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Constitutive Excitation by Gly90Asp Rhodopsin Rescues
Rods from Degeneration Caused by Elevated Production of
cGMP in the Dark
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Previous experiments indicate that congenital human retinal degeneration caused by genetic mutations that change the Ca 2� sensitivity
of retinal guanylyl cyclase (retGC) can result from an increase in concentration of free intracellular cGMP and Ca 2� in the photoreceptors.
To rescue degeneration in transgenic mouse models having either the Y99C or E155G mutations of the retGC modulator guanylyl
cyclase-activating protein 1 (GCAP-1), which produce elevated cGMP synthesis in the dark, we used the G90D rhodopsin mutation, which
produces constitutive stimulation of cGMP hydrolysis. The effects of the G90D transgene were evaluated by measuring retGC activity
biochemically, by recording single rod and electroretinogram (ERG) responses, by intracellular free Ca 2� measurement, and by retinal
morphological analysis. Although the G90D rhodopsin did not alter the abnormal Ca 2� sensitivity of retGC in the double-mutant
animals, the intracellular free cGMP and Ca 2� concentrations returned close to normal levels, consistent with constitutive activation of
the phosphodiesterase PDE6 cascade in darkness. G90D decreased the light sensitivity of rods but spared them from severe retinal
degeneration in Y99C and E155G GCAP-1 mice. More than half of the photoreceptors remained alive, appeared morphologically normal,
and produced electrical responses, at the time when their siblings lacking the G90D rhodopsin transgene lost the entire retinal outer
nuclear layer and no longer responded to illumination. These experiments indicate that mutations that lead to increases in cGMP and
Ca 2� can trigger photoreceptor degeneration but that constitutive activation of the transduction cascade in these animals can greatly
enhance cell survival.
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Introduction
cGMP in photoreceptors is produced by the retinal guanylyl cy-
clase (retGC) modulated by guanylyl cyclase-activating proteins
(GCAPs) (Palczewski et al., 2000; Dizhoor et al., 2006). Ca 2�

inhibits rod retGC in the dark (Koutalos et al., 1995), when
GCAPs are Ca 2� bound, but GCAPs stimulate retGC in the light,
when Mg 2� replaces Ca 2� in the GCAPs (Peshenko and
Dizhoor, 2004, 2006). The change in cGMP synthesis contributes
to response recovery and adaptation to steady background light
(Fain et al., 2001; Mendez et al., 2001; Burns et al., 2002).

Multiple mutations in retGC1 and GCAPs can affect the Ca 2�

sensitivity of cGMP synthesis and cause rod and cone degeneration
(Kelsell et al., 1998; Payne et al., 1998; Tucker et al., 1999; Ramamur-
thy et al., 2001; Newbold et al., 2002; Nishiguchi et al., 2004; Sato et
al., 2005; Sokal et al., 2005). One such mutation, Tyr99Cys (Y99C) in
GCAP-1, shifts the Ca2� sensitivity of the cyclase (Dizhoor et al.,
1998; Sokal et al., 1998; Wilkie et al., 2000, 2001) and increases both
cGMP and free Ca2� in resting photoreceptors of transgenic mice
that degenerate after the increase in Ca2� concentration (Ol-
shevskaya et al., 2004; Makino et al., 2006).

We reasoned that fast photoreceptor degeneration caused by
enhanced production of cGMP in Y99C mice L53 (Olshevskaya
et al., 2004) might be prevented by constitutive stimulation of
cGMP phosphodiesterase PDE6, which degrades cGMP, closes
channels and decreases Ca 2� (Pugh et al., 1997; Fain et al., 2001;
Burns and Arshavsky, 2005). Because degeneration in Y99CL53
mice is detectable as early as after 3 weeks of age (Olshevskaya et
al., 2004), the activation of PDE6 by the transduction cascade to
counteract the effect of the Y99C GCAP-1 should be early and
truly constant. We therefore mated mice expressing Y99C
GCAP-1 with mice expressing the Gly90Asp (G90D) rhodopsin
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mutation, which has been shown to activate the phototransduc-
tion cascade constitutively in the absence of illumination (Rao et
al., 1994; Jin et al., 2003) but without itself triggering significant
degeneration (Sieving et al., 2001). In animals that express both
the G90D and Y99C transgenes, the Ca 2� sensitivity of cGMP
synthesis remained abnormal, but the outer segment (OS) cur-
rent density and free Ca 2� both decreased, leading to preserva-
tion of photoreceptor structure and function. Partial preserva-
tion was also observed in the Y99C GCAP-1 mice in continuous
bright ambient light.

Our experiments show that the rate of degeneration when
cGMP and Ca 2� are aberrantly elevated by one pathway can be
dramatically reduced by activation of an opposing mechanism
that lowers cGMP and Ca 2�. This provides compelling evidence
that elevated levels of cGMP and Ca 2� that trigger apoptosis can
be manipulated and rescued by activating opposing components
of the phototransduction cascade.

Materials and Methods
Transgenic mice. All experimental procedures with the mice in this study
were conducted in accordance with National Institutes of Health Guide-
lines, as approved by institutional animal investigation committees.

G90D rhodopsin/Y99C GCAP-1 mice. We used the transgenic mouse
line L53, expressing the Y99C GCAP-1 mutant under control of the
mouse opsin promoter as described by Olshevskaya et al. (2004). The
mouse line transgenically expressing the G90D rhodopsin mutation in a
rhodopsin knock-out background (R�/�) has been characterized previ-
ously by Sieving et al. (2001). This line was rederived by embryonic
transfer as the G90D�/�;R�/� genotype and bred into the G90D�/�;
R�/�, G90D�/�;R�/�, or R�/� genotypes. Suction electrode recordings
and Ca 2� measurements were made from G90D�/�;R�/� animals,
which we designate in the rest of the paper as G90D. To produce a hybrid
genotype, Y99C�/�;G90D�/�;R�/�, we made the L53 line homozygous,
that is as Y99C�/�;R�/�, and bred these animals to G90D�/�;R�/� mice
to generate siblings in the same litters of genotypes Y99C�/�;G90D�/�;
R�/� (designated in this paper as Y99C/G90D) and Y99C�/�;G90D�/�;
R�/� (designated in this paper as Y99C). In some cases, we bred the
Y99C�/�;R�/� L53 mice to either G90D�/�;R�/� or R�/� mice to pro-
duce the Y99C�/�;G90D�/�;R�/� or the Y99C�/�;G90D�/�;R�/� ge-
notypes, respectively. The presence of the transgenes coding for G90D
and Y99C GCAP-1 were routinely confirmed by conventional tail DNA
isolation using a Promega (Madison, WI) Wizard Genomic DNA kit
according to the protocol of the manufacturer and PCR using pairs of
primers: ACATGTTCCTGCTCATCGTGCTGG and GAGTGATG-
TGTAGAGGGTGGTG GTGAAGT; or AAAAAACCCATGGGGAA-
CATTATGAGCGGTAAGTCGGTG and GGCGGTCATGGTCGAGT-
CGCTG, respectively.

G90D rhodopsin/E155G GCAP-1 mice. We expressed in mouse photo-
receptors the E155G GCAP-1 mutant (designated in this paper as E155G)
using the same methodology as described previously in detail for the
Y99C GCAP-1 (Olshevskaya et al., 2004) by substituting the coding re-
gion in the transgenic construct for the Y99C GCAP-1 transgene with the
coding region of the E155G GCAP-1 mutant. Two transgenic lines, L541
and L542, were originally produced by injecting fertilized mouse eggs of
the B6/SVJ hybrid background at DNX/Xenogen (Cranbury, NJ); each
was bred to the B6 mice for over 10 generations and tested for the lack of
the rd1 allele. Both lines developed rapid degeneration of the photore-
ceptors. The line L541 was subsequently used for producing the hybrids
E155G�/�;G90D�/�;R�/� and E155G�/�;G90D�/�;R�/� (designated
as E155G/G90D and E155G in the rest of the paper), which were gener-
ated with the same schematics for breeding described above.

retGC activity. We collected dark-adapted mouse retinas aged 3– 4
weeks in batches of four and freeze–thawed them using liquid nitrogen;
they were then homogenized under infrared illumination on ice in a 1.5
ml test tube with a motor-driven plastic cone-shaped pestle in 250 �l of
120 mM KCl, 60 mM 3-(N-morpholino)-propanesulfonic acid (MOPS),

pH 7.2, 10 mM NaCl, 4.6 mM MgCl2, 0.2 mM ATP, 50 �M zaprinast, 50 �M

dipyridamole, 20 �g/ml leupeptin, and 20 �g/ml aprotinin. Each 20 �l
assay reaction, modified from Olshevskaya et al. (1997) and Hurley and
Dizhoor (2000) as described by Peshenko and Dizhoor (2004) and Pesh-
enko et al. (2004), contained 1 mM GTP, 1 �Ci [�- 32P]GTP, 0.1 �Ci
[8- 3H] cGMP (PerkinElmer, Emeryville, CA), and 4 mM cGMP, 0.3 ATP,
2.5 mM MgCl2, 30 mM MOPS, pH 7.2, 5 mM NaCl, and 60 mM KCl, plus
25 �M each of Zaprinast and dipyridamole, and 2 mM Ca 2�/EGTA buffer
prepared as described previously (Tsien and Pozzan, 1989; Marks and
Maxfield, 1991; Brooks and Storey, 1992). We started the reaction by
adding retinal homogenate and continued for 12 min at 30°C under
infrared illumination. We stopped the reaction by heating at 95°C for 2
min and analyzed the products of the reaction by thin-layer chromatog-
raphy on polyethyleneimine cellulose-coated fluorescent plates as de-
scribed previously (Koch and Stryer, 1988; Hurley and Dizhoor, 2000).

Immunoblot and densitometry. Retinas collected in batches of four per
1.5 ml standard Eppendorf plastic tube and homogenized in 200 �l as
described above were diluted fivefold in 5� standard Laemli’s sample
buffer for SDS electrophoresis. For comparison between wild-type (WT)
and Y99C mice, the corresponding pairs of equal aliquots (with the exact
volume in each pair of samples optimized for each of the antibodies used
for the analysis) were separated in 15 or 7.5% SDS-polyacrylamide gel in
1 mm cassettes (Novex/Invitrogen, Wadsworth, OH), transferred on Im-
mobillon membrane, probed with primary antibodies, and developed
with secondary horseradish peroxidase-conjugated antibody and chemi-
luminescent substrate (Femto SuperSignal; Pierce, Rockford, IL). The
intensity of chemiluminescence in each case was quantified using CLX-
posure x-ray film (Pierce), scanned by a Bio-Rad (Hercules, CA) GS4500
imaging densitometer. The proportionality of the signal on immunoblot
was calibrated using series of dilutions of the wild-type retina sample
loaded in the equivalent of 1 through 6 �l per lane. The signal volume,
measured in triplicates, increased with the amount of the sample between
2.4 and 19 OD mm 2 in a quasi-linear manner (Fig. 1c, inset). The inten-
sities of the signals for the antigens in Figure 1b were adjusted by antibody
dilution and the time of exposure to fit the signal volume between 2.5 and
13.8 OD mm 2. The antibodies against human retGC1 and retGC2 were
produced using �20 kDa recombinant protein fragments derived from
the catalytic domain or kinase homology domain, respectively, both ex-
pressed from pET11d vector (Novagen/Calbiochem, La Jolla, CA) and
purified from an Escherichia coli BLR(DE3) strain (Novagen/Calbio-
chem). The antibodies were raised in rabbits, and the IgG fraction of the
serum was collected with ammonium sulfate precipitation. Antibodies
against GCAP-1 and GCAP-2 (Olshevskaya et al., 2002) were produced
in rabbits using full-size recombinant GCAPs purified from E. coli (Ol-
shevskaya et al., 1997, 2004). Other primary antibodies were from Abcam
(Cambridge, MA) (PDE6�, PDE6�, and rhodopsin) or Santa Cruz Bio-
technology (Santa Cruz, CA) (G�t1 and G�t1).

Suction-electrode recording. Methods for recording responses of mouse
rods have been given previously (Woodruff et al., 2002, 2003). In brief,
mice were dark adapted for at least 3 h and were killed and dissected
under dim red light or in complete darkness under infrared illumination.
The isolated retinas were chopped into small pieces with a razor blade
and plated out onto a small Petri dish. Rods were perfused at 37°C with
DMEM solution (D-2902; Sigma, St. Louis, MO) supplemented with 15
mM NaHCO3, 2 mM Na succinate, 5 mM Na glutamate, 2 mM Na glu-
conate, and 5 mM NaCl, and buffered with 5%CO2/95%O2 as described
previously (Woodruff et al., 2002). Stimuli at 500 nm were attenuated
with calibrated absorptive neutral-density filters. Light intensities were
calibrated with a photodiode as described previously (Woodruff et al.,
2002, 2003). Responses were amplified by a Warner Instruments (Ham-
den, CT) patch-clamp amplifier (PC 501A) or an Axopatch 200A (Mo-
lecular Devices, Palo Alto, CA) and recorded with pClamp hardware and
software (Molecular Devices). They were low-pass filtered at 30 Hz with
an eight-pole Bessel filter (Kemo, Beckenham, UK) and sampled by the
digital-to-analog converter of pClamp at 100 Hz. The single photon
response was calculated from the squared mean and variance (Tsang et
al., 2006). Data are given as means � SEs unless otherwise noted.

Calcium measurements. Calcium was measured as described previ-
ously (Woodruff et al., 2002). In brief, photoreceptors and retinal pieces
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were exposed for 30 min at room temperature to 10 �M fluo-5F-AM and
then perfused at 37°C with bicarbonate-buffered DMEM as for suction-
electrode recordings. We illuminated rods with 488 nm laser light from
an argon gas laser (American Laser Corporation, Salt Lake City, UT),
focused as a 10 �m diameter spot on the outer segment. To minimize dye
bleaching, we attenuated the intensity of the laser to 2–5 � 10 10 photons
�m �2/s with reflective neutral density filters. We detected emission with
a low dark-count photomultiplier tube with a restricted photocathode
(model 9130/100A; Electron Tubes, Rockaway, NJ), whose current was
amplified by a low-noise current-to-voltage converter (PDA-700; Tera-
hertz Technology, Oriskany, NY), filtered by a low-pass eight-pole Bessel
filter at 1000 Hz, and collected with pClamp at a sampling frequency of
2000 Hz. We recorded the temperature of the perfusate within 0.5 mm of
the rod with a miniature thermocouple and a digital thermometer to
adjust the binding constant of the dye (Woodruff et al., 2002). We cali-
brated the intracellular concentration of Ca 2� in darkness and after

illumination using the Michaelis–Menten
equation [Ca 2�] � KD(F � Fmin/Fmax � F ),
where KD is the temperature-adjusted dissocia-
tion constant of binding of Ca 2� to the dye, F is
the measured fluorescence at the beginning of
the recording or at steady state in the presence
of laser illumination, and Fmin and Fmax are the
fluorescence minimum (in low Ca 2�) and flu-
orescence maximum (in high Ca 2�). We deter-
mined Fmin by exposing the rod first to zero-
Ca 2� solution containing 10 �M of the Ca 2�

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

Histology and electron microscopy. Mice were
killed by lethal injection of ketamine/xylazine
and cervical dislocation; they were then per-
fused through the heart, first with Dulbecco’s
PBS and then with 1% glutaraldehyde in 0.1 M

sodium cacodylate buffer solution, pH 7.2. The
eyes were removed and fixed for 12 h with 1%
glutaraldehyde/2% formaldehyde in 0.1 M caco-
dylate buffer solution on ice. The fixative was
removed, and the eyes were stored in 0.1 M So-
rensen’s phosphate buffer for 48 –72 h on ice,
then placed in 0.8% glutaraldehyde/2% OsO4

in 0.1 M Sorensen’s phosphate buffer solution
for 3 h on ice, washed briefly with PBS, then
dehydrated using ethanol solutions and pro-
pyleneoxide, embedded in Embed resin (Elec-
tron Microscopy Sciences, Hatfield, PA) with
the protocol of the manufacturer, cut into
1-�m-thick sections, and stained with a meth-
ylene blue/azure mixture for bright-field mi-
croscopy. Photographs were taken with an
Olympus Optical (Tokyo, Japan) BX51 micro-
scope/Magnafire digital imaging system. For
electron microscopy, sections �90 nm thick
were taken from the plastic-embedded retina
specimens using Reichert Ultracut S (Mager
Scientific, Dexter, MI) and photographed using
a Jeol (Tokyo, Japan) 1010 TEM instrument
with a Gatan (Pleasanton, CA) digital camera at
Wayne State University Vision Core facility. In
some cases, negative contrast was enhanced
with uranyl acetate. Sections from some of the
L53 mouse retinas reared under constant ambi-
ent light were provided by the courtesy of Dr.
Tiansen Li (Dow Laboratories, Massachusetts
Eye and Ear Infirmary, Boston, MA).

Electroretinography. We followed the ERG
protocol of Lyubarsky et al. (2002), using a CWE BMA-200 bioamplifier
(CWE, Ardmore, PA) and a Textronix (Wilsonville, OR) 2205 20-MHz
oscilloscope. The signal output was recorded with Axotape 2 software. Mice
were dark adapted for 8–12 h and then sedated under dim red light (20
mg/kg ketamine and 8 mg/kg xylazine). Phenylephrine (1%) and tropicam-
ide (0.5%) eye drops were applied to the corneas to completely 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 was a platinum wire in a small
concave transparent plastic holder filled with a drop of water. A 1 ms flash
adjusted by 510–520 nm interference filters and neutral density filters was
delivered through the window of an aluminum ERG recording chamber
coated with WRC-680 diffuse white reflectance coating (Labsphere, New
Sutton, NJ). Light intensities ranged from 1.22 to 11,200 photons �m�2 at
the cornea. An unfiltered saturating white flash exceeding 2.9 � 106 photons

Figure 1. Ca 2� sensitivity of retGC remains abnormal in mice expressing both Y99C GCAP-1 and G90D rhodopsin. a, Morphol-
ogy of the retinas from wild-type and Y99C mice at 1 month of age. rpe, Retinal pigment epithelium; os, outer segments; onl, outer
nuclear layer; opl, outer plexiform layer; inl, inner nuclear layer. b, Immunoblot from wild-type and Y99C retinas at the age of 1
month probed with antibodies against rhodopsin (Rhod), � and � subunits of transducin (G�t1 and G�1), � and � subunits of
PDE6 (PDE6� and PDE6�), GCAP-2, and retGC isozymes (retGC1 and retGC2), averaged from two measurements. c, Content of the
proteins in Y99C retinas as shown in b evaluated by densitometry of immunoblot relative to the wild-type control. Inset, Relative
signal intensity on immunoblot (solid line), calibrated using anti-GCAP-2 antibody as described in Materials and Methods; a
would-be linear dependence is shown by the dashed line. d, Immunoblot of wild-type and Y99C GCAP-1 from L53 and a Y99C/
G90D mouse retinas aged 3.5 weeks separated in 15% SDS-polyacrylamide gel and probed with anti-GCAP-1 antibody as de-
scribed previously (Olshevskaya et al., 2004). e, Ratio between WT and Y99C GCAP-1 in Y99C�/�;R�/� and Y99C/G90D mice
determined by densitometry of immunoblots, average of three independent measurements. The total amount of retinal material
was adjusted to produce equal intensity signals on the blots for both strains. f, Ca 2� sensitivity of retGC in dark-adapted mouse
retinas extracted from WT (black circles; n � 5), L53 (black triangles; n � 2), Y99C (white diamonds; n � 2), and their Y99C/G90D
littermates (white circles; n � 3) at 3.5 weeks of age. The gray bar corresponds to the free Ca 2� change between light-adapted
and dark-adapted states (Woodruff et al., 2002, 2003).
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�m�2 at the cornea was used to evoke the maximal a-wave amplitude with
at least 3 min intervals between flashes.

Results
Ca 2� sensitivity of retGC in Y99C GCAP-1 mice with G90D
rhodopsin remains abnormal
The Y99C mice derived from the parental line L53 (Olshevskaya
et al., 2004) demonstrate the same rapid degeneration as the orig-
inal L53 mice, and the first morphological change, shortening of
the outer segments, can be clearly observed at 1 month of age
(Fig. 1a). It was accompanied by a decrease of phototransduction
proteins used as marker for outer segment proteins (Fig. 1b,c).
The decreases in the content of transducin, isozymes of retGC,
and GCAP-2 were consistent with the approximately twofold
decrease in size of the outer segments in Y99C mice compared
with wild type. The PDE was decreased to lesser extent, indicating
perhaps a slight upregulation of the enzyme in response to the
elevated level of cGMP. The small increase in PDE6 content,
however, did not prevent the increase in cGMP and Ca 2� in the
OS of the Y99C mice, as observed previously in L53 mice (Ol-
shevskaya et al., 2004) and as described in detail later in this paper
(see Figs. 2– 4, Table 1). The content of rhodopsin was evidently
decreased (Fig. 1b,c), consistent with the hemizygous rhodopsin
genotype (Sieving et al., 2001) of the mice used in this study. It is
important to emphasize that the hemizygous rhodopsin geno-
type does not by itself produce severe retinal degeneration, such
as caused by the Y99C GCAP-1 transgene in L53 (Humphries et
al., 1997; Sieving et al., 2001; Olshevskaya et al., 2004), and that
ERG responses from hemizygous mice were virtually indistin-
guishable from those of wild-type mice at 6 months of age (data
not shown).

Because the expression of G90D rhodopsin and Y99C
GCAP-1 in their respective transgenic models were controlled by
the same transcriptional signals (Sieving et al., 2001; Olshevskaya
et al. 2004), the expression of G90D could potentially affect the
level of expression of Y99C GCAP-1 in mice bred with the com-
bined genotype and thus change the Ca 2� sensitivity of retGC in
the Y99C mice. We therefore tested both the levels of expression
for Y99C and the Ca 2� sensitivity of retGC in retinas of Y99C
mice derived from the line L53 (Olshevskaya et al., 2004), in the
absence and presence of the G90D rhodopsin transgene (Sieving
et al., 2001). As we reported previously for the parental line L53
(Olshevskaya et al., 2004), the Y99C GCAP-1 (Fig. 1d, the top
band on immunoblot) continued to be expressed in excess over
the WT GCAP-1 (bottom band) in both Y99C and Y99C/G90D
littermates (Fig. 1d,e). The rapid onset of rod cell death caused by
transgenic expression of the Y99C GCAP-1 reduced the overall
level of measurable activity of retGC to 60 –70% of the WT level at
1 month of age, and the normalized Ca 2� sensitivity of the cyclase
remained shifted nearly fivefold toward higher free Ca 2� concen-
trations compared with WT. This was also true in Y99C mice
homozygous for rhodopsin (i.e., Y99C�/�;R�/�), and in Y99C/

G90D mice produced by the breeding of Y99C�/�;R�/� and
G90D�/�;R�/� animals (Fig. 1f). In Y99C/G90D littermates, the
total activity of the cyclase was greater than in Y99C mice and
approximately the same as in the WT, but the Ca 2� sensitivity of
Y99C/G90D retGC, normalized to its maximal activity, remained
abnormal. Hence, the activity of retGC in Y99C and Y99C/G90D
photoreceptors in the dark remained at an elevated level regard-
less of the presence or absence of the G90D rhodopsin transgene.

Expression of G90D photopigment in Y99C rods alters rod
responses and outer segment Ca 2�

G90D photopigment changes amplitude and sensitivity of Y99C
rods but has little effect on response waveform
G90D rhodopsin has been shown to result in constitutive activa-
tion of the transduction cascade much as in the presence of con-
tinuous background light, in both humans (Sieving et al., 1995)
and transgenic mice (Sieving et al., 2001). To examine the effects
of introducing G90D into mice with the Y99C GCAP mutation,
we first characterized the electrical responses of rods from ani-
mals with each of the single mutations and from the double-
mutant Y99C/G90D animals.

Figure 2 shows typical responses from WT rods and the three
types of rods we studied. Y99C rods (Fig. 2b) gave responses that
differed noticeably from WT (Fig. 2a). The peak amplitude was
smaller, responses at dim intensities showed oscillations and an
overshoot, and saturating responses had a prominent component
of slow decline, suggesting a larger than normal Na�/K�–Ca 2�

Table 1. Kinetic and sensitivity parameters of WT, Y99C�/�, G90D�/�, and Y99C�/�;G90D�/� rodsa

Dark current (pA)
Time-to-peak
(ms)b Integration time (ms)

� for response recov-
ery (ms)c

Flash sensitivity
(pA/photon �m�2)

Flash intensity at half-saturation
(photon �m�2)

Wild-type 11.9 � 0.5 145 � 4 (46) 205 � 22 (43) 212 � 20 (41) 0.266 � 0.018 (42) 31 � 2 (43)
Y99C�/� 8.8 � 0.7 (19) 178 � 9 (19) 142 � 11 (20) 115 � 20 (19) 0.165 � 0.028 (20) 43 � 11 (19)
G90D�/� 6.5 � 0.5 (34) 110 � 5 (29) 110 � 11 (28) 94 � 6 (33) 0.027 � 0.002 (36) 179 � 15 (32)
Y99C�/�;G90D�/� 10.0 � 0.9 (21) 152 � 12 (21) 233 � 19 (21) 114 � 10 (21) 0.044 � 0.004 (21) 138 � 14 (21)
aValues are means � SE with the number of cells in parentheses.
bValues are for dim light responses (15.5 photons �m2).
cSingle-exponential fit of just saturating responses. Values in bold are significantly different from wild type ( p � 0.01).

Figure 2. Suction-electrode current responses of representative WT and mutant mouse
rods. Responses are to 20 ms flashes of 500 nm light delivering 17, 43, 160, 450, 1100, and 4200
photons �m �2. Each trace was averaged from 5–20 flashes at lower intensities and 3–5
flashes at higher intensities. a, WT; b, Y99C; c, G90D; d, Y99C/G90D.
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exchange current (Yau and Nakatani, 1984; Hodgkin et al., 1987).
The smaller peak amplitude was probably mostly attributable to a
shorter than normal outer segment length, as we describe in de-
tail below. The oscillations are probably the result of the shift in
Ca 2� sensitivity of the cyclase and hence the increase in cyclase
activity; they were seen previously in recordings from L53 Y99C
rods (i.e., Y99C�/�;R�/�) (Makino et al., 2006), although they
are larger and more consistently observed in our recent record-
ings from the Y99C�/�;R�/� rods.

Responses from G90D rods (Fig. 2c) show many of the fea-
tures expected from light-adapted cells. The circulating current
in darkness was smaller than for WT rods, and responses decayed
more rapidly, much as in the presence of continuous background
light (Mendez et al., 2001; Makino et al., 2004; Fan et al., 2005).
When, however, the G90D animals were mated with the Y99C
heterozygotes to produce double-mutant animals, the dark cur-
rent increased, although sensitivity remained depressed (Fig. 2d).
The waveforms of the responses in the hybrid Y99C/G90D mice
were mostly similar to those of the Y99C rods, with small oscilla-
tions again sometimes visible although never at the brightest flash
intensities.

Changes in waveform can be more easily seen in Figure 3, in
which we collected averaged responses of a large number of rods
at four different light intensities. At the dimmest (17 photons
�m�2 or �8 Rh* per flash), the Y99C rod responses (red traces)
were smaller than WT (black traces) and showed a small under-
shoot. Oscillations were less prominent in the averaged responses
than in some of the recordings from individual rods, because the
frequency of the oscillation was variable from cell to cell, likely
attributable to individual variations in the levels of transgene

expression. The decay of the Y99C re-
sponse was consistently more rapid than
WT, perhaps as a result of overstimulation
of the cyclase in the dark (Fig. 1).

The averaged Y99C response appeared
to rise at a slower initial rate than for WT.
This is easiest to see in Figure 3a, from
which we took the initial time course of the
responses and calculated amplification
constants according to Equation 23 of
Pugh and Lamb (1993). We obtained a
mean value of 6.5 for a normal WT mouse
rod, in reasonable agreement with other
values for mammalian photoreceptors
[Pugh and Lamb (1993), their Table 6],
but an apparent value of 3.8 for the Y99C
rods. Although this would seem to suggest
that the Y99C mutation alters the amplifi-
cation of the transduction cascade, a sim-
pler explanation is that the mutant rods
are shorter and absorb fewer photons at
any given light intensity. We therefore
measured mean outer segment lengths in
retinal sections and obtained mean values
of 22 � 3 �m (mean � SD) for WT but
only 10 � 3 �m (mean � SD) for Y99C
rods at the age of the recordings. When the
Y99C amplification factor is corrected for
this difference, it becomes 8.4, even larger
than WT perhaps as a result of the hemi-
zygous expression of rhodopsin in the
Y99C animals (Calvert et al., 2001).

The G90D responses (green traces)
were consistently smaller than WT as the result of the reduction
in sensitivity produced by constitutive activation of the transduc-
tion cascade by the mutant rhodopsin (Sieving et al., 2001). The
time course of response decay was also consistently accelerated.
In the Y99C/G90D rods (blue traces), the sensitivity of the re-
sponse was similar to G90D (Fig. 3a), but the wave forms (and in
particular the time course of response decay) more closely resem-
bled those of Y99C rods.

In the inset to Figure 3d, we show at a higher resolution the
approach to saturation of the four responses in this panel. The
Y99C response shows a slow component of the current decay
already noted in Figure 2b, indicating a larger than normal Na�/
K�–Ca 2� exchange current. This appears consistent with the
larger than normal free-Ca 2� concentration in the outer seg-
ments of these rods (Olshevskaya et al., 2004). The rods from the
other animals did not show a similar slow decay, consistent with
their outer segment Ca 2� concentration not being elevated to the
level of the Y99C mice (see below).

In Table 1, we collected several parameters of interest for the
four rod types. Means that are significantly different from WT
(Student’s t test, p � 0.01) are indicated in bold. Of interest are
the lower sensitivities of both the G90D and Y99C/G90D rods
and the accelerated decay (increased � for response recovery) for
all three types of mutant receptors.

Single-photon responses
In Figure 4a, we compare the single-photon responses of the four
kinds of rods, calculated from the mean and variance of responses
to dim intensities as described previously (Tsang et al., 2006). The
WT and Y99C now show no significant difference in rise time, as

Figure 3. Mean normalized photocurrents from suction-electrode measurements superimposed to show differences in kinet-
ics and response amplitude for WT (black traces; n � 35), Y99C (red traces; n � 20), G90D (green traces; n � 18), and Y99C/G90D
(blue traces; n�21). The responses of each rod were normalized to the dark circulating current for that rod, and all the normalized
responses at a given intensity from the different rods were averaged to calculate the plotted responses. The flash intensities were
as follows: a, 17 photons �m �2; b, 160 photons �m �2; c, 1100 photons �m �2; and d, 4200 photons �m �2. a, Inset,
Expansion of first 200 ms of the WT and Y99C traces in a to show difference in rise time. d, Inset, Expansion of the first 200 ms of
the traces in d to show slow component of rise for the Y99C rods, caused by larger than normal Na �/K �–Ca 2� exchange current.
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would be expected because the light intensities are effectively the
same despite the difference in outer segment length. The ampli-
tude of the Y99C response is however significantly larger (WT,
0.82 � 0.07, n � 15; Y99C, 1.21 � 0.12, n � 19; p � 0.02). The
amplitudes of the other responses are significantly smaller than
WT (G90D, 0.25 � 0.03, n � 15; Y99C/G90D, 0.34 � 0.03, n �
16; p � 0.1), consistent with desensitization of the photoreceptor
produced by constitutive activation of the PDE cascade by the
G90D mutation as in background light. The differences in wave
form are consistent with those in Figure 2 and Table 1.

Response–intensity curves corrected for outer segment area
Although single-photon responses provide a useful comparison
when outer segment lengths are different, we sought another way
of doing this over the entire intensity range. Accordingly, we
plotted response–intensity functions as current densities, cor-
recting for the differences in outer segment length. Values of the
lengths for WT and Y99C were given above. No correction was
made for G90D rods, because the OS length was not significantly
different from WT (Sieving et al., 2001), but Y99C/G90D rods
were somewhat shorter with a mean outer segment length of 16 �
3 �m (mean � SD). Outer segment diameters for the rods of the
four groups of animals were all �1.5 �m.

Diameters and lengths were used to calculate outer segment
membrane area. Currents were then divided by area to give cur-

rent densities in units of picoamperes per square micrometer.
The intensities of the flashes were also corrected for the differ-
ences in collecting area and plotted as rhodopsins bleached per
flash. We assumed a collecting area for a WT mouse rod of 0. 5
�m 2 (Field and Rieke, 2002) and used this value also for the
G90D rods; for the other mice, the values we used were 0.23 �m 2

for Y99C and 0.36 �m 2 for Y99C/G90D.
The results of these calculations are given in Figure 4b. It is

now apparent that Y99C rods have a greater circulating current
density and sensitivity than WT rods, as would be expected from
the higher activity of the cyclase in darkness. The free cGMP
concentration inside the OS is greater, and a larger proportion of
the cGMP-gated channels are open. The G90D mutation pro-
duced a large decrease in both sensitivity and circulating current
density. In the double-mutant animals, there was little change in
sensitivity but a significant increase in circulating current density,
again as the result of the increase in free cGMP produced by the
shift in the Ca 2� dependence of the cyclase. The effect of the
Y99C mutation was remarkably similar for the WT and the G90D
genetic backgrounds, once the response–intensity curves had
been corrected for the difference in outer segment dimensions.

Ca 2� measurements from single rods
Measurements of Ca 2� were made from the outer segments of
rods of the four types of mice with the fluorescent dye fluo-5F as
described previously (Woodruff et al., 2002; Olshevskaya et al.,
2004). Each rod was first exposed to the bright saturating light of
the laser to measure the initial value of the fluorescence, which we
took as resting value of Ca 2� in the outer segment in darkness.
We took the steady-state value after light exposure as the value of
the fluorescence with all the cGMP-gated channels closed. These
were then calibrated in situ for each rod by individually exposing
each outer segment to a zero-Ca 2� solution and a high-Ca 2�

solution in the presence of the Ca 2� ionophore ionomycin (see
Materials and Methods). This procedure corrects for any differ-
ences in dye loading among the rods or for possible differences in
laser intensity from one experiment to another.

The results of these measurements were as follows. In dark-
ness, the free-Ca 2� concentrations (mean � SE) were 355 � 45
(n � 10) forY99C, 291 � 28 (n � 11) for Y99C/G90D, 240 � 17
(n � 56) for WT (collected from Woodruff et al., 2002, 2003;
Olshevskaya et al., 2004), and 143 � 31 (n � 10) for G90D. These
are in the ratio of 1.5:1.2:1.0:0.6 (for Y99C/Y99C/G90D/WT/
G90D). This is similar to the ratios of the dark circulating current
densities, which from Figure 4b after correction for the differ-
ences in outer segment length were 1.6:1.2:1.0:0.6. The free-Ca 2�

concentrations in the light were similar for the four types of rods:
55 � 10 for Y99C, 65 � 14 for Y99C/G90D, 46 � 10 for WT, and
51 � 15 for G90D.

Expression of G90D rhodopsin preserves structure of
photoreceptors with Y99C GCAP-1 mutation
As in our previous experiments with the L53 line of Y99C GCAP
mice (Olshevskaya et al., 2004), most of the photoreceptors in the
retinas of Y99C mice in this present study disappeared after 4
months of age. At 6 months of age, only a few photoreceptor
nuclei could be identified per 100 �m length of retinal section,
with none of the outer segments usually present. The inner nu-
clear layer was nearly continuous with the retinal pigment epi-
thelium (Fig. 5a– c). In contrast, the histological organization of
the retina in Y99C/G90D siblings closely resembled that of the
WT (Fig. 5a). Nearly 60% of the cells in the outer nuclear layer
survived (Fig. 5b), and the remaining Y99C/G90D photorecep-

Figure 4. Single-photon responses and intensity–response relationships of WT and mutant
rods. a, Single-photon responses for WT (black), Y99C (red), G90D (green), and Y99C/G90D
(blue). Responses were calculated from suction-electrode measurements of small-amplitude
responses (�20% of maximum response) from the squared mean and variance (Tsang et al.,
2006) and were averaged from 14 (WT), 20 (Y99C), 16 (G90D), and 18 (Y99C/G90D) rods. b,
Mean intensity–response functions for WT (black), Y99C (red), G90D (green), and Y99C/G90D
(blue) averaged, respectively, from 32, 19, 10, and 21 cells. Response amplitudes and flash
intensities were adjusted to compensate for different lengths of outer segments as described in
Results. The data have been fitted with Boltzmann exponential functions.
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tors retained a normal appearance (Fig. 5a,d). Although the outer
segments in the Y99C/G90D rods were �80% their normal
length, even in 6-month-old animals we did not observe distor-
tion in disk stacking (Fig. 5e) as in parental Y99C L53 mice
(Makino et al., 2006). The restoration of the photoreceptor layer
in Y99C/G90D mice occurred along the whole extent of the retina
rather than in distinct patches (Fig. 5a, bottom) compared with
the complete lack of photoreceptors everywhere in the retinas of
Y99C siblings (Fig. 5a, middle).

Restoration of ERG responses in Y99C/G90D mice
Y99C mice progressively lost their ERG response (Fig. 6a,b) in a
manner similar to the parental L53 line (Olshevskaya et al., 2004);
after 4 months of age, the b-wave was greatly reduced compared
with WT mice, and the a-wave was barely detectable, even at very
bright flash intensities (Fig. 6a,b). The Y99C/G90D siblings, con-
versely, all had clear a-wave and b-wave ERG responses (Fig.
6a– d). Although the maximal a-wave of the Y99C/G90D retinas
between 4 and 6 months (227 � 76 �V, mean � SD; n � 58) was
only half its normal amplitude (430 � 78 �V, mean � SD; n �
28), it was much larger than for Y99C littermates lacking the
G90D transgene (14.5 � 15 �V; n � 27). The light sensitivity of
the ERG in Y99C/G90D mice was suppressed by nearly 1 log unit
compared with WT; at light intensities below 50 photons �m�2

at cornea (Fig. 6a,d), the cornea-positive b-wave was much

smaller than in WT or undetectable, re-
flecting the decreased sensitivity of the
photoreceptors in these animals (Figs. 3a,
4b). However, at brighter intensities,
nearly normal b-waves could be recorded
(Fig. 6c,d). The ERG of Y99C/G90D mice
closely resembled that recorded previously
from G90D mice (Sieving et al., 2001), al-
though Y99C GCAP-1 continued to be ex-
pressed in Y99C/G90D retinas at this age
to a greater extent than WT GCAP-1 (data
not shown).

Expression of G90D rhodopsin also
preserves the structure of
photoreceptors and restores the ERG of
E155G GCAP-1 mice
We created an additional transgenic
model that expressed the E155G mutation
of GCAP-1, also found in human patients
with congenital retinal degeneration
(Wilkie et al., 2001). We replaced the
cDNA fragment coding for Y99C GCAP-1
with the E155G and introduced it under
the control of a 4.2 kb opsin promoter by
random insertion into mouse egg DNA as
by Olshevskaya et al. (2004). We generated
two transgenic mouse lines, L541 and
L542, which both demonstrated a promi-
nent shift in Ca 2� sensitivity of retGC (the
L541 is shown in Fig. 7a) and developed
rapid retinal degeneration such that
1-month-old mice already have fewer than
50% of the normal number of photorecep-
tor nuclei and severe distortion and short-
ening of outer segments (Fig. 7b, inset). By
3 months of age, all the photoreceptors
had degenerated, in contrast to their

transgene-negative siblings (Fig. 7b). However, when the E155G
GCAP-1 transgene was placed into the G90D�;R�/� genetic
background, the E155G/Y99C mice retained �50% of their pho-
toreceptors at 3 months of age, unlike their E155G littermates,
which had the same degeneration of the entire outer nuclear layer
as in the parental L541 E155G�;R�/� mouse line (Fig. 7c).

The E155G mice had no ERG response to illumination by 3
months of age (Fig. 7d,e). In contrast, their E155G/G90D litter-
mates responded well with clearly visible a-waves (maximal
a-wave amplitude of 194 � 3 �V, mean � SD; n � 10) and
b-waves to light stimuli above 50 photons �m�2 (Fig. 7d). Like
the Y99C/G90D mice, the E155G/G90D mice 3– 4 months of age
had a reduced sensitivity to light and a reduced b-wave amplitude
to stimuli below 50 photons �m�2 (data not shown), whereas
their E155G siblings at that age had a barely detectable a-wave
(3 � 5 �V, mean � SD; n � 13) and little or no b-wave (Fig. 7d,e).

Rearing L53 mouse rods in constant illumination can also
partially rescue photoreceptors
The dramatic difference between rapidly degenerating Y99C
mice and their rescued Y99C/G90D littermates was observed
when mice were reared under cyclic illumination (12 h light/
dark), of �2–10 lux measured in different cages during the light
cycle. Because PDE6 is normally activated by light, we also inves-
tigated the effect of rearing Y99C mice under constant illumina-

Figure 5. Rescue of rods from degeneration caused by Y99C GCAP-1. a, Light microscopy of retinal sections from 5.5-month-
old WT mice (top) and Y99C and Y99C/G90D (bottom) littermates at lower (10� objective, left) and higher (40� objective, right)
magnification; notice the lack of the outer nuclear layer in Y99C mice and its reappearance in their Y99C/G90D siblings indicated
by white arrows. rpe, Retinal pigment epithelium; os, outer segments; onl, outer nuclear layer; opl, outer plexiform layer; inl, inner
nuclear layer; ipl, inner plexiform layer; gl, ganglion cell layer. The left is reconstruction from several frames of the same retina
sections at 10� objective. b, Photoreceptor nuclei count (mean � SD) per 100 �m in WT, Y99C, and Y99C/G90D littermates aged
4 – 6 months: 197 � 28, n � 12; 14 � 6, n � 10; 120 � 17, n � 13, respectively. c, d, Electron microphotograph (at
magnification of 1200�) of the distal retina in Y99C (c) versus Y �;D �;R �/� littermate (d) at 5.5 months of age. Scale bar, 10
�m. ros, Rod outer segment; cos, cone outer segment; ris, rod inner segment; cis, cone inner segment. Notice the lack of outer
nuclear layer in c and the apparently normal morphology of rods in d. e, Photoreceptor disks in 5.5-month-old Y99C/G90D mouse
rods (picture taken at magnification of 30,000�).
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tion in the L53 mouse line, the high ex-
pressor of Y99C GCAP-1 (Olshevskaya et
al., 2004), which was used as the parental
line for the Y99C/G90D and Y99C siblings.
We exposed a group of five L53 mice to
constant ambient light of �40 –110 lux
measured in different parts of the cages,
and another group of seven L53 mice to a
constant incandescent light producing
�200 –700 lux in different parts of the
cages. A control group of 10 L53 mice was
kept under normal lighting conditions in a
12 h dark/light cycle. After 2.5 months of
exposure, we recorded the ERG and com-
pared retinal morphology in these three
groups (Fig. 8a– g). The constant 40 –110
lux-exposed animals showed slight im-
provement in the averaged ERG compared
with their cyclic light-reared littermates
(Fig. 8a), but the maximum amplitude of
the ERG remained smaller than in Y99C/
G90D mice of the same age ( p � 0.05)
(Fig. 8d) (supplemental Fig. 1, available at
www.jneurosci.org as supplemental mate-
rial), whose a-wave averaged 302 � 32 �V
(mean � SE) and b-wave 640 � 84 �V.
The ERG remained difficult to measure
and was not identifiable in some animals
(Fig. 8b). Prolonged light exposure was
slightly beneficial for the preservation of
the retinal morphology in the 40 –110 lux
group as well: at 3 months, four of five of
the L53 mice had between two and three
layers of photoreceptor nuclei, whereas
none of their littermates kept in cyclic light had even one com-
plete layer. The L53 mice that were constantly exposed to the light
also had an identifiable layer of inner segments, unlike their lit-
termates kept under regular cyclic light. Preservation was, how-
ever, much less than for Y99C/G90D mice, because nearly two-
thirds of photoreceptor nuclei were missing, and we were unable
to identify outer segments (Fig. 8f).

The increase in intensity of the ambient illumination to 200 –
700 lux further improved both the ERG and the retinal morphol-
ogy (Fig. 8c,d,f). The averaged a-wave became 55 � 21 �V
(mean � SE; n � 7) compared with no a-wave in the control
group, and the b-wave was also much higher (138 � 46 vs 7.7 �
5.3 �V; n � 9; p � 0.05). However, the magnitude of the rescue
varied among the 200 –700 lux-exposed animals: five of seven had
a measurable ERG b-wave, and four had also an a-wave. In one
animal, the a-wave reached half the normal amplitude, yet two of
seven animals had neither a-wave nor b-wave (supplemental Fig.
1, available at www.jneurosci.org as supplemental material), de-
spite the fact that all these littermates carried the same Y99C
GCAP-1 transgene from the same L53 parent.

Morphological features of the retina in the light-exposed an-
imals also further improved in the 200 –700 lux group (Fig. 8g)
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). In a representative sample shown in Figure 8g,
not only photoreceptor inner segments but also shortened outer
segments were clearly visible. The extent to which the structure of
the retina was improved, much like the ERG amplitude, varied
among animals and in different parts of the retina (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material),

but degeneration was nevertheless reduced compared with the
cyclic lighting group.

Discussion
To slow the rate of degeneration in Y99C animals, we attempted
to decrease free cGMP by constitutively activating cGMP phos-
phodiesterase, in the hope that the reduction in the opening of
the cGMP-gated channels would be sufficient to lower the abnor-
mally high free-Ca 2� concentration produced by the Y99C mu-
tation. To do this, we mated Y99C mice with a mouse line carry-
ing the G90D mutation of rhodopsin. Rod responses in G90D
mice have a decreased sensitivity (Figs. 2c, 4b) and an accelerated
decay (Fig. 3, green traces), much like receptors exposed to back-
ground light, consistent with other data showing that the G90D
mutation produces constitutive activation of the transduction
cascade (Sieving et al., 2001). Mice carrying both the GCAP-1
Y99C and the rhodopsin G90D mutations continue to show de-
creased Ca 2� sensitivity of retGC as in Y99C rods (Fig. 1c) and a
decreased sensitivity as in mice with G90D alone (Figs. 3a, 4a,b),
but the current density and outer segment Ca 2� in the Y99C/G90
mice are both brought much closer to their normal WT levels
(Fig. 4c). Furthermore, retinal degeneration is slower and far less
severe than in Y99C mice. Some preservation of structure and
function was also achieved by exposing Y99C mice to continuous
bright illumination.

We assumed that the peak photocurrent density is equivalent
to the circulating current density of the rod in darkness (Baylor et
al., 1979), which in turn reflects the free concentration of cGMP
in the outer segment. The free cGMP cannot be measured directly

Figure 6. Restoration of dark-adapted ERG responses in Y99C GCAP-1 mice expressing G90D rhodopsin. a, Typical ERG re-
sponses in WT mice (left), Y99C (middle), and their Y99C/G90D littermates (right) after 5 months of age, flash strength increases
from top to bottom. b, Maximal a-wave amplitude evoked by �3 � 10 6 photons �m �2 at cornea in WT (open black squares),
L53 (filled red triangles), Y99C (open red triangles), and Y99C/G90D (open blue circles) mice at different ages. Each data point
represents a separate mouse. c, ERG a-wave sensitivity in WT (open black circles; mean � SE; n � 17) and Y99C/G90D (filled blue
circles; n � 16) mice at 4 – 6 months of age. d, ERG b-wave sensitivity in WT (open black circles; mean � SE; n � 17) and
Y99C/G90D (filled blue circles; n � 16) mice at 4 – 6 months of age. Notice the strong reduction in sensitivity to dim flashes.
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with biochemical or immunocytochemical methods (Kilbride
and Ebrey, 1979; Govardovskii and Berman, 1981) because
�95% of total cGMP in the photoreceptors is tightly bound
(Gillespie and Beavo, 1989), with only a small fraction regulating
the cGMP-gated channels in light and darkness (Yau and Baylor,
1989). Because, however, the ratios of the maximum value of the
current densities from the various animals were very close to the
ratios of our estimates of outer segment free-Ca 2� (Matthews
and Fain, 2003), it is likely that changes in both current density
and Ca 2� reflect changes in the free concentration of cGMP in
the outer segment. Our results would then show that the Y99C
mutation of GCAP-1 increases free cGMP as the result of an
alteration of Ca 2�-binding in EF-hand domain 3 of the protein
(Dizhoor et al., 1998, 2006; Sokal et al., 1998, 2005; Wilkie et al.,
2001) and that the rhodopsin G90D mutation effectively reduces
this abnormally elevated cGMP level by constitutive activation of
the transduction cascade.

Elevated Ca 2� in photoreceptors is thought to be an impor-
tant apoptotic trigger for retinal degeneration (He et al., 2000). In
the animals we examined, degeneration is correlated with the
increased circulating current density that produces an increase in
intracellular Ca 2� (Olshevskaya et al., 2004, Makino et al., 2006)
(Fig. 4b, Table 1). None of our experiments excludes the possi-
bility, however, that the increased level of cGMP either by itself or
in combination with elevated Ca 2� can contribute to the onset
and progression of photoreceptor degeneration. Although we
measured Ca 2� in the outer segment, apoptosis is more likely to

be triggered in the inner segment by diffu-
sion for example into the adjacent mito-
chondria of the ellipsoid. The direct mea-
surement of changes in free Ca 2� in
mouse rod inner segments with fluores-
cent indicator dyes is not yet possible and
presents many difficulties, including the
small volume of inner segment cytoplasm
and the high basal level of Ca 2�, for exam-
ple in the mitochondria. There are in ad-
dition no biochemical methods presently
available to make direct measurements of
free cGMP. Measurements of total cGMP
cannot distinguish changes in the much
smaller fraction of the free cGMP in the
outer segment (Kilbride and Ebrey, 1979),
much less in the inner segment. Although
our experiments are consistent with the
notion that the degeneration in Y99C mice
is produced by elevated Ca 2�, definitive
proof of this hypothesis must await meth-
ods for increasing outer (and inner) seg-
ment Ca 2� without accompanying
changes in free cGMP.

Activation of the PDE6 by G90D,
which decreases the probability of channel
opening and reduces Ca 2� influx, pre-
serves �50% of photoreceptors at a time
when both Y99C and E155G GCAP-1 sib-
lings lacking the G90D transgene lose the
entire outer nuclear layer (Figs. 5, 7). This
effect is even more dramatic in E155G
mice. In the absence of G90D transgene,
the E155G rods are severely compromised
as early as 3– 4 weeks of age to such an
extent that their abnormally short outer

segments are not even suitable for single-cell recording (Fig. 7),
hence the lack of single-cell data for E155G mice in this study. How-
ever, the presence of the G90D transgene drastically increases the
rate of survival of the photoreceptors even in this model of severe
retinal degeneration (Fig. 7).

In addition to their nearly normal morphological appearance
(Figs. 5, 7), the surviving rods in both G90D/Y99C and G90D/
E155G mice also remain functional. Despite the reduction by
almost an order of magnitude in the light sensitivity of the res-
cued rods, the ERG responses were robust at the time when the
nonrescued siblings had, at best, only rudimentary ERG re-
sponses or none at all (Figs. 6, 7). We did not observe 100%
rescue, probably because expression of both Y99C GCAP-1 and
G90D rhodopsin among the photoreceptors was non-uniform,
and G90D expression may have been less effective in preserving
the viability of those rods that produce higher levels of the mutant
GCAP-1 (and/or lower levels of the G90D rhodopsin).

Prolonged exposure of the Y99C mice to 200 –700 lux ambient
light also partially rescued photoreceptors (Fig. 8). The preserva-
tion was much less than in Y99C/G90D animals, in which the
cascade was continuously activated, probably reflecting the diffi-
culty of maintaining a truly constant light stimulation of the
photoreceptors. The light intensity at the retina must have been
quite different during periods of inactivity, when the mice hud-
dled together with closed eyelids, and during periods of activity,
when they had their eyes open. In a different strain of mice (L52)
that expresses lower levels of Y99C GCAP-1 (Olshevskaya et al.,

Figure 7. Retinal degeneration in mice expressing E155G GCAP-1 and its rescue by G90D rhodopsin. a, Shift in Ca 2� sensitivity
of retGC in 3.5-week-old mice expressing E155G GCAP-1 in E155G (white circles; n � 2) or E155G/G90D littermates (black squares;
n � 3) compared with WT (black circles; n � 5). For additional detail, see Figure 1. b, Retinal degeneration in L541 line expressing
E155G GCAP-1 in R�/� background at 1 month and 3 months of age (left); a nonexpressing WT littermate of E155G L541 mice at
3 months of age is shown on the right (40� objective). The inset in left top panel shows distal portion of the retina in more detail.
Notice the drastically distorted and dispersed outer segments at 1 month of age. rpe, Retinal pigment epithelium; is, inner
segments; os, outer segments; onl, outer nuclear layer; opl, outer plexiform layer; inl, inner nuclear layer; ipl, inner plexiform layer;
gl, ganglion cell layer. c, Rescue of rods in E155G/G90D (top) mouse compared with its E155G littermate (bottom) at 4 months of
age (20� objective). d, Restoration in E155G/G90D mice of ERG responses lacking in their E155G littermates. e, Maximal ERG
a-wave amplitude in WT (squares), E155G (triangles), and their E155G/G90D littermates (circles). Each data point represents a
separate mouse.

Woodruff et al. • G90D Rhodopsin Rescues Degeneration Caused by Elevated Cyclase Activity J. Neurosci., August 15, 2007 • 27(33):8805– 8815 • 8813



2004), preliminary results of another
group also indicate that prolonged ambi-
ent light exposure can be effective in pre-
serving retinal morphology and function
(Dr. Tiansen Li, personal communica-
tion). However, it also needs to be noted
that prolonged exposure to constant
bright light can significantly reduce ERG
amplitudes in normal pigmented mice
(Lyubarsky et al., 2004).

Previous observations have pointed to
a decrease in the Ca 2� sensitivity of cGMP
synthesis as a possible explanation for the
onset of apoptosis in photoreceptors har-
boring specific mutations in retGC1 and
GCAP-1 (for review, see Bird et al., 2002;
Olshevskaya et al., 2002; Dizhoor et al.,
2006). In human patients, these mutations
usually first appear as cone and cone–rod
degenerations in the macula (Payne et al.,
1998; Wilkie et al., 2001, Sokal et al., 2005).
In mice, which do not have a macula, the
mutant GCAP-1 is expressed primarily
under a rod-specific promoter that is also
somewhat active in the cones (Woodford
et al., 1994). Despite these differences,
mouse rods progressively degenerate specif-
ically in response to mutant GCAP-1 expres-
sion and can therefore be considered an ap-
propriate model for evaluating the
mechanism of human photoreceptor death
triggered by GCAP-1 mutations. Our exper-
iments show that progressive severe photo-
receptor loss occurs in GCAP-1 Y99C mice
(Fig. 5), with an ERG barely, if at all, detect-
able by 3–4 months of age (Figs. 6a,b, 7b,d),
Furthermore, the degeneration is caused by
elevation of cGMP and Ca2� through the
abnormal activity of retGC in the darkness,
which can be mitigated by stimulation of
cGMP hydrolysis by PDE6. Thus, constitu-
tive activation of the phototransduction cas-
cade by G90D rhodopsin, which by itself
produces human stationary night blindness (Sieving et al., 1995), is
nevertheless capable of rescuing photoreceptors from death in ex-
change for lower light sensitivity. Because low light sensitivity is pref-
erable to none at all, it may be useful to explore G90D rhodopsin
expression as a possible genetic approach to the treatment of con-
genital blindness produced by elevated cGMP production in cer-
tain inherited retinal disorders.
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