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In nonphagocytic cells, Rac1 is a component of NADPH oxidase that
produces reactive oxygen species [Ushio-Fukai M (2006) Sci STKE
2006:re8]. Rac1 is expressed abundantly in mammalian retinal
photoreceptors, where it is activated in response to light stimuli
[Balasubramanian N, Slepak VZ (2003) Curr Biol 13:1306-1310]. We
used Cre-LoxP conditional gene targeting to knock down Rac1
expression in mouse rod photoreceptors and found protection
against light-induced photoreceptor death compared with WT
litter-mates. We also found a similar protective effect on rods using
apocynin, which inhibits NADPH oxidase activity. These results
implicate both neuronal Rac1 and NADPH oxidase in cell death in
this model of CNS degeneration. Studies in which dominant-
mutants of RacT were expressed in transgenic Drosophila species
demonstrated that Rac1 is a key regulator of photoreceptor mor-
phogenesis and polarity [Chang HY, Ready DF (2000) Science
290:1978-1980]. However, we found that diminished Rac1 expres-
sion in mouse rods had no effect on retinal structure or function
examined by light microscopy, electron microscopy, rhodopsin
measurement, electroretinogram activity, and visual acuity, in-
dicating rod outer segment morphogenesis proceeded normally
in Rac1 conditional knockout mice. The lack of structural or
functional effect of Rac1 depletion on photoreceptors, but
protection under conditions of stress, indicate that the Rac1
pathway warrants exploration as a target for therapy in retinal
neurodegenerative diseases.

apoptosis | retinal degeneration | Rho GTPases | retinal light damage |
superoxide anions

Racl is a member of the Rho GTPases, which are important
regulators of cellular functions including morphogenesis,
polarity, and apoptosis (1). In response to extracellular stimuli
via various types of membrane receptors, Racl can act as an
intracellular molecular switch by cycling between a GDP-bound
inactive state and a GTP-bound active state. When bound to
GTP, activated Racl stimulates various downstream effectors to
elicit a variety of biological activities.

Transgenic expression of dominant-negative and dominant-
active Racl has revealed many important tissue-specific func-
tions of Racl. For example, studies in transgenic Drosophila
species that express dominant-active Racl in rhodopsin-null
mutants and dominant-negative Racl in WT showed that it is a
key regulator of rhodopsin-mediated photoreceptor morphogen-
esis (2). However, recent studies indicate that analysis of dom-
inant mutants may be ambiguous and may not always represent
a specific activation or inhibition of Rac1 (3). Although systemic
deletion of Racl is lethal in embryonic mice (4), conditional
gene-targeting studies can be used to dissect the tissue-specific
roles of mammalian Racl in vivo. Using this method, Racl has
been shown to regulate diverse cellular functions in different cell
types. Racl has an important role in stem cell renewal in the
adult mouse epidermis (5), and it is essential for the axon
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guidance in the mouse telencephalon (6). Racl acts as a com-
ponent of NADPH oxidase in the adult mouse cardiomyocytes,
and is critical in the development of cardiac hypertrophy via
production of reactive oxygen species (7).

Racl expression is localized with rhodopsin-bearing transport
carriers in frog photoreceptors, suggesting that Racl is involved
with photoreceptor polarity through the post-Golgi trafficking of
rhodopsin (8). Racl expression has been reported in mammalian
rod photoreceptors based on immunohistochemistry, but the
expression pattern of Racl in rods is still under debate (9-11).
Racl is activated in response to light stimuli in the mammalian
retina (10, 11), but the specific role of Racl in mammalian
photoreceptors remains to be elucidated.

To study the function of Racl in mammalian photoreceptors,
we used a Cre-LoxP conditional gene-targeting strategy to delete
Racl in rod photoreceptors. Contrary to previous studies impli-
cating Racl in Drosophila photoreceptor morphogenesis and
polarity (2), we found that diminished Racl expression in mouse
rod photoreceptors had no apparent effect on the maintenance
of rod structure or function. Because light-induced photorecep-
tor death by apoptosis is accompanied by increased toxic super-
oxide levels (12), we wondered whether depleting Racl, a key
component of superoxide producing NADPH oxidase in some
tissues, would affect light toxicity in the retina. Depleting Racl
reduced rod susceptibility to light-induced degeneration, impli-
cating neuronal Racl in this model of CNS degeneration.

Results

Generation of Rac1 Conditional Knockout (Rac? CKO) in Mouse Rod
Photoreceptors. Mice homozygous for the floxed Racl gene (13)
were crossed with transgenic mice expressing Cre recombinase
under the control of the long (4.1 kb) mouse opsin promoter
(LMOP-Cre mice) (14) to generate RacI CKO mice (Rac1flox/flox,
LMOP-Cre*'~). Racl CKO mice were compared with WT
litter-mates (Rac1fiox. L MOP-Cre~'~) to minimize the influ-
ence of the mixed genetic background. The LMOP-Cre mouse
line exhibits efficient and selective Cre-mediated recombination
in rod photoreceptors (14).

To estimate the degree of conversion of the Rac1/%* allele to
RacI™! by the LMOP-Cre transgene in rod photoreceptors, we
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Fig.1. Photoreceptors of Rac7 CKO mice have normal structure. (A) Representative immunohistochemical staining of Rac1 (brown) in the retina from Rac7 CKO
mice and WT litter-mates. Sections were stained with Mayer hematoxylin to show cell nuclei (light blue). (Scale bar: 20 um.) (B) Morphology of the photoreceptor
layer is normal in light microscopy of retinal sections cut along the vertical meridian containing the ONH. (Scale bar: 20 um.) Arrowheads placed at 800 um
superior to ONH. (C and F) ONL thickness and ROS length of Rac7 CKO mice are indistinguishable from WT litter-mates at 20 points across the retina. (D)
Representative immunohistochemical staining of rhodopsin (green) in the retina from Rac7 CKO mice and WT litter-mates. Nuclei in cells were stained with DAPI
(blue). (Scale bar: 20 um.) (E) Transmission electron micrographs showing the ROS structure of Rac7 CKO mice and WT litter-mates. (Scale bar: 2 um.) RPE, retinal

pigment epithelium; RIS, rod inner segments; INL, inner nuclear layer.

isolated genomic DNA from the neural retinas of Racl CKO
mice and performed real-time PCR with specific primers to the
RacI™ allele. This indicated a 37.5% = 7.2% conversion (n =
5) of the Rac 1/~ allele to RacI™¥ in Racl CKO retinas. Because
rod photoreceptors comprise approximately 70% of neural
retinal cells (15), we estimate that approximately 50% of Rac 1/
allele was converted to RacI™ in rod photoreceptors.

Immunohistochemistry of retinal sections using an anti-Racl
monoclonal antibody indicated that Racl expression was selec-
tively decreased in the rod photoreceptors of Racl CKO mice.
Racl expression was evident in the outer nuclear layer (ONL)
and photoreceptor inner segments but not the outer segments of
control mice by immunohistochemical staining (Fig. 14) or in
isolated rod outer segments (ROS) by immunoblot analysis
(Fig. S1). In Racl CKO mice, Racl was decreased in the ONL
compared with controls but was unchanged in the proximal
retinal layers (Fig. 14).

Structure and Function of Rac1 CKO Mouse Rods. Transgenic expres-
sion of dominant-active Rac! in Drosophila rescued rhabdomere
morphogenesis in rhodopsin-null mutants, whereas expression of
dominant-negative Racl caused degeneration of rhabdomeres
(2). Because Drosophila rhabdomeres are homologous to the
mammalian ROS, we analyzed photoreceptor structure in retinal
sections from Racl CKO mice and control litter-mates. Racl
CKO mice had normal ROS length and structure by light
microscopy at 8 weeks of age (Fig. 1 B and F), and no ROS
structural change was evident by transmission electron micros-
copy (Fig. 1E). No difference was seen in the expression pattern
of rhodopsin between Rac! CKO mice and controls by immu-
nohistochemistry using an anti-rhodopsin monoclonal antibody
(Fig. 1D). The quantity of rhodopsin in the whole retina of Rac!
CKO mice was not different from controls (Table S1). Racl
promotes either cell survival or cell death depending on cell type
and cell conditions (16). However, there was no difference in
ONL thickness (reflecting rod cell numbers) between Rac! CKO
and control mice (Fig. 1 B and C), and Racl CKO retinas showed
no degeneration up to 6 months of age (Fig. S2).
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Visual function of Racl CKO mice was assessed by using
optomotor responses to determine visual acuity (17) and was
indistinguishable from control animals (RacI CKO: 0.404 cycles/
degree = 0.005, n = 5 animals; control: 0.405 cycles/degree =
0.006, n = 5 animals; Fig. 2 A and B). Rod responses to light
stimuli in Racl CKO were evaluated with the dark adapted
electroretinogram (ERG) (Fig. 2 C-G). The intensity-response
curves of the dark-adapted ERG a-wave, which directly reflects
rod photoreceptor circulating dark-current (18) and transduc-
tion pathway activity (19), indicated there was no difference
between Racl CKO and WT mice in amplitude or implicit time
(Fig. 2 D and E). The lower portion of the Rac! CKO amplitude-
versus-intensity curve of the ERG b-wave, reflecting bipolar cell
activity postsynaptic to rods, was shifted to higher intensity (i.e.,
lower sensitivity) by 0.26 log without a change in maximum
amplitude (Fig. 2 F and G). A nearly twofold reduction in the
number of responding rods uniformly distributed across the
retina could produce this effect (20). However, log-K values
from Naka-Rushton fits to the data indicated this shift was not
statistically significant (F test, P = 0.153, n = 5). Thus,
rod-specific depletion of Racl did not affect rod structure,
number, visual pigment level or kinetics, or neural response to
light.

Rac1 Depletion Protects Photoreceptors from Phototoxic Insult. Ex-
cessive bright light exposure leads to rhodopsin-mediated stim-
ulation of apoptotic cell death of rod photoreceptors in several
species, including mouse (21). Racl is a potent proapoptotic
factor (16), and is activated in mammalian retinas in response to
light (10, 11). We explored a role for Racl in light-induced
photoreceptor apoptosis by exposing mice to 15,000 lux illumi-
nation for 24 h and evaluating rod survival 7 d later. Racl CKO
retinas had a greater number of rod nuclei surviving and better
preserved outer segments than the WT litter-mates (Fig. 34 and
B). Photoreceptor apoptosis was studied by TUNEL assay after
24 h in dark after light exposure. Retinal sections of Racl CKO
mice had fewer TUNEL-positive photoreceptors compared with

Haruta et al.
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Fig. 2. Photoreceptors of Rac1 CKO mice have normal visual function. (A)

Visual acuities were evaluated by increasing the spatial frequency of the
rotating grating until an optomotor response could not be detected. (B) Visual
acuities of RacT CKO mice were indistinguishable from WT litter-mates. (C)
Retinal responses as measured by the dark-adapted ERG. (D and E) The a-wave
of Rac7 CKO mice has normal amplitude and implicit time across a 2.5-log-unit
intensity range. (F and G) The b-wave of Rac? CKO mice has normal amplitude
and implicit time across a 4.5-log-unit intensity range.

WT litter-mates, indicating that Racl depletion protected rod
photoreceptors from apoptosis (Fig. S3).

Possible Mechanisms of Light Damage Protection. Overexpression of
Cre recombinase is toxic to photoreceptor cells (22) and hence
does not explain the neuroprotection in Racl CKO mice. We
excluded neuroprotection resulting from an insertional effect of
the LMOP-Cre transgene by generating a second set of Racl
CKO mice using transgenic mice expressing Cre recombinase
under the control of the photoreceptor-specific interphotore-
ceptor matrix retinoid binding protein (IRBP) promoter (23).
These Racl CKO mice (Racl/¥flox, [RBP-Cre™~) showed sim-
ilar protection from light damage (Fig. 3 C and D), indicating
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that Racl deficiency conveys protection against light-induced
photoreceptor degeneration, and it is not caused by an inser-
tional effect of the Cre transgene.

Susceptibility to phototoxic insult depends on the total
amount of rhodopsin in the retina and the rate of rhodopsin
recycling after bleach (21, 24-26). We found no difference
between Racl CKO and controls in total amount (Rac! CKO:
0.54 nmol/retina = 0.01, n = 8 retinas from 4 animals; control:
0.55 nmol/retina *+ 0.02, n = 7 retinas from 4 animals; Table S1)
or regeneration kinetics of rhodopsin (Rac! CKO: 0.011/min *
0.001; control: 0.011/min = 0.001; Table S1).

Acute phototoxic insult involves the induction of AP-1 and
members of the IL-6 family of cytokines in the neural retina and
phosphorylation of STAT3 in Miiller glial cells (21, 27). Acti-
vated Racl stimulates AP-1 activity through phosphorylation of
c-jun (28) and indirectly phosphorylates STAT3 via production
of IL-6 (29). However, no difference was observed between Racl
CKO mice and control litter-mates in the expression pattern of
any of these molecules or in the expression of c-fos, a potent
component of AP-1 (Fig. 4).

Inhibition of NADPH Oxidase Protects Photoreceptors from Light-
Induced Degeneration. Racl in nonphagocytic cells is a compo-
nent of the multi-subunit enzyme NADPH oxidase, which can
generate superoxide anions (30). Although Rac2 is a component
of NADPH oxidase in some tissues (13), it is not present in retina
(Fig. S4). Superoxide anions are involved in light-induced de-
generation (12), and anti-oxidants have a protective effect (31).
NADPH oxidase subunits in forebrain include gp91P"°* and
p22phox (32). Increased membrane gp91Phox and p22Phox are
associated with NADPH oxidase activation by ketamine in
forebrain (32). In the neural retina, which develops from the
forebrain, we found induced expression of these subunits, as well
as Racl, in membranes after light stress (Fig. 4). In addition,
lower Racl levels were present in retinal membranes from
Racl-CKO mice versus controls after light stress (Fig. S5).

To test the hypothesis that reduced NADPH oxidase activity
has a protective effect on rod photoreceptors, we injected the
selective NADPH oxidase inhibitor apocynin into BALB/c mice
before exposure to acute phototoxic insult. Apocynin inhibits
NADPH oxidase activity by impeding subunit assembly (33).
Apocynin injection protected rod photoreceptors from light
damage compared with vehicle (Fig. 3 E and F), implicating
NADPH oxidase and oxidative stress in light-induced retinal
degeneration.

Discussion

Acute retinal phototoxic insult up-regulates or activates a num-
ber of molecules, including Racl (34), but these may represent
part of normal visual transduction and neuronal signaling in
addition to prodeath (35) or prosurvival (36) responses. Absorp-
tion of light by rhodopsin is the first step in these biochemical
pathways, which may include the generation of reactive oxygen
species. Racl deletion in mouse rod photoreceptors allowed us
to dissect the functional and structural roles of Racl specifically
in these cells. Racl depletion reduced the rod susceptibility to
light-induced death but did not affect rod structure or function
under appropriate levels of cyclic light.

Photoreceptors are vulnerable to oxidative damage because of
their high oxygen consumption (37) and high content of poly-
unsaturated fatty acids (38) but low levels of antioxidants in the
outer segments (39). In light-induced retinal degeneration,
photoreceptor apoptosis is tightly linked to induced production
of nitric oxide and superoxide anions (12), leading to neuronal
death (40). There is strong evidence that superoxide anions
participate in the photoreceptor death, but the mechanisms that
regulate superoxide generation are poorly understood. In
nonphagocytotic cells, Racl is critical for assembly and function
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Rod-specific Rac1 depletion and administration of NADPH oxidase inhibitor protect photoreceptors from light-induced degeneration. (A and B) Rac1

CKO mice (Rac1floxfflox, | MIOP-Cre*/~) had a greater average ONL thickness (P = 0.0024, Student t test) and better preserved ROS structure compared with WT
litter-mates (Rac1flox/flox | MOP-Cre~/~), which were severely disorganized and shortened. (C and D) Rac? CKO mice (Rac1flox/flox |IRBP-Cre*/~) had a greater
average ONL thickness (P = 0.0107, Student t test) compared with WT litter-mates (Rac1f/ox/flox, IRBP-Cre~/-). (E and F) Albino BALB/c mice were injected i.p. with
NADPH oxidase inhibitor apocynin or vehicle only for controls. BALB/c mice were used because of their increased susceptibility to light damage, and the highly
inbred strain minimized genetic variability. Apocynin-injected BALB/c mice had a greater average ONL thickness (P = 0.0027, Student t test) compared with
vehicle-injected controls. Mice were exposed to either 15,000 lux illumination for 24 h (A-D) or 5,000 lux for 2 h (E and F) after 16 h in darkness, and then kept
in the dark for 7 d. Photoreceptor cell survival was evaluated by measuring ONL thickness in retinal sections cut along the vertical meridian containing the ONH.

(Scale bars: 20 um.) Arrowheads are placed at 800 um superior to ONH.

of NADPH oxidase, which produces superoxide anions upon
stimulation. Our results show that rod-specific Racl deletion was
associated with lower levels of light-stimulated Racl expression
in retinal membranes and protected rod photoreceptors from
light-induced degeneration. The NADPH inhibitor apocynin
had a similar protective effect. Since Racl is a component of
NADPH oxidase in other tissues, these results are consistent
with a role for reduced NADPH oxidase activity in light damage
protection in Rac! CKO mice.

Rho GTPases, including Racl, have emerged as key regulators
of the neuronal morphogenesis and polarity (41). Although
transgenic expression of a dominant-negative Rac! in Drosophila
inhibits rhabdomere morphogenesis (2), our histomorphometric
analysis and electron microscopic observation of the ROS in
Racl CKO mice indicated that Racl is not essential for main-
taining normal morphology of mammalian photoreceptors.
Rods maintain proper cell polarity by post-Golgi trafficking of
rhodopsin to the ROS (8). C-terminal mutations in rhodopsin
interfere with this directed trafficking and lead to aberrant
rhodopsin localization and severe retinal degeneration (42).
Although Racl may participate in rhodopsin trafficking in frog
photoreceptors (8), our Racl CKO mice showed neither mis-
localized expression of rhodopsin nor signs of retinal degener-
ation. This indicates that, if Racl functions in mammalian
photoreceptor morphogenesis and polarity, other Racl-related
Rho GTPases may compensate for the role of Racl in Racl CKO
mice. Alternatively, because both opsin and IRBP promoters lead
to relatively late expression of Cre recombinase and depletion of
Racl, our study may not recapitulate the results published earlier
on the effects of dominant-negative Rac! in Drosophila photo-
receptors.

Racl inhibition warrants further study as a strategy for
neuroprotection. It protects rod photoreceptors from light dam-
age without causing functional loss as seen in some other genetic
manipulations. For example, in mice that lack functional rho-
dopsin (i.e., rhodopsin-null and Rpe65-null mice), rods are
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protected from light damage (26) but have minimal or no
function (43, 44). Further, c-fos-null mice show resistance to light
damage (35), but they suffer attenuated retinal function (45). In
contrast, reducing Racl expression did not affect rod structure
or function but protected against neuronal death by phototoxic
insult.

Materials and Methods

Animals. Experiments were conducted in accordance with the ARVO state-
ment for the Use of Animals in Ophthalmic and Vision Research, and protocols
were approved by the National Eye Institute Animal Care and Use Committee.
Rac1 CKO mice (Rac1flox/flox | MIOP-Cre*/~) were generated by mating the
floxed Rac? mice (mixed background of C57BL/6, SV/129, and BALB/c) (13) with
the LMOP-Cre mice (mixed background of FVB/N and C57BL/6) (14). Litter-
mates (Rac1floxiflox | MOP-Cre~/~) were used as the WT controls. We also
obtained Rac? CKO mice (Raciflox/flox |[RBP-Cre*/~) and control litter-mates
(Rac1floxlflox IRBP-Cre~'~) by mating the floxed Rac mice with IRBP-Cre mice
(mixed background of C57BL/6 and CBA, and has been backcrossed to C57BL/6
for more than 5 generations) (23). BALB/c mice were purchased from The
Jackson Laboratory. Mice were reared in dim white fluorescent light (60 lux)
in a 12-h dark/light cycle.

Genotyping. Mice were genotyped by PCR methods by using tail DNA as a
template. The genotyping of Rac7 and Cre was performed as described in refs.
13 and 23. LMOP-Cre mice are derived from FVB/N strain, which carries a
retinal degeneration mutation (Pdeb™’). We confirmed that this mutation is
not inherited in all of the mice we used for the experiments by genotyping of
Pdeb™! as described in ref. 46.

Rpe65 encodes the retinoid isomerase, which is essential for rhodopsin
regeneration. Resistance to light damage has been associated with a Leu-to-
Met polymorphism at aa 450 of Rpe65 (24, 25). For the light damage and
rhodopsin regeneration studies, we used only Rac7 CKO mice and litter-mate
controls with Rpe65asoLeuwmet, because our pilot study showed reduced light-
induced photoreceptor degeneration in control mice with Rpe65asomet/met-
The Leu-to-Met variant of Rpe65 was tested as described in ref. 47.

Immunohistochemistry. Rac1 immunostaining was done on 10-um frozen

sections from 8-week-old Rac7 CKO mice and control litter-mates. Sections
were postfixed in 4% paraformaldehyde/2% acetic acid in PBS solution for 30

Haruta et al.
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Fig. 4. Analyses of potential downstream pathways of Rac1 and NADPH
oxidase components. Rac? CKO mice and control litter-mates were either kept
in dim light (dark) or 6 h in dark after exposure to 15,000 lux for 24 h (light).
Total cell lysates or membrane proteins were prepared from fresh isolated
neural retinas and were analyzed for the expression of the indicated proteins
by immunoblotting.

min at room temperature and incubated for 2 min in ice-cold ethanol/acetic
acid (95:5). Antigen retrieval (Rodent Decloaker; Biocare Medical) was done at
80 °C for 30 min and blocked with 3% goat serum at room temperature for 30
min to reduce the background interaction between the monoclonal antibody
and the mouse tissue. Sections were incubated at 4 °C overnight with an
anti-Rac1 monoclonal antibody (clone 23A8, 0.5 ng/mL; Millipore). Detection
was by the EnVision+ System-HRP (DAB) and Mayer hematoxylin (DAKO). For
rhodopsin immunostaining, standard immunohistochemical techniques (48,
49) were used with an anti-rhodopsin monoclonal antibody (clone Rho 1D4, 2
wrg/mL; Millipore).

Protein Preparation and Immunoblotting. ROS proteins were prepared from
fresh isolated neural retinas (n = 4 animals per group) on continuous sucrose
gradient as described in ref. 50. ROS proteins were recovered from the 32/37%
sucrose interface (band 1), and other retinal proteins were collected from the
37/42% sucrose interface (band Il). Total cell lysates or membrane proteins
were prepared from fresh isolated neural retinas as described in ref. 51.

Aliquots were used for protein determination by using a BCA Protein Assay
Kit (Pierce). Protein samples (5 ng/lane for band | and band Il samples, and 50
g per lane for total cell lysates or membrane proteins) were subjected to
immunoblotting analysis with the following antibodies: anti-Rac1 specific
monoclonal antibody (1:500; Cytoskeleton), anti-opsin monoclonal antibody
(1:10,000, clone RET-P1; Sigma-Aldrich), anti-phospho-STAT3 (Tyr-705) poly-
clonal antibody (1:1,000; Cell Signaling), anti-STAT3 polyclonal antibody
(1:1,000; Cell Signaling), anti-phospho-c-Jun (Ser-73) polyclonal antibody
(1:1,000; Cell Signaling), anti-c-Jun/AP-1 polyclonal antibody (1:50; EMD
Chemicals), anti-c-fos polyclonal antibody (1:200, Santa Cruz Biotechnology),
anti-a-tubulin monoclonal antibody (1:5,000, clone DM1A; Abcam), anti-
gp91-phox monoclonal antibody (1:500, clone 53; BD Biosciences), and anti-
p22-phox polyclonal antibody (1:200; Santa Cruz Biotechnology).

1. Jaffe AB, Hall A (2005) Rho GTPases: Biochemistry and biology. Annu Rev Cell Dev Biol
21:247-269.

2. Chang HY, Ready DF (2000) Rescue of photoreceptor degeneration in rhodopsin-null
Drosophila mutants by activated Rac1. Science 290:1978-1980.
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Real-Time PCR. Amounts of Rac1"¢/ allele in the neural retina of Rac7 CKO mice
(8 weeks of age, n = 5) were estimated by real-time PCR analysis by using a 2X
SYBR GreenER gPCR SuperMix (Invitrogen). Primer sequences to amplify
Rac1nU! allele (13) were 5'-TCCAATCTGTGCTGCCCATC-3" and 5'-CAGAGCTC-
GAATCCAGAAACTAGTA-3'. Each amplification reaction was done in a final
volume of 25 uL with 125 ng of neural retinal DNA as a template. To allow
quantification of recombination frequency, we constructed a standard curve
by mixing known amounts of Rac1fox/flox DNA with Rac1"u//WT DNA as reported
inref. 23. The data were collected from 3 independent experiments with each
experiment performed in triplicate.

Histologic Evaluation. Eyes from 8-week or 6-month-old Rac7 CKO and control
mice were used for histologic evaluation as described in ref. 52. For light micros-
copy, 0.5-um-thick sections were cut along the vertical meridian, passing through
the optic nerve head (ONH), and stained with 0.1% toluidine blue. Photoreceptor
cell number was evaluated by measuring ONL thickness on photomicrographs of
retinal sections taken with a X20 objective of a photomicroscope (E800; Nikon)
and digital camera (DXM1200; Nikon). Measurements were made across the
inferior and superior retinas every 200 um to 2000 um from the ONH. Rod outer
segment length was measured at the same retinal locations. For transmission
electron microscopy, 100-nm ultrathin sections were cut by using an Ultracut R
ultramicrotome (Leica), stained with uranyl acetate and lead citrate, and exam-
ined by electron microscope (JEM 1010; JEOL).

Visual Acuity. We evaluated the visual acuities of Rac7 CKO mice and control
litter-mates at 7 weeks of age by using optokinetic responses (OptoMotry;
CerebralMechanics) as described in refs. 17 and 49.

Electroretinography. Full-field dark-adapted ERG responses were recorded from
Rac1 CKO mice and control litter-mates at 8 weeks of age as described in ref. 52.

Light Exposure. Eight- to 10-week-old mice were dark adapted overnight for
16 h before light exposure. Equally pigmented, sex-matched Rac? CKO mice
and control litter-mates were exposed to 15,000 lux of diffuse white fluores-
cent light for 24 h beginning at 10 AM. Pupils were dilated 3 times with 1%
atropine sulfate topical corneal ophthalmic solution before dark adaptation,
before light exposure, and at 6 PM during light exposure. Pupil dilation was
confirmed at the conclusion of light exposure.

Albino male BALB/c mice (7 to 8 weeks old) were dark-adapted overnight
for 16 h before light exposure. Apocynin (Sigma-Aldrich) was dissolved in PBS
solution. Apocynin (50 mg/kg) was injected i.p. 16 h before and 1 h before light
exposure. Control animals were injected with PBS solution only. Mice were
exposed to 5,000 lux of diffuse white fluorescent light for 2 h beginning at 11 AM.

During exposure, each mouse was housed separately in a well ventilated
transparent plastic cage and provided with food and water but no bedding to
obscure light. Cages were illuminated from above and below, and average
illuminance was measured at the cage floor. Temperature was monitored and
maintained at 25 °Cduring light exposure. After light exposure, the mice were
housed in darkness for 7 d and then euthanized, and the eyes were removed
immediately for histologic examination.

Statistical Analysis. All data are expressed as mean * SE. The two-tailed
Student t test was used to compare the average ONL thickness (from 2 mm
inferior to 2 mm superior to the ONH). Naka-Rushton fits to the ERG b-wave
data were compared using the extra sum-of-squares F test (GraphPad Prism).
Average Western blot band densities were expressed in box and whiskers plots
as mean, 25-75% (min-max) and the one-way ANOVA (GraphPad Prism) was
used to compare the means. For further information see Fig. S5.

Rhodopsin Measurement, TUNEL Staining, RNA Preparation and RT-PCR. Rho-
dopsin measurement, TUNEL staining, RNA preparation, and RT-PCR were
performed as described in refs. 25-27. For further information see S/ Text.
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