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Guanylyl cyclase-activating proteins (GCAPs) are Ca 2�-binding proteins that activate guanylyl cyclase when free Ca 2� concentrations in
retinal rods and cones fall after illumination and inhibit the cyclase when free Ca 2� reaches its resting level in the dark. Several forms of
retinal dystrophy are caused by mutations in GUCA1A, the gene coding for GCAP1. To investigate the cellular mechanisms affected by the
diseased state, we created transgenic mice that express GCAP1 with a Tyr99Cys substitution (Y99C GCAP1) found in human patients with
a late-onset retinal dystrophy (Payne et al., 1998). Y99C GCAP1 shifted the Ca 2� sensitivity of the guanylyl cyclase in photoreceptors,
keeping it partially active at 250 nM free Ca 2�, the normal resting Ca 2� concentration in darkness. The enhanced activity of the cyclase in
the dark increased cyclic nucleotide-gated channel activity and elevated the rod outer segment Ca 2� concentration in darkness, mea-
sured by using fluo-5F and laser spot microscopy. In different lines of transgenic mice the magnitude of this effect rose with the Y99C
GCAP1 expression. Surprisingly, there was little change in the rod photoresponse, indicating that dynamic Ca 2�-dependent regulation of
cGMP synthesis was preserved. However, the photoreceptors in these mice degenerated, and the rate of the cell loss increased with the
level of the transgene expression, unlike in transgenic mice that overexpressed normal GCAP1. These results provide the first direct
evidence that a mutation linked to congenital blindness increases Ca 2� in the outer segment, which may trigger the apoptotic process.
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Introduction
Guanylyl cyclase-activating proteins (GCAPs) are EF-hand
calcium-binding proteins that activate photoreceptor guanylyl
cyclase when free Ca 2� concentrations in rods and cones fall after
illumination and inhibit the cyclase when free Ca 2� reaches its
resting level in the dark (for review, see Palczewski et al., 2000;
Olshevskaya et al., 2002). The absorption of light in rod and cone
outer segments activates the photopigment, triggering an in-
crease in the activity of a cGMP phosphodiesterase (PDE), the
enzyme that hydrolyzes cGMP, leading to the closure of cGMP-
gated channels in the outer segment. Photoreceptor membrane
guanylyl cyclase (retGC1/2 or GC-E/F) (Garbers and Lowe, 1994;
Garbers, 1999), regulated by GCAPs, subsequently restores the
level of cGMP. Closure of the cGMP-gated channels in the light
produces a decrease in outer segment Ca 2� concentration (Gray-

Keller and Detwiler, 1994; Sampath et al., 1998, 1999; Woodruff
et al., 2002), causing Ca 2� to dissociate from the GCAPs, and that
stimulates retGC to synthesize more cGMP and to reopen the
cGMP-gated cation channels. This GCAP-dependent activation
of the cyclase plays an important role both in shaping the photo-
receptor light response and in light adaptation (Fain et al., 2001;
Mendez et al., 2001; Burns et al., 2002).

Several forms of congenital blindness in humans associate
with mutations in the GUCA1A gene, which encodes GCAP1
(Payne et al., 1998; Wilkie et al., 2001). One of them, causing a
substitution Y99C, has been linked to a late-onset congenital
dominant cone dystrophy; in vitro studies of recombinant
GCAP1 have shown that this mutation reduces its Ca 2� sensitiv-
ity (Dizhoor et al., 1998; Sokal et al., 1998; Wilkie et al., 2001).
These results gave rise to the following hypothesis about the func-
tional role of the Y99C GCAP1 in photoreceptor death. In normal
rods and cones the Ca 2�-binding sites of GCAP1 are occupied
fully in the dark, and the cyclase is mainly inactive. However, in
the presence of the mutant GCAP1, which has lower affinity for
Ca 2�, guanylyl cyclase remains partially active at normal high
Ca 2� levels in the dark; hence, free cGMP concentration in-
creases. As a result, a higher than normal percentage of cGMP-
gated channels will be open, thus letting excess Na� and Ca 2�

enter the outer segment (Dizhoor et al., 1998; Fain and Lisman,
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1999; Dizhoor, 2000; Palczewski et al., 2000; Olshevskaya et al.,
2002).

To test this hypothesis, we produced transgenic mice that ex-
press Y99C GCAP1. We show that this mutation alters the Ca 2�

sensitivity of cyclase regulation in photoreceptors of these ani-
mals such that cyclase remains active at the normal dark level of
outer segment Ca 2�. The light responses of Y99C GCAP1 rods
are affected only slightly, but both rods and cones degenerate at a
rate consistent with the amount of expression of the mutant pro-
tein. Direct measurement of the intracellular free Ca 2� in the
rods reveals an abnormal increase in Ca 2� that correlates with
Y99C GCAP1 expression. These experiments provide the first
direct evidence for a role of high Ca 2� in congenital retinal
dystrophy.

Materials and Methods
The Y99C GCAP1 transgenic mice. All experimental procedures with the
mice in this study were conducted in accordance with National Institutes
of Health guidelines, as approved by the institutional animal investiga-
tion committees. We used a 4.2 kbp fragment of the mouse opsin gene as
a promoter-containing region active in both rods and cones (Woodford
et al., 1994) inserted between the KpnI and XhoI sites of pBluescript
(Stratagene, La Jolla, CA). We amplified a short fragment containing the
opsin translation initiation signal by PCR, added an NcoI site, replaced
the ATG codon with 0.6 kbp of the bovine Y99C GCAP1 cDNA NcoI/
BamHI fragment excised from pET11 vector (Dizhoor et al., 1998; Krylov
et al., 1999), and inserted the joint fragment into the XhoI/BamHI sites.
The construct also contained a 0.5 kbp modified fragment of mouse
protamine 1 gene as a polyadenylation signal (Raport et al., 1994) in-
serted into BamHI/XbaI sites. After the final construct was sequenced, it
was excised by KpnI/XbaI digestion, gel-purified, and injected into male
pronuclei of fertilized B6/D2 hybrid mouse eggs, which then were im-
planted into pseudo-pregnant females. Tail DNA from the progeny was
screened by PCR and DNA blot, and then the transgene-positive mice
were mated with C57B6 mice (Taconic, Germantown, NY). We found no
PDE6brd1, Prph2rd2, or Nr2e3rd7 mutations (Pittler and Baehr, 1991; Ma
et al., 1995; Akhmedov et al., 2000; Chang et al., 2002) in the resultant
mouse lines. To detect transgenic GCAP1 expression by immunoblot, we
homogenized retinas from 3- to 4-week-old mice in a Laemmli SDS
sample buffer containing 4 mM EGTA. After electrophoresis in 15% poly-
acrylamide gel, the retinal proteins were transferred onto Immobilon-P
membrane (Millipore, Bedford, MA), probed with affinity-purified rab-
bit anti-GCAP1 antibody raised against purified recombinant GCAP1,
and visualized by using a Femto Supersignal kit (Pierce, Rockford, IL).
To compare phototransduction proteins expression, we homogenized
each sample containing three retinas in Laemmli SDS sample buffer; 10
�l aliquots were subjected to electrophoresis in 7.5 or 15% polyacryl-
amide gel and immunoblot. The blot was probed with antibodies against
rhodopsin (Abcam, Cambridge, MA), G�t1, G�1 (Santa Cruz Biotech-
nology, Santa Cruz, CA), CNG1 (a gift from Dr. R. Molday, University of
British Columbia), PDE6�, and PDE6� (Abcam) and visualized as de-
scribed above. The samples for rhodopsin detection were not boiled
before electrophoresis.

Recombinant GCAP1 and anti-GCAP1 antibody. GCAP1 cDNA cloned
from mouse and bovine retinal cDNA libraries was expressed from a
pET11d vector in a BLR(DE3)pLysS Escherichia coli strain, and the pro-
tein was fast protein liquid chromatography-purified (FPLC-purified) to
�90% as described (Dizhoor et al., 1998; Krylov et al., 1999). We used the
purified GCAP1 as antigen to produce rabbit polyclonal antibodies and
as immunosorbent to affinity-purify the anti-GCAP1 antibody.

Electroretinography. We followed the electroretinogram (ERG) proto-
col of Lyubarsky et al. (2002), using an SWE BMA-200 AC/DC Bioam-
plifier and a Tektronix 2205 20 MHz oscilloscope (Beaverton, OR). The
signal output was recorded with Axotape 2 software. Mice were dark-
adapted for 8 –12 hr and then sedated under dim red light (20 mg/kg
ketamine and 8 mg/kg xylazine). Tropicamide eye drops (0.5%) were
applied to the corneas to dilate the pupils, and the mice were dark-

adapted again for at least 10 min before the ERG recording. During the
whole procedure the mice were maintained at 37°C on a heated plate. The
corneal electrode consisted of a platinum wire in a small concave trans-
parent plastic holder filled with a drop of water. A 1 msec flash adjusted
by a 540 nm interference filter and neutral density filters delivered light
through the window of an aluminum foil-lined ERG recording chamber,
with intensities ranging from 0.72 to 23,900 photons/�m –2 at the cornea.
An unfiltered saturating white flash was used to evoke the maximal
a-wave amplitude with 4 min intervals between flashes. S cone-driven
b-waves were recorded by using 360 nm test flashes of 980, 1700, and
3240 photons/�m –2 at the cornea, superimposed on a constant incan-
descent light background of 36.5 scotopic lux.

Histology and immunocytochemistry. Mice were killed by lethal injec-
tion of ketamine/xylazine and cervical dislocation and perfused through
the heart, first with DMEM–PBS and then with 1% glutaraldehyde in 0.1
M Sorensen phosphate buffer solution, pH 7.2. The eyes were removed
and fixed for 3 hr more in 0.8% glutaraldehyde/2% OsO4/0.1 M Sorensen
phosphate buffer solution on ice, washed briefly with PBS, and then
dehydrated by using ethanol solutions and propyleneoxide; they were
embedded in Embed resin (Electron Microscopy Sciences, Fort Wash-
ington, PA), cut into 1-�m-thick sections, and stained with a methylene
blue/azure mixture for bright-field microscopy. For immunocytochem-
istry the eyes were fixed in 4% paraformaldehyde, pH 7.2, for 6 – 8 hr,
embedded in OCT medium, and frozen. The 10-�m-thick sections were
taken with a Bright OFT 5000 cryostat. The cryosections were incubated
in blocking solution (1% goat serum, 1% bovine serum albumin, 0.05%
Triton X-100 in TBS buffer, pH 7.5) for 1 hr; then primary antibodies
diluted in TBS containing 0.3% Triton X-100 were applied overnight at
4°C. After being washed twice with TBS for 15 min at room temperature,
the sections were incubated with secondary fluorescent antibodies for 1
hr at room temperature under dim dark-orange light, washed twice more
with TBS, covered with DAPI-containing Vectashield mounting me-
dium (Vector Laboratories, Burlingame, CA), and photographed with an
Olympus BX51 microscope equipped with a Magnafire imaging system.
We used FITC-peanut agglutinin (Sigma Aldrich, St. Louis, MO) to label
cone sheaths, rabbit polyclonal affinity-purified anti-GCAP1 antibody
(as above), rabbit polyclonal G�t1 (Santa Cruz Biotechnology) anti-
transducin antibody to label rod outer segments, and mouse monoclonal
anti-G�0 antibody (Santa Cruz Biotechnology) to counterstain the inner
retina (Haverkamp and Wassle, 2000). Fluorescent secondary antibodies
were AlexaFluor 568-conjugated goat anti-mouse IgG or goat anti-rabbit
IgG (Molecular Probes, Eugene, OR) and FITC-labeled goat anti-rabbit
IgG (Cappel/ICN, West Chester, PA/Aurora, OH).

RetGC activity. Dark-adapted mouse retinas aged 3– 4 weeks or 6
months were frozen in liquid nitrogen, thawed, and homogenized under
infrared illumination on ice in 1.5 ml test tubes with a motor-driven
plastic cone-shaped pestle in 250 �l of (in mM) 120 KCl, 60 MOPS, pH
7.2, 10 NaCl, 4.6 MgCl2, 0.2 ATP, plus 50 �M zaprinast, 50 �M dipyrid-
amole, 20 �g/ml leupeptin, 20 �g/ml aprotinin. Each 25 �l of retGC
assay reaction [modified from Olshevskaya et al. (1997) and Hurley and
Dizhoor (2000), as described by Peshenko and Dizhoor (2004)] con-
tained 1 mM GTP, �1 �Ci [�- 32P]GTP, 0.1 �Ci [8- 3H] cGMP
(PerkinElmer Life Sciences, Emeryville, CA), and (in mM) 4 cGMP, 0.3
ATP, 2.3 MgCl2, 30 MOPS, pH 7.2, 5 NaCl, 60 KCl, plus 25 �M each
Zaprinast and dipyridamole, 4 �g/ml each leupeptin and aprotinin, and
2 mM Ca 2�/EGTA buffers prepared as described (Tsien and Pozzan,
1989; Marks and Maxfield, 1991; Brooks and Storey, 1992). We started
the reaction by adding retinal homogenate and performed it at 30°C for
12 min under infrared illumination. The reaction was stopped by heating
at 95°C for 2 min; the products of the reaction were analyzed by thin-
layer chromatography as described (Koch and Stryer, 1988; Hurley and
Dizhoor, 2000).

Calcium determinations in rods. We killed the animals, removed the
eyes, and chopped the retina into small pieces as previously described
(Woodruff et al., 2002, 2003). We pipetted the pieces into an open per-
fusion chamber on the stage of an inverted microscope (Zeiss Axiovert
135TV, Oberkochen, Germany) and exposed them for 30 min at room
temperature to 10 �M fluo-5F AM (Molecular Probes/Invitrogen, San
Diego, CA). We then perfused the pieces at 37°C with bicarbonate-
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buffered DMEM [D-2902, Sigma; supple-
mented with (in mM): 15 NaHCO3, 2 Na-
succinate, 0.5 Na-glutamate, 2 Na-gluconate,
and 5 NaCl]. We illuminated rods with 488 nm
light from an argon gas laser (American Laser),
focused as a 10-�m-diameter spot on the outer
segment. To minimize dye bleaching, we atten-
uated the intensity of the laser to 2–5 � 10 10

photons per �m –2/sec with reflective neutral
density filters. We detected emission with a low
dark-count photomultiplier tube (PMT) with a
restricted photocathode (model 9130/100A;
Electron Tubes, Rockaway, NJ) for which the
current was amplified by a low-noise current-
to-voltage converter (PDA-700; TeraHertz
Technology, Oriskany, NY). The signal was fil-
tered by a low-pass eight-pole Bessel filter (Fre-
quency Devices, Haverhill, MA) and stored for
analysis on a PC. We recorded the temperature
of the perfusate within 0.5 mm of the rod with a
miniature thermocouple and a digital ther-
mometer to determine the binding constant of
the dye (Woodruff et al., 2002). We calibrated
the intracellular concentration of Ca 2� in dark-
ness and after illumination by using the follow-
ing equation: [Ca 2�] � KD(F � Fmin)/(Fmax �
F ), where KD is the temperature-adjusted dis-
sociation constant of the dye–Ca 2� binding, F
is the measured fluorescence at the beginning of
the recording or at steady state, and Fmin and
Fmax are the fluorescence minimum (at low
Ca 2�) and fluorescence maximum (at high Ca 2�). We determined Fmin

by exposing the rod first to zero Ca 2� solution containing a 10 �M

concentration of the Ca 2� ionophore ionomycin plus (in mM): 140
NaCl, 3.6 KCl, 3.08 MgCl2, 2.0 EGTA, and 3.0 HEPES, pH 7.4. We then
determined Fmax by exposing the rod to high Ca 2� solution containing
(in mM): 50 CaCl2, 3.6 KCl, 3.0 HEPES, 140 sucrose, pH 7.4.

Single-cell suction electrode recording. Nontransgenic, Y99C L52H, and
Y99C L53 mice aged 3–12 weeks were dark-adapted overnight, and all
subsequent preparation of tissue was performed under infrared illumi-
nation. Animals were anesthetized with CO2 and killed by cervical dislo-
cation. Retinas were isolated into oxygenated Leibovitz’s L-15 medium
and stored on ice until used, whereon a small piece of retina was chopped
finely in L-15 containing DNase I, type IV (Sigma) and loaded into a
recording chamber. The tissue was perfused with Ringer’s solution con-
taining (in mM): 144 Na �, 3.6 K �, 1.2 Ca 2�, 2.4 Mg 2�, 123.3 Cl –, 10
HEPES, 20 HCO3

�, 0.02 EDTA, 10 glucose, 0.5 glutamate, 3 succinate,
BME vitamins, and MEM amino acids, pH 7.4, equilibrated with 95%
O2/5% CO2, and heated to 36 –38°C. The outer segment of a rod was
drawn into a silanized glass suction pipette that contained identical me-
dium except that HCO3

� was replaced with Cl –, and vitamins and amino
acids were omitted. The current flowing across the outer segment mem-
brane was recorded with a current-to-voltage converter (Axopatch 200A;
Axon Instruments, Foster City, CA), low-pass filtered at 30 Hz (–3 dB,
eight-pole Bessel; Frequency Devices), and digitized at 400 Hz. No cor-
rection was made for the 16.9 msec delay introduced by low-pass filter-
ing. Some records additionally were filtered digitally at 14 Hz by convo-
lution with a Gaussian (IgorPro software; WaveMetrics, Lake Oswego,
OR). Rods were stimulated with 20 msec pulses of light from a xenon-arc
source that was bandpass-filtered at 500 nm (10 nm bandwidth at half-
maximal transmission; Omega Optical, Brattleboro, VT).

Results
Expression of Y99C GCAP1 in mouse retinas
The Y99C GCAP1-linked retinal dystrophy has a dominant phe-
notype in human patients (Payne et al., 1998). Although normal
GCAP1 and GCAP2 compete with Y99C GCAP1, they cannot
maintain normal Ca 2� sensitivity of cyclase regulation in the

presence of the mutant GCAP1 in vitro (Dizhoor et al., 1998;
Sokal et al., 1998), consistent with the dominant phenotype of the
retinal dystrophy. We therefore expressed Y99C GCAP1 on a
background of normal mouse GCAP1 under control of a 4.2 kbp
5� opsin gene fragment containing a promoter region active in
both rods and cones (Woodford et al., 1994). To distinguish be-
tween the endogenous mouse protein and the product of the
transgene, we used a bovine GCAP1 cDNA sequence (Fig. 1a).
Unlike human GCAP1, the bovine homolog has a sufficiently
lower electrophoretic mobility when compared with the mouse
GCAP1 so that it can be distinguished reliably on an SDS gel (Fig.
1b). The regulatory properties of bovine Y99C GCAP1 in vitro are
similar to those of human Y99C GCAP1 (Dizhoor et al., 1998;
Sokal et al., 1998).

We obtained various levels of Y99C GCAP1 expression in
mouse lines produced independently from different founders.
One of them (L52, Y99C�/–) produced Y99C GCAP1 at a ratio
of 0.5– 0.7:1 relative to endogenous GCAP1 and at a ratio of 1–2:1
in the homozygous state (L52H, Y99C�/�), as determined by
immunoblot (Fig. 1c). A second line (L53, Y99C�/–) had a
higher level of expression (3– 4:1). For comparison, we also gen-
erated a line (L300) that expressed normal bovine GCAP1 at this
same high level. Four other lines (L36, L39, L128, and L52X)
expressed Y99C at a level exceeding that in L300 by several-fold
(data not shown).

Morphological changes in mouse retinas caused by the
expression of Y99C GCAP1
Although early development of the retina appeared to be normal
in mice expressing Y99C GCAP1, striking changes occurred as
the photoreceptors started to extend outer segments. All Y99C
mice had shorter rod outer segments, a difference that was de-
tectable as early as 3 weeks of age, also resulting in a small, nearly
proportional, decrease in rhodopsin, CNG1, Gt�1, G�1, PDE6�,
and PDE6� content in degenerating retinas at that age (Fig. 1d).

Figure 1. Expression of the exogenous GCAP1 in transgenic mice. a, DNA construct for the Y99C GCAP1 expressed in transgenic
mice (for details, see Materials and Methods). b, Electrophoretic mobility of purified mouse and bovine GCAP1. Shown is a
Coomassie-stained SDS-PAGE gel loaded with the following: lane 1, 2 �g of mouse GCAP1 (mGCAP1); lane 2, 5 �g of bovine
GCAP1 (bGCAP1); lane 3, 2 �g of Y99C bGCAP1; lane 4, mGCAP1 plus bGCAP1; lane 5, mGCAP1 plus Y99C bGCAP1. c, Expression of
the transgene in some of the transgenic mouse lines (nontransgenic mouse Y99C bGCAP1 in lines L52, L52H, and L53 and normal
bGCAP1 expression in line L300) detected by immunoblot. The bottom band corresponds to the endogenous mGCAP1, and the top
band is a product of the bovine transgene. d, Expression of other phototransduction proteins in nontransgenic siblings and L53
mice. Retinas from 3-week-old mice were analyzed by SDS electrophoresis and probed with antibodies against rhodopsin, G�t1,
G�1, CNG1, PDE6�, and PDE6� as described in Materials and Methods. The corresponding signal intensities in the L53 mice are
plotted in the bottom panel as a percentage of the nontransgenic control.
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By 6 months of age (Fig. 2) many outer segments were gone, but
those that remained were still shorter than normal. In addition,
photoreceptor nuclei losses were dramatic. The severity of degen-
eration increased with the level of the Y99C GCAP1 expression.
In the strongest expressing lines (L36, L39, L52X, L128), the pho-
toreceptor layer degenerated by one-half in little over 1 month
(data not shown). Because of the rapidity and severity of retinal
degeneration, these lines were not studied further. The rate of
photoreceptor loss was 2–3.5 times slower in L53 and L52H, but
the degeneration was progressive, especially in the central and
nasal portions of the retina. By 6 months of age only a few pho-
toreceptor nuclei remained in some areas of the L53 retina, and
outer segments of both rods and cones were absent (Fig. 2a– c).
Even in L52, which had the lowest expression of Y99C, outer
nuclear layer thickness diminished 30 –50% at 6 months. For L52,
L52H, and L53 the changes in retinal morphology could not be
attributed simply to higher than normal levels of GCAP1, because

in the L300 line outer segment length and
outer nuclear layer thickness were similar
to wild type even at 6 months (Fig. 2a– c).

Loss of retinal function in the
Y99C mice
Disturbances in the Y99C mouse ERG par-
alleled the degenerative changes in retinal
morphology (Fig. 3a–c). The dark-adapted
corneal negative a-wave, caused primarily by
the shut-off of dark current in rods, was re-
duced at 5–7 months of age in L52H Y99C
transgenic mice to 83�6 �V (mean�SEM;
n � 6) and was absent in L53 (n � 7) (Fig.
3a,b). The a-wave amplitude in nontrans-
genic siblings was 388 � 48 �V (n � 8).
Despite the high level of normal bovine
GCAP1 expression in L300 mice, their ret-
inas retained a full complement of photo-
receptors, with outer segments of normal
length (Fig. 2), so there was no significant
change in maximal a-wave amplitude
(402 � 29 �V; n � 6) (Fig. 3a,b). Although
the a-wave could not be measured in L53
at 6 months, sometimes there were enough
surviving photoreceptors to give rise to a
small corneal positive b-wave, driven pri-
marily by the excitation of the ON-bipolar
cells. Photoreceptor loss was not restricted
to rods; the cone-driven b-wave in
6-month-old Y99C L53 mice also was sup-
pressed when compared with the non-
transgenic littermates (Fig. 3c). The cone-
driven b-wave in L300 was normal.

RetGC activity in Y99C GCAP1
mouse retinas
To learn how transgene expression af-
fected retGC activity, we determined gua-
nylyl cyclase activity in retinal homoge-
nates as a function of Ca 2�. In older Y99C
animals lacking photoreceptors but re-
taining inner retinal neurons in abun-
dance, Ca 2�-sensitive guanylyl cyclase ac-
tivity was undetectable (Fig. 4, inset).
Therefore, essentially all retGC activity in

the retina originated from the photoreceptors. Retinal homoge-
nates of young Y99C mice exhibited prominent shifts in cyclase
sensitivity to higher Ca 2� ranges (Fig. 4). The higher proportion
of the Y99C to native GCAP1 in L53 than in L52H resulted in a
larger shift in Km,Ca (4.3-fold for L53 compared with 2.6-fold for
L52H). These results are in good agreement with previous work
that used recombinant Y99C (Dizhoor et al., 1998). It is of some
interest that overexpressed normal GCAP1 also caused a lesser,
yet noticeable shift in the guanylyl cyclase Ca 2� sensitivity in
L300, likely because GCAP1 alone inhibits retGC at higher Km,Ca

than GCAP1 and GCAP2 acting together (Hwang et al., 2003).
The shifts in Ca 2� sensitivity of guanylyl cyclase activity in Y99C
mice, extending beyond the normal physiological range of 25–
250 nM free Ca 2� in mouse rods (Woodruff et al., 2002) (Fig. 4,
shaded area), predicted that guanylyl cyclase activity would re-
main partially active in darkness; this can result in elevated free
cGMP levels in the dark. Because the free cGMP in resting pho-

Figure 2. Histological changes in the retinas of 6-month-old mice caused by Y99C GCAP1 expression. a, Light microscopy of
retinal sections from a nontransgenic mouse (N/T), Y99C GCAP1 mice (L52, L52H, and L53), and a mouse that overexpressed
normal GCAP1 (L300). The outer nuclear layer, which consists almost entirely of rod nuclei, becomes markedly thinner as the rods
degenerate. Pe, Retinal pigment epithelium; os, photoreceptor outer segments; onl, outer nuclear layer; opl, outer plexiform
layer; inl, inner nuclear layer; ipl, inner plexiform layer; gl, ganglion cell layer. b, Immunofluorescence of photoreceptor-specific
and inner retina-specific markers in cryosections of mouse retinas. Green fluorescence, FITC anti-rod �-transducin (G�t1) as a rod
outer segment marker; red fluorescence, mouse anti-G�0 as an inner retina marker; blue fluorescence, nuclei counterstained with
DAPI. c, L53 Y99C (top) and L300 bGCAP1 (bottom) mouse retinas probed with anti-GCAP1 antibody (red fluorescence) and
FITC-peanut agglutinin (green fluorescence) as a marker for cone sheaths. The double labeling of cones produces the yellow color.
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toreceptors (3– 4 �M) (Pugh et al., 1997) is 	5% of the total
cGMP, most of which is bound to the noncatalytic sites on PDE6
(Gillespie and Beavo, 1989), it cannot be measured directly in the
retina by using biochemical assays (Kilbride and Ebrey, 1979;
Govardovskii and Berman, 1981). Still, free cGMP regulates the
Na�/Ca 2� channels in the outer segment with high cooperativ-
ity; therefore, changes in free cGMP can affect the channel activ-
ity significantly. Below we determined the physiological impact
of this perturbation on free Ca 2� level and photoresponses in
single rods.

Elevated Ca 2� concentration in dark-adapted
Y99C photoreceptors
Higher than normal rates of cGMP synthesis would enhance the
opening of cGMP-gated channels in Y99C rods and permit a
greater influx of Ca 2� into the outer segment. We tested this

prediction by comparing the Ca 2� in L53 and L52H rod outer
segments with that of nontransgenic littermates. Rods were filled
with the fluorescent dye fluo-5F and illuminated with a laser (see
Materials and Methods). The initial fluorescence at the beginning
of the measurement (Fig. 5a) was proportional to the dark-
adapted Ca 2� concentration and was higher for L53 and L52H
rods than for nontransgenic rods. Closure of the cGMP-gated
channels in response to the measuring light and subsequent re-
moval of Ca 2� by Na�/Ca 2�–K� exchange brought about a
decline in fluorescence over time. The initial fall in Ca 2� was
slower for Y99C animals than for nontransgenics, probably be-
cause there was a higher concentration of Na� in the Y99C outer
segments that slowed the rate of Na�-dependent Ca 2� removal.
The fluorescence decrease also occurred after a slight delay in the
Y99C rods, with a longer delay in the faster-degenerating L53 line
than in L52H. Furthermore, the final Ca 2� concentration was
reached after a few seconds in nontransgenic rods (Fig. 5a) but
only after 30 – 60 sec in the Y99C rods (data not shown).

Because the initial fluorescence was larger in Figure 5a for the
rods from L52H and L53 animals than from nontransgenic mice,
it seemed likely that the dark steady-state Ca 2� concentration in
the transgenic animals was elevated. To investigate this possibility
more quantitatively, we performed an in situ calibration of the
Ca 2� concentration, as described in Materials and Methods. For
each of 10 rods from L52H and L53 animals and for eight rods
from nontransgenic littermates, we individually exposed the rods
successively to a zero Ca 2� solution and a high Ca 2� solution in
the presence of ionomycin to determine for each rod the value of

Figure 3. Electroretinographic analysis of mouse retinal function. a, Typical responses to a
saturating flash in dark-adapted mice at 5–7 months of age; shown are nontransgenic mouse,
L300 (normal bCAP1), L52H (Y99C), and L53 (Y99C). b, Maximal a-wave amplitudes of dark-
adapted mice as a function of age. Open circles, Nontransgenic siblings; filled triangles, L300;
shaded squares, L52H; filled circles, L53. Each symbol plots the result obtained from a different
mouse. c, Typical S cone-driven b-waves recorded from light-adapted mice at 6 months of age
in response to incremental 360 nm test flashes.

Figure 4. Ca 2� sensitivity of retGC in transgenic mouse retinas. Open circles, Nontransgenic
siblings; filled triangles, L300; shaded squares, L52H; shaded circles, L53. Lines are fittings with
the following function: A � (Amax � Amin )/[1 � ([Ca]free /Km,Ca )n] � Amin , where A is retGC
activity and n is the Hill coefficient. Km,Ca was 70 nM (N/T), 150 nM (L300), 180 nM (L52H), and 300
nM (L53); n � 2.2 (N/T), 1.6 (L300), 1.1 (L52H), and 1.2 (L53). The shaded area represents the
normal range of free Ca 2� change in mouse rods between light and dark (Woodruff et al.,
2002). Inset, All detectable Ca 2�-sensitive retGC activity in the retina belongs to photorecep-
tors. Retinas were collected from Y99C L128 mice and their nontransgenic siblings after 6
months of age (the corresponding retinal histology is shown on the right). Open circles, Non-
transgenic siblings; filled circles, Y99C mice. Mouse retinas that lack photoreceptors also lack the
retGC activity.

Figure 5. Free Ca 2� concentration. a, Fluorescence of fluo-5F-filled rods excited by the laser
for 4 sec. Traces are the means of five rods for nontransgenic, L52H, and L53. b, Ca 2� concen-
trations after calibration of absolute fluorescence (see Materials and Methods). Error bars indi-
cate the mean � SEM for 10 rods each from L52H and L53 and eight rods from nontransgenic
littermates.
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the minimum fluorescence Fmin and the maximum fluorescence
Fmax. These numbers, together with a previously determined
value for the KD for fluo-5F (Woodruff et al., 2002), were used to
calculate the free Ca 2� concentration. This procedure corrects
for any differences in dye loading among the rods or for possible
differences in laser intensity from one experiment to another.

The results of these experiments (Fig. 5b) give a mean free
Ca 2� in dark-adapted nontransgenic rods of 220 nM, consistent
with previous determinations (Woodruff et al., 2002, 2003), but a
concentration 1.4-fold higher in L52H and 1.9-fold higher in L53
rods in darkness. No differences in the Ca 2� concentration were
detected in bright light after closure of all of the cGMP-gated
channels. Thus by opening more cGMP-gated channels per unit
length of outer segment in darkness, Y99C forced rods to operate
over a wider range of Ca 2� concentrations.

Suction electrode recording of individual rods
Modulation of retGC by Ca 2� plays an important role in the
signaling of light by photoreceptors (for review, see Fain et al.,
2001). Constitutively active guanylyl cyclase might be expected to
increase maximal response amplitude and flash sensitivity be-
cause of an increase in free cGMP. In addition, the recovery of the
photoresponse might be prolonged because of loss of Ca 2�-
regulated feedback. In suction electrode recordings the expres-
sion of Y99C had surprisingly little effect on the photoresponses
of L52H (data not shown) and L53 rods over a wide range of flash
strength (Fig. 6a). Therefore, guanylyl cyclase activity did not
remain constant at the fully activated level during the course of
the response. Instead, guanylyl cyclase must have been subjected
to Ca 2�-dependent regulation, although the slight prolongation
of the response suggests that regulation operated over a restricted
dynamic range and/or had a delayed onset. The amplitude and
the time-to-peak of the single photon response were larger for the
L53 rods (Fig. 6b), providing evidence that free cGMP was higher
than normal. The flash giving rise to a half-maximal response (i0)
was reduced to a slightly lesser extent than expected from the
enlarged quantal response (Fig. 6c), primarily because L53 rod
outer segments were shorter, so their ability to capture photons
was reduced. Because the rod cGMP-gated channel is outwardly
rectifying (Baylor and Nunn, 1986), the current circulating in
darkness is proportional to rod outer segment length (cf. Baylor

et al., 1979a). Therefore, shortening of the
outer segments also may have explained
our failure to observe an increase in max-
imal response amplitude: 5.7 � 0.8 pA
(L53, n � 12) versus 6.2 � 0.6 pA (N/T,
n � 17).

Discussion
Our experiments demonstrate that the
Y99C GCAP1 mutation, which has been
shown to be associated with photoreceptor
dystrophy in humans, also produced pho-
toreceptor degeneration in mouse, and the
rate of degeneration correlated with the
level of expression of the mutant trans-
gene. Transgenic retinas showed abnormal
regulation of retGC much like that previ-
ously described for purified Y99C GCAP1
in vitro such that the cyclase remained par-
tially activated at the normal dark Ca 2�

concentration of the rod (Fig. 4). We infer
that higher than normal cyclase activity in
the dark increased opening of the cGMP-

gated channels, producing an increase in the free Ca 2� concen-
tration (Fig. 5), which was greater in the faster-degenerating L53
line than in the L52H line.

Remarkably, the light responses of the rods in animals ex-
pressing the Y99C transgene were nearly normal (Fig. 6). In par-
ticular, the maximum value of the photoresponse and therefore
of the circulating (dark) current was not increased greatly in L53
rods as compared with nontransgenic rods, although the Ca 2�

was greater. The likely explanation for this seeming contradiction
was that the outer segments of the Y99C rods were significantly
shorter. Thus the enhanced dark current (including Ca 2� influx)
sustained per unit outer segment length in the Y99C rods elevated
intracellular Ca 2� but did not alter the maximum value of the
photocurrent. Because the dynamic range of modulation of the
cyclase was shifted toward higher free Ca 2� in rods expressing
Y99C GCAP1, there was no dramatic change in flash response
kinetics or sensitivity. This may explain why patients who inherit
the Y99C mutation do not develop symptoms of visual loss im-
mediately after birth but only at mid-life, concomitant with the
onset of degeneration in the macula (Payne et al., 1998).

It is unclear why Y99C GCAP1 caused degeneration of both
rods and cones in mice, whereas in human patients the same
mutation primarily affects cones. This may be a function of the
relative levels at which GCAPs 1 and 2 are expressed in rods and
cones of different species as well as the relative efficiency of ex-
pression of the mutant versus normal GUCA1A allele in human
rods and cones.

The causal link between Y99C and apoptotic loss of photore-
ceptors is not yet known. Our study shows that the Y99C muta-
tion raises free cGMP, opens more cGMP-gated channels, and
floods the cell with Ca 2�. Depolarized membrane potential or
higher metabolic load caused by enhanced cGMP turnover and
increased Na� influx in darkness may contribute to the pathol-
ogy, but elevated Ca 2� probably plays a key role, because an
artificial increase in intracellular Ca 2� has been shown to activate
apoptotic pathways in rods (He et al., 2000). The change in Ca 2�

concentration is not dramatic but continuous in darkness, and
the increase in Ca 2� correlates with the severity of inherited ret-
inal dystrophy. High Ca 2� in the outer segment may diffuse to
the adjacent mitochondria of the ellipsoid body, triggering apo-

Figure 6. Flash response kinetics and sensitivity in Y99C GCAP1 rods. a, Averaged responses recorded from a nontransgenic rod
and a rod expressing Y99C GCAP1 (line L53) to flashes of 4, 14.5, 35, 62, 227, 968, 3520, and 15,800 photons/�m –2. Flash monitor
is the lowest trace. b, Larger, slower single photon responses in L53 rods. The single photon response of an individual rod was
taken as its dim flash response scaled to the ratio of the ensemble variance to the mean amplitude for that rod (cf. Baylor et al.,
1979b). The average single photon response from L53 rods (thick trace, n � 11) was 1.8-fold larger and peaked 54 msec later than
that of nontransgenic rods (thin trace, n � 17). The integration times, given as the integrals of the responses divided by their
amplitudes, were 317 and 230 msec for L53 and nontransgenic rods, respectively. c, Averaged peak response amplitudes normal-
ized to the maximal response amplitude (r/rmax ) of nontransgenic (n � 17) and Y99C L53 (n � 11) rods as a function of flash
strength. Lines are fittings with a saturating exponential function, r/rmax �1–e – ki, where i is the flash strength, k� ln(2)/i0 , and
i0 is the flash strength giving rise to the half-maximal response. i0 was 52 � 3 photons/�m –2 for nontransgenic rods and 39 �
6 photons/�m –2 for Y99C L53 (mean � SEM). Error bars indicate SEM.
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ptosis. Alternatively, Y99C may stimulate retGC present in the
inner segment (Dizhoor et al., 1994; Liu et al., 1994; Olshevskaya
et al., 2002) and open cGMP-gated channels located there (Wa-
tanabe and Matthews, 1988). In addition to GCAP1, it is likely
that mutations in certain other genes linked to retinal dystrophy
in human patients, e.g., retGC1 (Kelsell et al., 1998; Tucker et al.,
1999; Wilkie et al., 2000; Ramamurthy et al., 2001) or PDE6b
(McLaughlin et al., 1995), or in animal models (for review, see
Petersen-Jones, 1998; Chang et al., 2002) also produce photore-
ceptor degeneration via an increase in Ca 2�. Some other forms of
photoreceptor degeneration recently have been associated with a
decrease in Ca 2� (Woodruff et al., 2003). It therefore appears that
free Ca 2� in the outer segment is critically important to the sur-
vival of the cell and must be regulated within a narrow range to
prevent apoptosis (Lem and Fain, 2004).
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