca>" decline but also enables a
light-stimulated increase in free Ca®* produced by release of
Ca?" from bound and/or sequestered stores (Matthews and Fain,
2001). Such alight-induced release of Ca>" in nof cones might act
on several targets, e.g., guanylyl cyclase or the cGMP-gated chan-
nels, to produce the observed changes in membrane current.

We tested directly for a light-induced change in Ca** concen-
tration using the fluorometric indicator fluo-4. Laser illumina-
tion was used to evoke fluorescence from the indicator and to
stimulate the cell. For cones from normal animals, exposure to
laser light produced an initial small increase in fluorescence.
Some part of this initial increase may reflect a process other than
Ca?" increase (Matthews and Fain, 2002; Woodruff et al., 2002).
This was followed by a monotonic decline (Fig. 8 A), likely pro-
duced by closure of cyclic nucleotide-gated channels and contin-
ued extrusion by Na /K *~Ca”* exchange. This decline is simi-
lar to that recorded previously from both rods and cones bathed
in physiological saline (Yau and Nakatani, 1985; Ratto et al.,
1988; Gray-Keller and Detwiler, 1994; Sampath et al., 1998,
1999). In nof cones (Fig. 8 B), the fluorescence increase was much
greater, because it was not superimposed on the rapid decline
produced by complete cessation of Ca*" influx. The increase was
then followed by a small decline in fluorescence, probably from
Na"/K"—Ca*" exchange activity. This presumption is strength-
ened by the second trace in Figure 8 B, showing the change in
fluorescence in nof cones exposed to 0Ca>*/0Na ™ solution. Un-
der this condition, exposure to the laser light produced an in-
crease in fluorescence that, during the 2 sec duration of the laser
exposure, continued to rise and showed no apparent decline like
that recorded in Ringer’s. The response of the mutant cones in
0Ca**/0Na " solution resembles responses recorded in this solu-
tion for salamander rods (Matthews and Fain, 2001, 2002) and
normal zebrafish cones (Fig. 8 A) (Leung et al., 2002) and is likely
to represent a sustained increase in free Ca®™". These results show
that light stimulates Ca>* release even in the absence of transdu-
cin. The kinetics of Ca*" release in the experiments shown in
Figure 8 are not directly comparable with the current measure-
ments shown in Figure 7 because they were stimulated with dif-
ferent sources of illumination.

If this Ca®" increase is responsible for the light responses of
nof cones, then the current reduction, recorded with suction elec-
trodes, should be suppressed by chelating Ca** with BAPTA. We
measured photocurrents from nof cones after bathing the cells in
50 um BAPTA-AM for 15 min before electrical recording. Dark
currents were not substantially altered in OKR+ cones after
BAPTA loading, indicating that the treatment had little effect on
resting Ca’" levels in the outer segments (data not shown).
BAPTA loading slowed and increased the amplitude of the re-
sponses of normal zebrafish cones (data not shown), effects sim-
ilar to those observed previously in rods (Matthews et al., 1985;
Korenbrot and Miller, 1986) and salamander cones (Sampath et
al.,, 1999). Thus BAPTA effectively accumulates in zebrafish
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Figure 8. Change in free Ca2™ in cones from OKR+ and OKR— zebrafish cones. Fluores-

cence was recorded from zebrafish cones preloaded with fluo-4, a reporter of free Ca®™ con-
centration. Cones containing the dye were stimulated for 2 sec with intense laser light (see
Materials and Methods). Traces are means from 13-25 cells, individually normalized to the
mean value of the fluorescence recorded during the first 20 msec of laser illumination. A, Cones
from OKR+ (WT) animals in Ringer’s (bottom trace) produce a small increase in fluorescence
followed by a decrease to a level substantially below the initial value. In 0Ca® " /ONa * solution
(top trace), the fluorescence increases, but there is no subsequent decline. B, Stimulation of nof
cones in Ringer's (bottom trace) produces a large increase in fluorescence followed by a slight
decrease. Note that the final value of fluorescence remains substantially higher than the initial
value, unlike in OKR+ cones. In 0Ca®*/0Na * solution (top trace), the fluorescence from nof
cones increases with no subsequent decline, similar to 0Ca* /0Na * responses from OKR+
cones.

cones and increases their Ca®" buffering. Although BAPTA in-
creased the sensitivity of OKR+ zebrafish cones, it reduced the
amplitude of the light responses of nof cones approximately
threefold. Figure 7D compares the amplitude of nof cone step
responses with and without BAPTA. To ensure that the effect of
BAPTA was not caused by chelation of zinc ions, we conducted a
similar experiment using 10 uM N,N,N’,N’-terakis-(2pyridyl-
methyl)ethylenediamine (TPEN) (Arslan et al., 1985) instead of
BAPTA. Unlike BAPTA, TPEN did not reduce the photoresponse
obtained from nof cones (data not shown). The specific inhibi-
tory effect of BAPTA on nof cones is consistent with the idea that
nof photoresponses are mediated by a light-stimulated increase in
Ca*™ that does not require transducin activation.

Discussion

This study uses a newly identified zebrafish mutant to address
two questions. What role does Tca play in light-stimulated sup-
pression of the dark current, and what is the mechanism of Ca**
release in cone photoreceptors? This study was possible because
the nof mutation has very specific phenotypic consequences and
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because zebrafish photoreceptors are amenable to single-cell re-
cording methods.

One form of transducin is expressed in all cone types

A previous immunological study suggested that the same form of
Tca is expressed in all cone types in human retinas (Lerea et al.,
1989). However, that study could not exclude the possibility that
different transducins that are closely related and immunologi-
cally cross-reactive are expressed in different cones. The study
described here shows that a single gene is used to express Tca in
all cones. This is consistent with the suggestion of the previous
study and provides evidence that the gene from which Tca is
expressed is not responsible for differences in cone response
properties. Also, unlike the fish Sparus aurata, which may contain
only one transducin gene (Funkenstein and Jakowlew, 1997),
zebrafish contain two transducin genes, one expressed in rods
and the other expressed in cones.

Cone transducin is not required for photoreceptor formation
or viability

Our study shows that the presence of Tce is not essential for
development of cones or for cone viability in young adult ze-
brafish. Electron microscopy, light microscopy, immunohisto-
chemistry, and Western analysis all showed that the retina of nof
fish develops normally and remains generally normal through
adulthood. A further confirmation of the integrity of cone outer
segments in older nof mutants came from our ability to perform
single-cell suction recordings and fluorescence measurements
from intact adult cone outer segments. Thus, if the absence of
Tca causes photoreceptor degeneration, then the degeneration
must be slower and less severe than we can detect in the experi-
ments that we have done with these animals.

Phototransduction is severely impaired but not absent in nof
Arecentreport described evidence that rod transducin is essential
for phototransduction in mouse rods (Calvert et al., 2000). Like-
wise, we found that nof cones that lack Tca fail to respond at low
or moderate light levels. This confirms that Tca is a requisite
component of the phototransduction process under these illumi-
nation conditions.

Although moderate intensity stimuli do not evoke responses
from nof cones, photoresponses can be elicited by bright light.
When we stimulated nof cones with a step increase in light that
bleached a few percent of their visual pigment per second, we
detected a small, slow response that developed for ~1 sec after
light onset. The kinetics of this response are qualitatively different
from responses of normal cones, even for responses to very dim
illumination. Because the dark currents of nof and normal cones
differed by <30%, the small amplitude of the response reflects
low sensitivity rather than a reduction in the number of channels
open in darkness. These results show that phototransduction in
nof cones, with its slow kinetics and small response amplitude,
occurs via a mechanism that is much less efficient and qualita-
tively different from the major transducin-mediated phototrans-
duction pathway.

Light stimulates Ca>* release into the cytoplasm of nof cones

Phototransduction in cones is primarily mediated by changes in
c¢GMP metabolism: as in rods, transducin stimulates hydrolysis
of cGMP and closure of cation channels. Channel closure blocks
Ca’" entry, and the resulting depletion of intracellular Ca**
provides negative feedback that reduces the amplitude and accel-
erates the kinetics of the photoresponse. Indeed, suppressing this
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feedback with BAPTA in normal zebrafish cones increases re-
sponse amplitude and duration.

Light also has an additional effect on Ca** in rod and cone
outer segments. It stimulates release of Ca®™" into the cytoplasm
(Matthews and Fain, 2001, 2002; Leung et al., 2002). The light
intensity used to stimulate Ca*" release prompted an earlier sug-
gestion that a mechanism less sensitive than normal phototrans-
duction may be responsible for Ca** release (Matthews and Fain,
2001). The experiments described here demonstrate directly that
transducin-mediated phototransduction is not required for light
to stimulate Ca*" release into the cytoplasm of zebrafish cones.

The best evidence for light-stimulated release of Ca** in nof
cones is the comparison of fluo-4 signals in physiological versus
0Ca’*/0Na™ solutions (Fig. 8 B). Both rise rapidly immediately
after onset of illumination. However, the signal in 0Ca**/0Na *
continues to rise, whereas in normal Ringer’s it peaks early and
then declines slowly. The rise in fluorescence most likely indicates
release of Ca™ into the cytoplasm; the slow decline in Ringer’s
indicates removal of Ca** by Na /K *~Ca** exchange. This in-
terpretation is consistent with the observation that the decline is
faster when Ca”" influx is slowed in normal zebrafish cones (Fig.
8A) and with the observation that exposure to 0Ca*"/0Na™,
which suppresses exchange, prevents the decline.

Relationship between Ca’” release and the

nof photoresponse

Increased cytoplasmic Ca®* should inactivate cGMP-gated
channels in cones by two mechanisms. First, Ca>* reduces the
affinity of the cone channel for cGMP (Hsu and Molday, 1993;
Rebrik and Korenbrot, 1998), and second, Ca" inhibits synthe-
sis of cGMP by photoreceptor membrane guanylyl cyclase (Koch
and Stryer, 1988; Dizhoor et al., 1994; Palczewski et al., 1994;
Dizhoor and Hurley, 1996).

The light-evoked increase in cytoplasmic Ca** could there-
fore explain the current suppression in nof cones. Consistent with
this idea, the current suppression was reduced by Ca** buffering.
This result is inconsistent with an explanation in which nof pho-
toresponses are generated by very low, immunologically unde-
tectable levels of cone or rod transducin, or even another
G-protein. Those types of responses would be enhanced by Ca**
buffering, as they are in normal cones, rather than reduced, as
they are in nof cones. Electrical responses like those seen in nof
cones have subsequently been recorded in mouse rods that lack
Tra (M. L. Woodruff, H. R. Matthews, J. Lem, and G. L. Fain,
unpublished observation). Taken altogether, these findings are
most consistent with a mechanism in which activation of pho-
topigments suppresses current using Ca>" as a second messen-
ger, altogether bypassing G-protein-mediated phosphodiesterase
activation.

The kinetics of Ca®™ release in Figure 8 B and the kinetics of
current suppression in Figure 7B are not directly comparable
because the responses were elicited by different stimuli. The de-
crease in fluorescence in Ringer’s that occurs during the first 0.5
sec of intense illumination in Figure 8 B may reflect depletion of
the Ca®™ store in the presence of continuing exchanger activity.
However, the release of Ca’™" by the less intense illumination
used in the experiment shown in Figure 7B may be slower and
more sustained. The Ca*” store in that experiment may not have
been depleted as rapidly or to the same extent as it was in the
experiment shown in Figure 8 B.
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Significance of the nof photoresponse

The current responses recorded from nof cones were obtained
with light intensities within the normal operational range for
cone vision (Burkhardt, 1994, 2001). Could this type of photo-
transduction mechanism, uncovered by the nof mutation, be im-
portant for normal cone function? We consider two possibilities.

Sustaining a minimum Ca’" level

On exposure to intense illumination, Ca?" inrod and cone outer
segments falls but fails to reach the level expected from the ener-
getics of Na"/K"—Ca®" exchange (Gray-Keller and Detwiler,
1994; Schnetkamp, 1995; Sampath et al., 1998, 1999). It is possi-
ble that low Ca*" concentrations inhibit exchanger activity to
prevent a further decline in Ca** (Schnetkamp and Szerencsei,
1993). However, the light-induced release of Ca?" into the cyto-
plasm might also play a role in maintaining a plateau level of
Ca’* (Fain et al., 2001). Limiting depletion of intracellular free
Ca’* during exposure to bright light could serve several func-
tions. One would be to keep the cell from fully light adapting on
brief exposure to bright light (Calvert et al., 2002). Another pos-
sible reason to sustain a minimum Ca** concentration may be to
prevent photoreceptor degeneration (Fain and Lisman, 1999).

Auxiliary phototransduction pathway

Cones avoid saturating even in the presence of background illu-
mination that bleaches >99% of their visual pigment
(Burkhardt, 1994, 2001). Under intense illumination, the rate of
transducin activation in a cone may exceed the rate at which it can
be inactivated. At that point, all transducins will be active, and
further increases in illumination will cause no further physiolog-
ical response through that pathway. The light-evoked increase of
cytoplasmic Ca** and the electrical responses that we detected in
nof cones may be indicators of an auxiliary phototransduction
pathway that enables cones to respond under intense illumina-
tion. In intensely illuminated normal cones, an increase in cyto-
plasmic Ca*™ evoked by a strong stimulus would inhibit guanylyl
cyclase, slow cGMP synthesis, and release cGMP from channels.
With transducin saturated and phosphodiesterase hydrolyzing
c¢GMP at its maximum velocity, there would be rapid depletion of
c¢GMP, and channels would close. In principle these mechanisms
would extend the operating range of cones. The current changes
that we measured in dark-adapted nof mutant cones were small
and slow, but light-evoked Ca*™ release ought to have more sub-
stantial effects on the biochemistry of light-adapted normal cones
than on dark-adapted mutants. In normal cones, Ca?™" concen-
trations are low in the light-adapted state, and Ca*" release
would therefore cause large fractional changes in Ca** concen-
tration and guanylyl cyclase activity. Furthermore, phosphodies-
terase hydrolyzes cGMP at its maximum velocity under light-
adapted conditions, so ¢cGMP depletion in a light-adapted
normal cone would be much faster than in dark-adapted nof
cones.

Conclusion and perspective

Much effort has been devoted to understanding changes in free
Ca’" in photoreceptors because of the importance of Ca*" as a
messenger for adaptation. However, cytoplasmic free Ca®" is
only a small fraction of the total Ca®" in photoreceptor outer
segments. The concentration of free Ca®" in the cytoplasm is
~0.5 uM, but total Ca*™ is at least 100X larger, ~50 umol/l of
tissue volume on the basis of Ca*>* buffering capacity measure-
ments (Lagnado et al., 1992; Gray-Keller and Detwiler, 1994). In
rods, the total Ca®" concentration may be even greater than this
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(Schnetkamp, 1979; Fain and Schroder, 1985). The experiments
with cones described here and elsewhere (Leung et al., 2002)
together with previous experiments using rods (Matthews and
Fain, 2001) indicate that movement of Ca®" in photoreceptors
between free and sequestered pools is affected by light. In our
study using zebrafish nof mutants, we demonstrate experimen-
tally that release of Ca>* occurs independently of the transducin-
mediated mechanism of phototransduction. The source of Ca**
is unknown. In rod outer segments, some Ca 2* could be stored in
the enclosed structures known as disks, but the absence of such
structures in cones excludes them as a possible source of Ca*™. It
is more likely that Ca*>* is bound and released from sites in the
cytoplasm or on the cytoplasmic face of the plasma membrane.
Future biochemical and physiological studies may reveal the
source of Ca’", the mechanism by which it is released, and the
role of Ca*" release in photoreceptor physiology.
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