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Investigative Ophthalmology & Visual Science

Retinal Cell Biology

Transgenic Expression of Constitutively Active RAC1
Disrupts Mouse Rod Morphogenesis
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Purrose. Dominant-active RAC1 rescues photoreceptor structure in Drosophila rhodopsin-
null mutants, indicating an important role in morphogenesis. This report assesses the
morphogenetic effect of activated RAC1 during mammalian rod photoreceptor development
using transgenic mice that express constitutively active (CA) RACI.

MerHops. Transgenic mice were generated by expressing CA RAC1 under control of the
Rhbodopsin promoter, and morphological features of the photoreceptors were evaluated by
histology, immunohistochemistry, and transmission electron microscopy. Function was
evaluated by electroretinography. Potential protein partners of CA RAC1 were identified by
co-immunoprecipitation of retinal extracts.

Resurts. Constitutively active RAC1 expression in differentiating rods disrupted outer retinal
lamination as early as postnatal day (P)6, and many photoreceptor cell nuclei were displaced
apically into the presumptive subretinal space. These photoreceptors did not develop normal
inner and outer segments and had abnormal placement of synaptic elements. Some
photoreceptor nuclei were also mislocalized into the inner nuclear layer. Extensive
photoreceptor degeneration was subsequently observed in the adult animal. Constitutively
active RAC1 formed a complex with the polarity protein PAR6 and with microtubule motor
dynein in mouse retina. The normal localization of the PAR6 complex was disrupted in CA
RAC1-expressing rod photoreceptors.

Concrusions. Constitutively active RAC1 had a profound negative effect on mouse rod cell
viability and development. Rod photoreceptors in the CA RAC1 retina exhibited a defect in
polarity and migration. Constitutively active RAC1 disrupted rod morphogenesis and gave a
phenotype resembling that found in the Crumbs mutant. PAR6 and dynein are two potential
downstream effectors that may be involved in CA RACl-mediated defective mouse
photoreceptor morphogenesis.

Keywords: RAC1, mouse rod morphogenesis, lamination, positioning and polarity,
photoreceptor degeneration

Mammalian rod photoreceptors are highly polarized neu-
rons that lie in the distal region of the retina, which
includes the outer and inner segment (OS/IS) layer, the outer
nuclear layer (ONL), and the outer plexiform layer (OPL),
containing synapses. The OS is a modified primary cilium that
elaborates into a stack of membranous discs that contain light-
sensitive rhodopsin and components for phototransduction.
The IS contains the essential biosynthetic and metabolic
machinery of the cell. The functionally distinct OS and IS
compartments are joined by a connecting cilium. The OS/IS
points apically, while the cell sprouts an axon basally that forms
a synaptic terminus in the OPL. These highly polarized
morphological features are crucial for the development and

function of photoreceptors.!-?

Photoreceptors undergo considerable morphological
change from the postmitotic precursor during retinal develop-
ment. After terminal mitosis, newly differentiating photorecep-
tors develop in polarized fashion with the IS developing first,

followed by axons and the 0S.3% The IS starts to elaborate as
the cell initiates polarity, and subsequently the OS discs bud
apically from the IS. These events establish proper polarity in
developing photoreceptors and are critical for OS/IS formation.
The OS frequently is defective in retinal degenerative deseases.>
Thus, understanding photoreceptor morphogenesis and plas-
ticity may contribute insights for development of therapeutic
interventions.

The two proteins, rhodopsin and peripherin/RDS, are
involved in rod outer segment (ROS) formation, and rod
photoreceptor cells fail to develop an OS if either of these
proteins is missing.°"'® A remarkable finding in Drosophila
retina demonstrated that dominant active RAC1 (V12Dracl,
Ras-related C3 botulinum toxin substrate 1) can mediate
rhabdomere formation in rhodopsin-null photoreceptors, im-
plicating RAC1 as a critical player in photoreceptor morpho-
genesis.!! The small GTPase RACL1 is a key regulator of the actin
cytoskeleton.!'?13 RAC1 responds to extracellular signals and
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switches between the inactive GDP-bound and active GTP-
bound forms that regulate a variety of cellular processes,
including cell-cell adhesion, microtubule dynamics, cell
polarity, migration, morphogenesis, and apoptosis.!4-1¢

In frog, RAC1 colocalizes with rhodopsin transport carriers
in photoreceptors, suggesting that RAC1 participates in the
polarized trafficking into the ROS and affects photoreceptor
polarity in vertebrates.!” RAC1 is also expressed in mammalian
photoreceptors,'®-2! and in mouse, activated RAC1 is involved
in lightinduced photoreceptor degeneration.???! Hence, we
explored whether constitutively active (CA) RAC1 affects
mouse photoreceptor health and morphogenesis. We created
transgenic mice that express CA RAC1 (similar to V12Dracl
used in the Drosophila study) specifically in rod photorecep-
tors using the mouse Rhodopsin promoter. The present study
was conducted to characterize the phenotype of these
transgenic mice and evaluate a possible effect of CA RAC1 on
rod cell viability and morphogenesis.

METHODS

Transgenic Mice

All animal experimental protocols were approved by the
National Institutes of Health (NIH) Animal Care and Use
Committee and adhered to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Myc-tagged
Rac192Y (constitutively active mutant, CA Racl) was ampli-
fied from a cDNA clone of N-terminal Myc-tagged human
Rac1972V (Missouri S&T cDNA Resource Center, www.cdna.
org). The Gly-12 to Val substitution in CA RAC1 inhibits the
intrinsic GTPase-activating protein (GAP)-stimulated GTPase
activity and locks RAC1 in a constitutively active GTP-bound
state.??2 A Sall site and a Kozak sequence (GCCACCATGG)
were added to the 5’ end, and a BamHI site and one more stop
codon were added to the 3’ end of CA Racl. The following
primers were used during PCR amplifications: forward primer
5-GAG AGT CGA CGC CAC CAT GGA GCA GAA GCT GAT C-3’
and reverse primer 5’-GCC TGG ATC CTT ATT ACA ACA GCA
GGC ATT TTC TCT TCC-3'. The purified PCR product was
cloned into a plasmid vector between a mouse Rbodopsin
promoter and a mouse Protamine I polyadenylation (PolyA)
sequence.?? The final transgenic fragment containing Rbhodop-
sin promoter-CA Racl-Protamine I PolyA was removed from
the plasmid with restriction endonucleases Kpnl and Spel and
was used for mouse (C57BL/6) pronuclear microinjections at
the National Eye Institute (NED) Genetic Engineering Core
Facility. Transgenic founder mice were selected by PCR
genotyping of tail genomic DNA using the following primers:
forward primer 5-CAG AGG AGG ATC TGG AGC AGA AGC-3’
and reverse primer 5-TGT TGG GAC AGT GGT GCC GC-3'.
Transgenic lines were established by crossing CA RAC1
transgenic mice with C57BL/6] mice (Jackson Laboratory, Bar
Harbor, ME, USA) and maintained in a dim white fluorescence
light (60 lux) room with a cycle of 12 hours dark/12 hours
light. Constitutively active RAC1 transgenic and nontransgenic
wild-type (WT) littermates were used in the experiments.

Western Blotting

Retinal extracts were prepared as described by Belcastro et al.2*
Equal amounts of proteins from each sample were resolved by
SDS-PAGE and analyzed by Western blotting on an Odyssey
Infrared Imaging System (LI-COR Biosciences, Lincoln, NE,
USA). Constitutively active RAC1 and endogenous RACI1
expression were examined in mice from two transgenic lines
at ages P4, PG, and P11, n = 2 at each time point.
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Histology and Immunohistochemistry

Whole eyes were fixed overnight in 4% paraformaldehyde and
0.1% glutaraldehyde at 4°C. Fixed eye tissues were Cryopro-
tected, embedded, and snap-frozen in Tissue-Tek O.C.T.
compound (Sakura Finetek USA, Inc., Torrance, CA, USA) and
cryosectioned to obtain 10-um-thick sections. For retinal
histologic analysis, cryosections were cut through the optic
nerve and stained with hematoxylin and eosin (HE), visualized,
and photographed using a Nikon eclipse microscope (E800;
Nikon, Tokyo, Japan) with digital camera (DS-Ril; Nikon).
Mislocalized photoreceptor cells were quantified by counting
nuclei along the entire length of the presumptive subretinal
space in photomicrographs of HE-stained sections. Nuclei were
counted in mice from two transgenic lines at ages P6 and P11
(n = 3 mice, three sections per mouse, at each age per
transgenic line). The ONL thickness was evaluated by counting
rows of ONL nuclei across the ONL width at 200-um intervals
in the region between 200 and 1000 pm from the optic nerve.
Counting was done in the inferior and superior halves of the
retinal sections. For each genotype, nine sections from three
animals at each age (P21 and P3 months) were counted.

For immunostaining analysis, cryosections were washed in
PBST (0.1% Triton X-100 in PBS) and blocked in blocking
buffer (20% goat serum and 0.5% Triton X-100 in PBS) or when
necessary were subjected to antigen retrieval in the Digital
Decloaking Chamber (DC2002; Biocare Medical, Concord, CA)
with 1X Rodent Decloaker at 95°C for 45 minutes. Then, the
slides were incubated with primary antibodies (Table) over-
night at 4°C, washed in PBST, and incubated with secondary
antibodies, anti-rabbit Alexa Fluor 488 or 568 and anti-mouse
Alexa Fluor 488 or 568 (all 1:1,000; Invitrogen, Eugene, OR,
USA). Retinal nuclei were counterstained with 4’,6’-diamidino-
2-phenylindole (DAPI; Invitrogen), and sections were mounted
in Fluoro-Gel buffer (Electron Microscopy Sciences, Hatfield,
PA) for imaging. The images were generated and analyzed by
the LSM 700 confocal Microscope (Carl Zeiss Microscopy, Jena,
Germany) with ZEN LE software, and further edited using
Adobe Photoshop CS4, Version 11.0 (Adobe Systems, Inc., San
Jose, CA, USA). Examination was done on three to four animals
for each genotype per age group (P6, P11, or P24).

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL) Staining

TUNEL staining was performed using the In Situ Cell Death
Detection Kit (TMR red; Roche Applied Science, Mannheim,
Germany) according to the manufacturer’s procedure. Briefly,
fixed cryosections were incubated in permeabilization solution
(0.1% Triton X-100, 0.1% sodium citrate), rinsed in PBST,
subsequently incubated with TUNEL reaction mixture. The
sections were then counter-stained with DAPI and processed
for imaging as described under Immunohistochemistry. TU-
NEL-positive cells were counted in the inferior and superior
halves of the retinal sections from three controls and three
transgenic animals at P24.

Transmission Electron Microscopy (TEM)

Eyes were fixed in 2% formaldehyde and 2% glutaraldehyde
overnight at 4°C. Eye cups were postfixed in 2% osmium
tetroxide, dehydrated in a graded ethanol series, and infiltrated
overnight on a rotator in a 1:1 mixture of propylene oxide and
Embed 812 (Electron Microscopy Sciences) prior to embed-
ding and polymerization in freshly prepared Embed 812 at
60°C for 24 hours. One-micron sections were collected on glass
slides and stained with toluidine blue to identify regions for
TEM analysis. Block faces were trimmed, and pale gold thin
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TaBLE. List of Primary Antibodies Used in Immunohistochemistry
Name Target Host Dilution Product Source
MYC-Tag CA RAC1 Mouse 1:2,000 2276; Cell Signaling Technology, Inc., Danvers, MA, USA
Rabbit 1:400 2272; Cell Signaling Technology, Inc.
Cone arrestin Cone Rabbit 1:10,000 AB15282; Millipore, Temecula, CA, USA
Rhodopsin Rod Mouse 1:10,000 O 4886; Sigma-Aldrich, St. Louis, MO, USA
Retinoschisin IS marker Rabbit 1:1,000 Takada et al.>”
Synaptophysin Presynaptic marker Mouse 1:200 S 5768; Sigma-Aldrich
PKCao Rod bipolar cell Rabbit 1:1,000 P 4334; Sigma-Aldrich
PH3 Mitosis marker Rabbit 1:100 06-570; Millipore
Ki67 Progenitor cell marker Mouse 1:400 556003; BD Biosciences, San Jose, CA, USA
BrdU DNA synthesis marker Rat 1:100 Ab6326; Abcam, Inc., Cambridge, MA, USA
PARG Polarity protein Rabbit 1:100 Sc-67393; Santa Cruz Biotechnology, Dallas, TX, USA
PAR3 Polarity protein Rabbit 1:50 11085-1-AP; Proteintech Group, Chicago, IL, USA
aPKCA Polarity protein Rabbit 1:100 Sc-11399; Santa Cruz Biotechnology
B-catenin OLM marker Mouse 1:300 610153; BD Biosciences
DIC Dynein intermediate chain Mouse 1:400 MAB1618; Millipore

sections (90-100 nm) were collected on copper grids and
stained with 2% aqueous uranyl acetate and Reynolds lead
citrate. Thin sections were imaged on an electron microscope
(JEM 1010; JEOL USA, Inc., Peabody, MA, USA). Transmission
electron microscopy analysis was performed on multiple
sections from two different animals for each genotype at P11
and P21.

BrdU Pulse-Chase Assay

Mice were injected intraperitoneally at P1 with BrdU (100 pg/
g; Sigma-Aldrich, St. Louis, MO). Eyes were collected at 3 hours
(P1), 4 days (P5), and 10 days (P11) after injection, fixed in 4%
paraformaldehyde overnight at 4°C, and cryosections were
obtained. The samples were pretreated with 2N HCl at 37°C for
50 min, neutralized by 0.1 M borate buffer, blocked in blocking
buffer and then subjected to double immunostaining with anti-
BrdU and anti-rhodopsin antibodies. For each genotype, BrdU
assay was done on at least three animals at each time point.

Immunoprecipitation (IP)

Retinal extracts prepared in IP buffer consisting of 10 mM Tris-
HCI (pH 7.4), 5 mM EDTA, 20% glycerol, and Halt protease
inhibitor cocktail (Thermo Fisher Scientific, Inc., Pierce
Biotechnology, Rockford, IL, USA) were precleared by incuba-
tion with protein G-agarose beads (Invitrogen, Carlsbad, CA,
USA) for 1 hour at 4°C. Precleared extracts were incubated
with the following antibodies overnight at 4°C according to the
manufacturer’s instructions: Anti-RAC1, clone 23A8, agarose
conjugate (Millipore, Temecula, CA, USA), or MYC-Tag mouse
mAb (sepharose bead conjugate; Cell Signaling Technology,
Danvers, MA, USA) or mouse IgG (sepharose bead conjugate;
Cell Signaling Technology). The beads were separated from the
supernatant by centrifugation and washed three times with IP
buffer. To elute bound immunocomplexes, the beads were
resuspended in Laemmli buffer and heated to 100°C for 5
minutes. Bound immunocomplexes were detected by Western
blot on an Odyssey Infrared Imaging System (LI-COR Biosci-
ences) using antibodies against RAC1 (mouse, 1:1000; Milli-
pore), PARG (rabbit, 1:200; Santa Cruz Biotechnology, Dallas,
TX, USA), DIC (dynein intermediate chains, mouse,1:1000;
Millipore), and KHC (kinesin heavy chain, mouse, 1:500;
Millipore). The results shown are from one of three different
experiments on transgenic and control animals at P11 that
yielded similar results.

Electroretinography (ERG)

Full-field (Ganzfeld) scotopic ERGs were recorded from CA
RACI1 transgenic and nontransgenic control littermates at P21
following the procedures described previously.?> Briefly, mice
were dark adapted overnight before anesthesia with intraper-
itoneal ketamine (70 mg/kg) and xylazine (6 mg/kg), and
pupils were dilated with 0.5% tropicamide and 0.5% phenyl-
ephrine HCl. Dark-adapted ERG responses were elicited using
single flashes from a xenon discharge source (Grass Photic
Stimulator PS33; Astro-Med, Inc., West Warwick, RI) from —6.9
to +0.6 log cd-s/m? at 0.5 log unit intervals. All procedures
were performed under dim red light. A-waves were measured
from the prestimulus baseline to the initial trough at intensities
from —2.4 to +0.6 log cd-s/m?. Rod b-waves were measured
from the baseline or from the a-wave trough when present to
the peak at intensities from —4.9 to —1.4 log cd-s/m2.
Measurements were made on five to six animals for each

genotype.

Statistical Analysis

Quantitative data are presented as mean * SEM. Student’s /-test
was used to compare the average number of mislocalized cell
nuclei in the presumptive subretinal space and the number of
ONL nuclei in CA RACI1 transgenic lines at different ages.
Statistical comparison of a-wave and b-wave amplitudes was
done across a range stimulus intensities using the #test and
correcting for multiple comparisons using the Holm-Sidak
method in GraphPad Prism 6.01 for Windows (GraphPad
Software, La Jolla, CA, USA).

RESULTS

Disrupted Laminar Morphology and
Photoreceptor Localization in CA RAC1 Retinas

Constitutively active RAC1 expression under control of the
Rbodopsin promoter could be detected by postnatal day (P)4
with Western blotting in the transgenic mice, and by PG, it
reached 19% and 41% of endogenous RACI1 level in two
transgenic lines, designated LO and HI lines, respectively (Figs.
1A, 1B).

Both CA RAC1 LO and HI lines displayed a similar
phenotype but to a variable degree that was consistent with
the level of CA RAC1 expression. Morphological features of the
phenotype in both lines are shown in Figure 2A, but in



Investigative Ophthalmology & Visual Science

Transgenic Expression of Constitutively Active RACT

A CA RAC1LO CA RAC1 HI
Control P4 P6 P11 P4 P6 P11
CA RAC1
RAC1
Endogenous
B
-~ 200
E [ Endogenous RAC1
T 150 41.315.2% (n=2y  EE CARACY
2 1941.1% (n=2)
3
o 100
(=}
o
=]
g 50
-
o
S . y
Lo HI
CA RAC1 (P8)
Ficure 1. Constitutively active RAC1 expression in transgenic mice.

(A) Western blotting with anti-RAC1 (endogenous RAC1 and transgenic
CA RAC1) and anti-MYC-Tag (transgenic CA RAC1-specific) antibodies
at P4, PG, and P11 indicated that CA RAC1 expression in the retinas
increased with age in both LO and HI transgenic lines. Constitutively
active RAC1 protein bands are yellow due to an overlap of anti-RAC1
(red) and anti-MYC-Tag (green) antibodies. (B) Fluorescence values of
the CA RAC1 band in each sample at P6 were normalized to
fluorescence values of corresponding endogenous RAC1 band.
Quantification of CA RAC1 expression is represented as a percentage
of endogenous RAC1 levels in CA RACI1 retinas, shown by the bar
graph (mean * SEM, n = 2).

subsequent figures, we show the results for only the LO line. At
P4, morphology of the CA RAC1 retina was indistinguishable
from the WT control (Figs. 2Aa-c). However, by P6, some
photoreceptor cell nuclei were observed in the presumptive
subretinal space adjacent to the retinal pigment epithelium
(RPE) in both transgenic lines (Figs. 2Ae, 2Af; Figs. 3Ac-e). The
ONL in the Hl-expressing line (Fig. 2Af) had far fewer nuclei
and was approximately half as thick as littermate controls (Fig.
2Ad) at P6. The morphological and positioning defects became
more extensive by P11 and caused folds and whorls of the ONL
in the central retinal region (Figs. 2Ah, 2Ai). More nuclei were
mislocalized to the presumptive subretinal space by P11 than
at P6 (Fig. 2Ah versus Fig. 2Ae, Fig. 2Ai versus Fig. 2Af; LO line,
755 * 44 at P11 vs. 105 £ 23 at P6, n =3, P < 0.001; HI line,
1086 = 97 at P11 vs. 301 = 84 at P6, n = 3, P < 0.0D).
Lamination of the OPL that contains the photoreceptor
synaptic termini was also distorted and gave incomplete
separation of the ONL from the inner nuclear layer (INL).
The INL in transgenic retinas contained a large number of
rhodopsin-labeled rods expressing transgenic CA RAC1 (Figs.
3Ad, 3Ai). These mislocalized rods were found as early as PG
and remained there at P11. The developmental course of
abnormal ONL lamination in the CA RACI retina, along with
early mislocalization of rods to the INL, indicates that CA RAC1
interrupts normal positioning and lamination of developing rod
cells.

By P21, the CA RAC1 HI line had significantly fewer ONL
nuclei (four to six rows thick) than the LO line with five to
eight rows (P < 0.0001, n = 3) (Figs. 2Ak, 2AD. The WT
littermate controls had 10 to 11 rows (2 = 3) in the ONL at this
age (Fig. 2Aj). The a- and b-wave amplitudes of the dark-
adapted ERG in P21 CA RAC1 LO mice (n = 5) were both
diminished to 54% (P < 0.0001 and P < 0.01, respectively) of
the controls (z = 6) at their respective maximum stimulus
intensities (see Methods). Thus, the decrease in ONL cell
numbers alone accounted for most of the reduction in a- and b-
wave amplitudes. By 3 months of age, the ONL was reduced to
a single row of nuclei in the HI line and two to three rows in
the LO line, and retinal folds or whorls were no longer seen
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A CA RAC1

Control LO HI

Control CA RAC1

P24

Figure 2. Time course of abnormal outer nuclear layer (ONL)
lamination in CA RACI retinas during retinal development. (A) Retinal
sections from CA RAC1 (LO and HI) and nontransgenic WT (Control)
littermates at several postnatal times (P4, P6, P11, P21, and P3m)
stained with hematoxylin and eosin showed progressive defects in the
ONL lamination of CA RACI1 retinas. At P4, CA RAC1 retinas (b, ¢) had
apparently normal neuroblastic layers (NBL). At PG, the IS appeared in
both control (d) and CA RAC1 (e, f) retinas, but some nuclei were
mislocalized into the space between the RPE and IS layer in CA RAC1
retinas (e, f) (black arrows). The OPL formed closer to the apical
margin of the ONL than in the control, leading to a thin ONL,
particularly in the CA RAC1 HI line (f). At P11, additional nuclei were
displaced into the presumptive subretinal space adjacent to the RPE in
both transgenic lines (h, i). ONL nuclei aberrantly formed retinal folds
or whorls in the central retinal region. Yellow arrows indicate the areas
bridging ONL to INL with incomplete separation by the OPL. By P21,
both LO and HI lines had fewer ONL nuclei (k, 1), compared with the
WT control (). By 3 months (P3m), the ONL was reduced to a single
layer of nuclei in the HI line (0) and two to three rows in the LO line
(). Scale bar: 50 pm. (B) Retinal sections of nontransgenic control
(Control) and CA RACI1 littermates at P24 with TUNEL assay showed
increased apoptosis signals (red) at ONL in CA RACI1 retinas (q),
compared to the control (p). Scale bar: 20 nm. IPL, inner plexiform
layer, GCL, ganglion cell layer.
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Ficure 3. Mislocalization of rod and cone photoreceptors in CA RACI1 retinas. Retinal sections of nontransgenic control and CA RAC1 mice were
double immunostained with antibodies against MYC-Tag (green, CA RAC1) and rhodopsin (red) (A) or cone arrestin (red) (B). Retinal nuclei were
labeled with DAPI (gray or blue). (A) Representative DAPI and merged images are shown. Mislocalized cells in the subretinal space in CA RAC1
retinas at P6 ([c-e], boxed regions) and at P11 ([h-jl, boxed regions) were positive for CA RAC1 (green) and rhodopsin (red) double
immunostaining (higher magnification images of boxed regions in [d] and [i] are shown in [e] and [j], respectively), indicating that these
mislocalized cells were rod photoreceptors. Many more cells double-labeled with CA RAC1 (green) and rhodopsin (red) antibodies were
mislocalized in the INL at P6 (d) and P11 (i), compared to the control (b, g). (a-d, f-i) Scale bar: 20 um; (e, j) scale bar: 5 pm. (B) Merged
immunostaining images of CA RAC1 (green) and cone arrestin (red) are shown in the control (k) and CA RAC1 (D) retinas at P24. Cone arrestin-
positive somas were located at the apical surface of the ONL in the control, whereas cone arrestin-stained cell bodies were mislocalized in the CA
RAC1 retina ([1], white arrows). (k, D) Scale bar: 10 pm. A magnified region of the white box in () is shown in (m, n). Dotted outlines in (1, n)
display the location of cone arrestin-positive cell bodies, indicating that the cone cells were negative for CA RAC1 staining in CA RAC1 retinas. Scale

bar: 2.5 pm.

(Figs. 2An, 2A0). We examined retinas by TUNEL assay at P24
and found that CA RACI1 retinas had a greater number of
apoptotic cells in the ONL (19 = 3, n = 3) compared with
control retinas which had nearly no TUNEL-positive cells in any
layer (Fig. 2B), implicating apoptosis in ONL cell loss.

The CA RAC1 protein was expressed in rods but not cones
(identified using cone arrestin labeling, Fig. 3B) or Miiller cells
(not shown). Cone nuclei normally reach their final position at
the apical side of the ONL by P122° (Fig. 3Bk). However, in CA
RAC1 retinas even at P24, cone arrestin-positive cone soma
remained distributed throughout the ONL, and some were
mislocalized to the subretinal space adjacent to the RPE (Fig.
3BD). Double labeling with the MYC-Tag antibody showed that
these cones did not express the CA RAC1 protein (Figs. 3Bm,
3Bn), implying that the mislocalization of cone nuclei is an
indirect effect of CA RAC1 expression.

Abnormal Polarity of the Ectopic Photoreceptors
Adjacent to the RPE

Disrupted retinal lamination has been associated with cell
polarity defects.?’-31 To evaluate the polarity of the mislocal-
ized rod photoreceptors in the CA RAC1 retina, we looked at
IS/0S formation using antibodies against retinoschisin, which
localizes to IS, and rhodopsin (for OS). Although the plasma
membrane of these ectopic rods adjacent to the RPE stained for
rhodopsin at P11 and P21, none showed IS/OS labeling
protruding toward the RPE, indicating that normal orientation
was disrupted (Figs. 4Ab, 4Ad). Transmission electron micros-
copy ultrastructure at P11 (not shown) and at P21 also showed
no normally polarized IS/OS structures associated with the
ectopic mislocalized soma (Fig. 4Bf). These results indicate that

mislocalized rods adjacent to the RPE fail to elaborate the
normal IS/OS in the CA RACI1 retina.

Further polarity miscues were evident in the aberrant
placement of synapses of the ectopic rods, shown by double
immunolabeling using synaptophysin as a presynaptic marker
and protein kinase C alpha (PKCa) to mark rod bipolar cells
and processes. These aberrant synapses had no contact onto
rod bipolar cells (Fig. 4C). Transmission electron microscopy
showed a free floating synaptic ribbon in an ectopic
photoreceptor in the subretinal space (Figs. 4Dj, 4Dk). The
displaced synaptic ribbon was surrounded by apparently
normal vesicles, although the ribbon projected toward the
RPE, and no postsynaptic elements were observed at the site.
The failure to elaborate normal IS/OS along with failure of
synaptic localization indicates that the ectopic rod cells lacked
proper polarity.

Improper Migration of Differentiating Rod
Photoreceptors

Rod cell nuclei were mislocalized into the subretinal space as
early as PG (Fig. 2A) when some retinal cells normally are still
in a proliferation stage.>> The number of mislocalized cells
increased by P11 (Fig. 2A). However, no retinal progenitor cells
(RPCs) were found among these mislocalized cells using
antibodies against phospho-histone H3 (pH3, specific for
mitotic RPCs) and Ki67 (labels RPCs in all active phases of
the cell cycle) (Figs. 5Ae, 5Ag). The distribution of pH3 and
Ki67 signals was similar in CA RAC1 and control retinas at P6
(Fig. 5A). Thus, the localization of RPCs is not affected in the
CA RACI retina.

Using BrdU pulse administered by intraperitoneal injection
at P1 to label DNA synthesis (S)-phase RPCs, we tracked the
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FiGure 4. Characterization of mislocalized rod cells in the presump-
tive subretinal space adjacent to the RPE in CA RAC1 retinas. (A) Rod
photoreceptor IS and OS were immunostained with antibodies against
retinoschisin (RS, green) and rhodopsin (red), respectively, at P11 and
P21. In the CA RACI retina (b, d), the mislocalized photoreceptors in
the subretinal space (wbhite arrows) did not show any normally
oriented RS (green) and rhodopsin (red) labeling. Scale bar: 20 pm. (B)
TEMs of photoreceptor cells are shown for nontransgenic control (e)
and CA RAC1 (f) retinas at P21. No IS/OS structure was found between
mislocalized cells (R, C) and the RPE (f). Note that mislocalized cells
adjacent to the RPE included rods (R, large clumps of heterochromatin
typical of rod nuclei) and cones (C, one or more small clumps of
heterochromatin surrounded by a large amount of lighter staining
euchromatin characteristic of cone nuclei). Scale bars: 5 pm. (C)
Photoreceptor synaptic terminals were detected by immunostaining
with synaptophysin (SYN, red), a presynaptic marker, and protein
kinase C alpha (PKCa, green), a rod bipolar cell marker. In comparison
to the nontransgenic control (g) in which a continuous band of
staining with SYN and PKCa was seen across OPL synaptic terminals,
the CA RACI retina showed a fragmented staining pattern (h). In the
CA RACI retina, ectopic staining of SYN was observed around apically
mislocalized cells that was not associated with PKCo:stained rod
bipolar cells ([h], white arrows) and PKCo-positive bipolar cell process
protruded into the ONL to contact synaptic terminals ([h], yellow
arrow). Scale bar: 10 pm. (D) TEM images of synaptic ribbons (SR) are
shown in the nontransgenic control ([i], red arrow) and in a
mislocalized cell adjacent to the RPE in the CA RACI retina ([j], red
arrow). A higher magnification image of SR in (§) is shown in (k) (red
arrow). Note that, in the CA RACI retina, a displaced ribbon tethered
multiple vesicles and pointed toward the RPE. No horizontal (H) or
bipolar (B) cells were found around the ribbon. N, nucleus. (i) Scale
bar: 500 nm; () scale bar: 2 pm; (K) scale bar: 100 nm.

newly born cells in the retina at P1, P5, and P11 (Fig. 5B).
Three hours after BrdU was injected, the distribution of labeled
RPCs was similar in CA RAC1 and control retinas and was
confined primarily to the middle of the neuroblastic layer. By
P5, BrdU-positive cells were distributed throughout the ONL
and INL in both CA RAC1 and control retinas. However, a few
BrdU-labeled cells in the CA RAC1 retina were already
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mislocalized to the subretinal space (Fig. 5Bm, arrows), and
by P11, additional BrdU-labeled cells had migrated to the
subretinal space (Fig. 5Bn, arrows). Double labeling with anti-
BrdU and rhodopsin antibodies confirmed that these were
differentiated rod photoreceptors (Fig. 5B, inset in o). These
results indicate that the mislocalized photoreceptors reached
the subretinal space due to improper migration of differenti-
ating rods. Defective migration may be due to a direct effect of
CA RAC1 expression in the mislocalized rod cells and/or an
indirect effect, e.g., via disruption of the outer limiting
membrane (OLM). The BrdU experiment does not distinguish
between these two possibilities.

Interrupted Localization of the PAR6 Complex, a
Protein Partner of CA RAC1, in the CA RAC1 Retina

We explored possible molecular mechanisms for the abnormal
positioning and cell polarity signals by identifying potential
protein partners of CA RAC1. The polarity PAR6 (partition-
defective 6) complex consists of PAR3, PARG, and atypical
PKCA (aPKCL) and has been implicated in retinal lamination in
mouse3? and is required for photoreceptor morphogenesis and
polarity in Drosophila.>> Although RAC1-GTP can bind to the
PARG in epithelial cells,>#3% thereby providing a possible link
between RAC1 activation and PARG complex-cell polarity
signaling, interaction of RAC1 with PARG6 has not been
reported for the mammalian retina. Immunoprecipitation with
RAC1 antibody pulled down PARG along with endogenous
RAC1 and CA RAC1 from CA RACI retinal extracts (Fig. 6A, CA
RAC1, RACI-IP). We also found that PARG was pulled down
with endogenous RAC1 from WT control retinal extracts (Fig.
6A, Control, RAC1-IP). The MYC-Tag antibody, which is specific
for CA RACI1, also co-immunoprecipitated (co-IP) PARG along
with CA RAC1 (Fig. 6A, CA RAC1, MYC-IP). Double immuno-
labeling with MYC-Tag and PARG antibodies showed colocal-
ization of CA RAC1 with PARG in situ (Fig. 6B). Together with
the coIP results, these demonstrate that CA RAC1 and PARG
can form a complex in the murine retina.

Since apical localization of the PARG complex is essential for
establishing proper cell polarity,333¢-41 we examined the
distribution in the CA RAC1 retina. In contrast to a continuous
labeling pattern for three components of the PAR6 complex
(PARG, PAR3, and aPKC)L) in WT controls, labeling in the CA
RAC1 retina was interrupted by the ectopic mislocalized
photoreceptor cells adjacent to the RPE (Fig. 6C). This suggests
that CA RAC1 may disrupt photoreceptor polarity by inter-
rupting the asymmetric localization of the PAR6 complex at the
apical side of the ONL. Fragmented staining of f-catenin (an
OLM marker) (Fig. 6C) indicated that the OLM integrity was
impaired in the CA RACI1 retina and may contribute to
defective ONL lamination.

CA RAC1 Complexes With Dynein in the Retina

The rods with nuclei in the INL showed morphologies with
long trailing processes extending apically toward the ONL (Fig.
7A), suggesting that the nucleus, but not the entire cell, is
displaced into the INL. Studies in Drosophila and zebrafish
have indicated a critical role for minus-end (dynein/dynactin)
and plus-end (kinesin) directed microtubule motors in
photoreceptor nuclear migration and positioning.¥>43 We
evaluated whether CA RAC1 might regulate nuclear position-
ing of mouse photoreceptors by interacting with dynein and
kinesin. Following IP with RAC1 antibody from CA RACI1
retinal extracts, the associated dynein intermediate chain (DIC)
was detected in the co-IP complex by Western blotting, but
specific binding of kinesin heavy chain (KHC) was not
detected (Fig. 7B, RACI1-IP). Immunoprecipitation of CA
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Ficure 5. Localization of retinal progenitor cells and migration of newly differentiated photoreceptors in CA RAC1 retinas. (A) Retinal sections of
CA RACI1 and nontransgenic littermates (Control) at P6 immunostained with the antibody against pH3 (red, [a, b, e, f]) or Ki-67 (red, [c, d, g, h]).
Nuclei were counterstained with DAPI. Images of central and periphery regions show similar staining patterns of pH3 and Ki-67 in control (a-d)
and CA RAC1 (e-h) retinas. Note that no pH3- or Ki-67-positive labeling was detected within the mislocalized nuclei adjacent to the RPE ([e] and
[g], white arrows). (B) The movement of BrdU-labeled cells in CA RAC1 retinas. Immunofluorescence images of BrdU-labeled cells (red) in
nontransgenic control (i-k) and CA RAC1 (I-n) retinas are shown at 3 hours (P1), 4 days (P5), and 10 days (P11) after BrdU injection at P1. In CA
RACI1 retinas, more mislocalized cells in the subretinal space (indicated by white arrows in [m] and [n]) were labeled by BrdU (red) at P11 (n) than
at P5 (m). (0) Double staining of BrdU (red, stains the nucleus) and rhodopsin (green, stains the plasma membrane) indicates that BrdU-positive
mislocalized cells in the subretinal space also stained for rhodopsin. The inset in (0) is higher magnification of the white box region. (i-0) Scale bar:

20 um. Scale bar in the inset: 5 pm.

RAC1 with MYC-Tag antibody also pulled down DIC, not KHC,
along with CA RAC1 (Fig. 7B, MYC-IP). Immunostaining
revealed that CA RACI1 colocalized with DIC in the retina
(Fig. 7C). These results indicate that CA RACl1 was in a
complex with dynein in the retina.

DISCUSSION

This study demonstrates that transgenic expression of consti-
tutively active RAC1 has a profound negative effect on
developing rods and interferes with rod morphology and
proper retinal lamination. The same Rbhodopsin promoter was
used previously to generate transgenic mice expressing
phosducin or phosducin phosphorylation mutant and both
mouse lines had normal retinal morphology.?* Therefore,
abnormal photoreceptor morphology observed in our trans-
genic retinas most likely resulted from CA RAC1 expression in
rods rather than from a nonspecific effect of expressing the
transgene from this promoter. It also appears unlikely that
disrupted CA RAC1 retinal morphology is a generic and
nonspecific effect limited to actin cytoskeleton regulation by
RAC1 for several reasons. First, pharmacological interference
of the actin network is reported to disrupt the generation of
new OS discs in photoreceptors,* a phenotype different from
what we observed in the CA RAC1 retina. Second, disruption
of the actin cytoskeleton would be expected to cause defects
in all CA RACl-expressing rods, whereas in our transgenic
mice, only some of the CA RACl-expressing rods exhibited
morphological defects.

Constitutively active RAC1 formed a complex with PARG
that potentially could affect rod polarity and positioning during
morphogenesis. Establishing and maintaining proper polarity
and OLM integrity are factors crucial for photoreceptor
morphogenesis.??-31:33:45-47 In mammals, the classical epithe-
lial polarity PAR6 complex (PAR3/PARG/aPKC)) localizes to the
tight junctions in epithelial cells and to the adherens junctions
(AJs) in neuroblasts, and it is a central player in the formation
of the junctions and polarization in these cell types.3%39-41,48.49

A recent study in Drosophila photoreceptors demonstrates
that PARG and aPKC) form a protein complex that colocalizes
to the rhabdomere stalk (equivalent to the IS in mammalian
photoreceptors) and that PAR3 localizes to the AJs.>3 All three
proteins are required for the organization and maintenance of
apicobasal polarity and AJs of Drosophila photoreceptors.
Conditional deletion of aPKCA in mouse postmitotic photore-
ceptors results in mislocalization of PAR3 and PARG and leads
to defective retinal lamination and loss of photoreceptor cell
polarity.>® The normal apical localization of the PAR6 complex
was disrupted in CA RAC1 retinas, suggesting that RAC1 may
play an important role in recruiting the PAR6 complex to the
proper location, which is essential for the complex to function
in establishing cell polarity. As a result, CA RAC1 expression
may interfere with the proper polarization and laminar
positioning of mouse photoreceptors through interaction with
PARG.

The fragmented OLM and abnormal lamination of photore-
ceptors in the CA RACI1 retina resembles the phenotype
observed in mouse Crumbs (CRB) mutants.*>>% Crumbs is a
conserved epithelial polarity protein, and mutations in CRB
have been shown to cause a form of Leber congenital
amaurosis and a form of retinitis pigmentosa, RP12, in
humans.> A recent study indicates that RAC1 signaling
mediates CRB function in Drosophila epithelial integrity, and
constitutively active RAC1 restricts membrane localization of
CRB and interferes with CRB-dependent epithelial morpho-
genesis.>? This suggests the possibility that RAC1 may play a
role in the regulation of CRB in humans.

Not all of the CA RACl-expressing rod cells exhibited
polarity and positioning defects, and many were in normal
position and had normal IS/OS orientation (Fig. 4A) and
synaptic connectivity as demonstrated by eliciting ERG
responses. One likely explanation is that defects are only
caused in rod cells that are expressing CA RAC1 at the time
that polarity is being established but not once polarity has been
established. Supporting evidence comes from other studies in
which overexpression of dominant negative PAR6 or aPKCA-kn



Investigative Ophthalmology & Visual Science

Transgenic Expression of Constitutively Active RACT

A CA RAC1 Control
KDa Marker Extracts RAC1-IP MYC-IP IgG-IP Extracts RAC1-IP MYC-IP IgG-IP

PARS - ___H — — - — =

CARACT ¢ g | & :
Endogenous RAC120 y . .
B
CA RAC PARG PARS
DAPI DAPI DAPI
Cc
Control CA RAC1
PARG6
aPKCA
PAR3
B-catenin

Ficure 6. Disrupted localization of the PARG complex in the CA RAC1
retina. (A) Retinal extracts (Extracts) of CA RAC1 and nontransgenic
WT (Control) littermates at P11 were immunoprecipitated using either
anti-RAC1 (endogenous RAC1 and transgenic CA RACI1, RACI-IP) or
anti-MYC-Tag (transgenic CA RACIl-specific, MYCIP) antibody and
control IgG (gG-IP). Co-immunoprecipitated proteins were analyzed
by Western blotting. PAR6 was co-IP in both RACI-IP and MYC-IP
immunocomplexes of CA RAC1 retinal extracts, but only in RAC1-IP
immunocomplex of the control. (B) Retinal sections of CA RAC1 mice
at P11 were double immunostained with antibodies against MYC-Tag
(green, CA RAC1) and PARG (red). Nuclei were labeled with DAPI
(blue). Merged images indicate that CA RAC1 colocalized with PARG.
Scale bar: 20 nm. (C) Retinal sections of nontransgenic control and CA
RAC1 littermates at P11 were immunostained with antibodies against
components of the PAR6 complex (PARG, aPKCA, and PAR3) and f-
catenin, an OLM marker. Immunostaining pattern of these proteins was
disrupted and fragmented in CA RAC1 retinas. Scale bar: 20 pm.

mutants in mammalian epithelial cells caused polarity defects
only in cells developing polarity but not in cells already
polarized.?®:>3 Many of the rod photoreceptors in the CA RAC1
retina have established polarity before the rbodopsin promoter
switches on and results in aberrant CA RAC1 signaling (Fig. 2A,
P4). One possible conclusion is that CA RAC1 expression
disrupts the signaling involved in establishing, rather than
maintaining, proper polarization in rod cells.

Previous studies reported that normally by P5 approximate-
ly 40% of the rod nuclei lie within the INL at the time the OPL
forms, and that by P8 the majority of these nuclei have
migrated into the ONL.>¥ Many more rod nuclei remained in
the INL in the CA RAC1 retina at P6 and P11, compared to the
control (Fig. 3A). Our results imply that CA RAC1 disrupted
directional or timely nuclear migration of rod cells during
postnatal retinal development (Fig. 7A). The mislocalization of
rod nuclei into the INL (i.e., basal relative to ONL) in CA RAC1
retinas is similar to photoreceptor nuclear positioning defects
observed in Drosopbila and zebrafish retinas when the
function of dynein/dynactin is disturbed.*>*3 The dynein/
dynactin motor complex pulls the nucleus toward the apical
side of the cell, while the kinesin motor acts in opposition to
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Ficure 7. Constitutively active RAC1 forms a complex with dynein in
the CA RACI1 retina. (A) Retinal sections of CA RAC1 mice at P11 were
immunostained with anti-thodopsin antibody (gray or red). Nuclei
were labeled with DAPI (blue). Rhodopsin-stained and merged images
are shown. Mislocalized cells with nuclei in the INL extended long
processes toward the ONL (indicated by arrows). Scale bar: 20 um. (B)
Retinal extracts (Extracts) of CA RAC1 mice at P11 were immunopre-
cipitated using either anti-RAC1 (RACI-IP) or anti-MYC-tag (MYC-IP)
antibody and control IgG (gG-IP). Dynein intermediate chain (DIC),
not kinesin heavy chain (KHC), was detected in both RACI1-IP and
MYCIP immunocomplexes by Western blotting. (C) Retinal sections of
CA RACI1 mice at P11 were double immunostained with antibodies
against MYC-Tag (green, CA RAC1) and DIC (red). Individual and
merged images are shown, indicating that CA RAC1 colocalized with
DIC. Scale bar: 10 pm.

dynein/dynactin. For example, mutations in Dynactin 1 (p150,
a subunit of dynactin complex) and Lis/ (a dynein-associated
protein) cause mispositioning of photoreceptor nuclei to more
basal location in flies and zebrafish. Loss of function mutations
in kinesin heavy chain suppress this nuclear positioning
phenotype in Drosophila Dynactin 1 mutants.*? Thus,
positioning of photoreceptor nuclei would be governed by
the relative balance between these two opposing motor
activities. We found that CA RAC1 formed a complex with
dynein rather than with kinesin (Figs. 7B, 7C). As a force
balance controlled by dynein/dynactin and kinesin motor
complexes is essential for normal nuclear migration and
positioning, we can speculate that CA RAC1 may disrupt the
balance by disproportionately interacting with dynein, leading
to defective nuclear migration and mispositioning of photore-
ceptors.

Abnormal localization, however, cannot explain the in-
creased apoptosis throughout the ONL (Fig. 2B) that leads to
extensive cell loss in adult CA RACI1 retinas by 3 months of age.
Active RAC1 is known to be a critical component for the
activation of NADPH oxidase, which is a source of reactive
oxygen species and contributes to cardiac hypertrophy®> and
neurodegeneration.>® In addition, RAC1 activation of NADPH
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oxidase has recently been linked to light-induced photorecep-
tor degeneration.?! Thus, the extensive photoreceptor degen-
eration we observed in adult CA RACI retinas may result from
oxidative damage through CA RAC1 acting as a component of
NADPH oxidase.

These results show that constitutive activation of RAC1 in
newly differentiating rods disrupted normal apicobasal and
axon-dendrite polarity and positioning of rods. Many neurons,
including photoreceptors, orient their axonodendritic axis
corresponding to the apicobasal axis of their origin—the
neuroepithelium. Our study implicates an important role for
RACI1 in the process of initial polarization and morphogenesis
during rod photoreceptor development.
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