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Background: Caveolin-1 is widely expressed in the retina and is linked to ocular disease.
Results: Loss of caveolin-1 results in defective retinal function and ion homeostasis that is not photoreceptor-intrinsic.
Conclusion: Caveolin-1 expressed in non-neuronal cells (e.g.Müller glia, retinal pigment epithelium) supports neuronal func-
tion through regulating the subretinal microenvironment.
Significance: This study provides key evidence that caveolin-1 maintains retinal homeostasis.

Caveolin-1 (Cav-1), an integral component of caveolar mem-
brane domains, is expressed in several retinal cell types, includ-
ing photoreceptors, retinal vascular endothelial cells, Müller
glia, and retinal pigment epithelium (RPE) cells. Recent evi-
dence links Cav-1 to ocular diseases, including autoimmune
uveitis, diabetic retinopathy, and primary open angle glaucoma,
but its role in normal vision is largely undetermined. In this
report, we show that ablation of Cav-1 results in reduced inner
and outer retinal function as measured, in vivo, by electroreti-
nography and manganese-enhanced MRI. Somewhat surpris-
ingly, dark current and light sensitivity were normal in individ-
ual rods (recorded with suction electrode methods) from Cav-1
knock-out (KO) mice. Although photoreceptor function was
largely normal, in vitro, the apparent K� affinity of the RPE-
expressed �1-Na�/K�-ATPase was decreased in Cav-1 KO
mice. Cav-1 KO retinas also displayed unusually tight adhesion
with the RPE, which could be resolved by brief treatment with
hyperosmotic medium, suggesting alterations in outer retinal
fluid homeostasis. Collectively, these findings demonstrate that
reduced retinal function resulting from Cav-1 ablation is not

photoreceptor-intrinsic but rather involves impaired subretinal
and/or RPE ion/fluid homeostasis.

Caveolae are 50–100-nm vesicular invaginations of special-
ized lipid domains reported to function in lipid trafficking, in
clathrin-independent endocytosis, and as signal transduction
platforms (1, 2) (e.g. in mechanotransduction (3–5)). The inner
leaflet of caveolae are coatedwith oligomers of 21–24-kDa inte-
gral membrane proteins called caveolins (6). Three caveolin
familymembers (Cav-1,2 -2, and -3) have been identified (6–8),
with Cav-1 and -2 co-expressed in a number of cell types,
including adipocytes, endothelial cells, and smooth muscle
cells, and caveolin-3 expressed predominantly in muscle (8, 9).
A variety of receptors, transporters, and signaling molecules
reside within caveolae (10–12), and several of these molecules
(e.g. nitric-oxide synthases, heterotrimeric G-proteins, and
tyrosine kinases) are negatively regulated by interaction with
Cav-1 (13, 14). Progress in understanding the function(s) of
Cav-1 has resulted from investigations of mice in which Cav-1
has been ablated (15–18). Global deletion of Cav-1 results in
loss of morphologically identifiable caveolae and a variety of
abnormalities, including microvessel hyperpermeability (19),
alterations in lipid metabolism (20, 21), and insulin resistance
(22). Recently, dysregulation of or abnormalities in Cav-1 have
been linked to diabetic retinopathy (23) and inflamed uveitic
retinas (24). In addition, a frameshift mutation in Cav-1 is asso-
ciated with a rare congenital lipodystrophy with severe retinitis
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pigmentosa-like ocular abnormalities (25).Most recently, com-
mon variants near the CAV1 locus have been associated with
increased risk of primary open angle glaucoma (26, 27).
Caveolin-1 is expressed in several retinal cell types: photore-

ceptors (28–33), retinal pigment epithelium (RPE) (34–36),
Müller glial cells (37, 38), and retinal vascular endothelium
(39–43). In photoreceptors, several phototransduction pro-
teins, including transducin, RGS-9, arrestin, guanylate cyclase,
rhodopsin kinase, and the cyclic nucleotide-gated channel, co-
fractionate in Cav-1-enriched membranes (32, 33, 44), and
Cav-1 and the �-subunit of transducin co-immunoprecipitate
in a cholesterol- and guanine nucleotide-dependent manner
(30). Recently, Cav-1 has been identified as a component of
photoreceptor disks (29), and the disk-localized protein,
Rom-1, is associated with Cav-1-enriched membranes from
disks (28). Little is known about the role that Cav-1 and/or
caveolae play in the posterior retina (e.g. photoreceptors and
RPE). In RPE cells, caveolae exhibit a unique bipolar distribu-
tion (35), but their functions in either the apical or basolateral
RPE membrane domains have not been elucidated.
In this report, we investigated the effects of global deletion of

Cav-1 on retinal function and structure. Our data indicate that
ablation of Cav-1 results in reduced outer retinal function that
is not intrinsic to the photoreceptors per se but rather is due to
a disturbance of the subretinal/RPE microenvironment.

EXPERIMENTAL PROCEDURES

Reagents—Sodium cacodylate, 50% glutaraldehyde, and 20%
formaldehyde were purchased from Ladd Research Industries
(Williston, VT). Rabbit polyclonal antibodies against PDE6�
and arrestin and mouse monoclonal antibody against rhodop-
sin (RET-P1) were purchased from Thermo Scientific (Rock-
ford, IL). Rabbit polyclonal antibodies against Transducin �
and � were obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Rabbit polyclonal antibody against Caveo-
lin-1 was purchased from BD Biosciences. The monoclonal
antibody (a6F) against the �1-subunit of the Na�/K�-ATPase
developed by Douglas Fambrough was obtained from the
Developmental Studies Hybridoma Bank developed under the
auspices of the NICHD, National Institutes of Health, and
maintained by the University of Iowa (Iowa City, IA). All other
reagents were from Sigma-Aldrich or Thermo Scientific.
Animals—All procedures were carried out according to the

Association for Research in Vision and Ophthalmology State-
ment for the Use of Animals in Ophthalmic and Vision
Research and were approved by Institutional Animal Care and
Use Committees of the University of Oklahoma Health Sci-
ences Center, Oklahoma Medical Research Foundation, and
theDeanA.McGee Eye Institute. Experiments were performed
on Cav-1 KOmice (17) on either a C57BL/6J or C57BL/6J/129
background. C57BL/6J andC57BL/6J/129 F2micewere used as
controls for individual strains, respectively.
Electroretinography—Electroretinograms were recorded as

described previously (45) with slight modification. Briefly
8-week-old mice were dark-adapted overnight and then deeply
anesthetized under dim red light by intraperitoneal injection of
a combination of ketamine (80 mg/kg) and xylazine (5 mg/kg).
Pupils were dilatedwith 0.5% atropine and 2.5% phenylephrine,

and gold wire electrodes were placed centrally on the cornea. A
reference electrodewas placed in themouth, and a ground elec-
trode was placed on the tail. To assess rod-driven retinal func-
tion, increasing scotopic stimuli (0.4–3.4 log scotopic troland
(Td)�s/m2) were presented in 0.3 log steps using a Colordome
Espion electroretinography (ERG) recording system (Diagno-
sys, Lowell, MA). For better determination of rod-driven
b-wave amplitudes, some mice were presented with weaker
flash stimuli as well (�2.2 to �0.15 log scotopic Td�s/m2). To
assess the effect ofCav-1 deletion on rod phototransduction, in
vivo, the leading edge of the a-wave was fit by a computational
model of phototransduction activation (46) usingMatlab� soft-
ware (MathWorks, Natick,MA). Thismodel is described by the
equation, P3 (i,t)� (1� exp(�1/2�i�S�(t� td)2))�RmP3 for t� td,
where S is a sensitivity parameter (an indicator of phototrans-
duction gain) that scales the flash energy, i. RmP3 is the maxi-
mum a-wave amplitude, and td is a brief delay.

Possible defects in the visual cycle were analyzed by mea-
suring the time course of recovery of rod photoreceptor sensi-
tivity following a bleaching light exposure (47). WT and Cav-1
KO mice were dark-adapted for a minimum of 12 h and anes-
thetized, and pupils were dilated as described above. Full-field
scotopic ERGswere recorded for both eyes. A single test flash of
2.3 log cd�s/m2 was presented to elicit saturated rod a-wave
response under fully dark-adapted conditions. Mice were then
exposed to steady illumination at 2.7 log cd/m2 for 5 min in the
Ganzfeld dome to bleach rod photoreceptors. Immediately fol-
lowing the bleaching period (time � 0 min) and every 10 min
thereafter (time� 10, 20, 30, 40, and 50min), the same test flash
of 2.3 log cd�s/m2 was presented. The a-wave responses at the
indicated times after bleaching were normalized to the initial
dark-adapted response for each mouse.
Manganese-enhanced MRI (MEMRI)—Cav-1 KO and con-

trol mice were dark-adapted overnight, injected with MnCl2
(66 mg/kg intraperitoneally) under dim red light, and main-
tained in darkness for 4 h prior to preparation for MRI mea-
surements, as described previously (48, 49). All animal manip-
ulations, including MRI examination, were performed under
dim red light. Mice were anesthetized with isoflurane (2–3%)
and positioned laterally in the imaging cradle. MRI was carried
out on a 7T Bruker Biospec system (Bruker, Ettlingen, Ger-
many) equipped with a 300-millitesla/m gradient set, and a
1-cm single loop transmit/receive surface coil, positioned
immediately above the left eye. A three-dimensional RARE
sequence (multi-echo train spin echo) was usedwith sinc wave-
forms for radiofrequency excitation and refocusing and a repe-
tition time of 400 ms. A coil spatial sensitivity profile was
adjusted by tailoring pulse amplifier gains on a per animal basis.
A square field of view of 12.8 � 12.8 mm2 ranging over seven
contiguous 620-�m axial slices was used and covered with a
512 � 512-element matrix, resulting in a 25 �m in-plane reso-
lution. Acquisition time was 1 h.
For analysis of layer-specific signal intensities, central retinal

signal intensities were first extracted from each image using the
program NIH Image and derived macros (50), and the results
from that group were compared using a generalized estimating
equation approach (51) (described below). Changes in receiver
gain among animals were controlled for by setting the signal
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intensity of a fixed region of noise in each mouse to a fixed
value, as described previously (48, 49). Post-receptor (or inner
retina (IR)) and receptor (or outer retina (OR)) signal intensity
data (from 0.4 to 1mm from the center of the optic nerve) were
extracted as follows. As we have previously discussed, under
these conditions, the IR/OR division is not observable in dark-
adapted retinas (51). To ensure that we are measuring from
IR andOR, regions 3 pixels posterior to the retina/vitreous bor-
der and 4 pixels anterior to the retina/sclera border (both bor-
ders are easily observed) were analyzed to sample the IR and
OR, respectively, as described previously (51). To measure ret-
inal thickness, we used in-house written software to first map
the in situ image into a linear representation for each retina, as
described previously (52). The linearized data from each
hemiretina between 0.4 and 1 mm from the optic nerve were
binned. For each bin, the average profile of signal intensity as a
function of retinal depthwas calculated, and the vitreous-retina
and retina-choroid borders were found using the “half-height”
method (53). The distance between these two borders is the
whole retinal thickness.
Suction Electrode Recordings of Single Rods—Methods for

recording responses of mouse rods have been given previously
(54, 55). Cav-1 KO and control mice were dark-adapted for at
least 3 h in a light-tight box. Animals were sacrificed, and eyes
were removed under dim red light. The retinas were dissected
and finely chopped in Locke’s solution (140 mM NaCl, 3.6 mM

KCl, 2.4 mM MgCl2, 1.2 mM CaCl2, 10 mM glucose, 3 mM

HEPES, 5 mM sodium ascorbate, 0.02 mM EDTA, pH 7.4) using
infrared illumination and a dissection scope equipped with an
infrared-sensitive camera cabled to a TV monitor. The retinal
pieces were pipetted onto the stage of an inverted microscope
for suction recording. Rods were perfused at 37–39 °C with
Dulbecco’s modified Eagle’s medium (D-2902, Sigma), supple-
mented with 15 mM NaHCO3, 2 mM sodium succinate, 0.5 mM

sodium glutamate, 2 mM sodium gluconate, and 5 mM NaCl.
Responses recorded by an Axonpatch 200A were filtered at 30
Hz (8-pole, Bessel) and sampled at 100 Hz. Flashes of 500-nm
light 20 ms in duration were attenuated to different light levels
by absorptive neutral density filters. The current traces shown
in Fig. 4, A and B, were average responses to 10–20 flashes for
the dim lights, 5–10 flashes for the medium lights, and 3–5
flashes for the saturating lights. The time in saturation was
measured as the time from the beginning of the flash to the time
at which the mean circulating current returned to 25% of the
dark-adapted value. Flash sensitivities were calculated by divid-
ing the peak amplitude of the mean dim flash response for each
cell by the flash intensity.
Immunohistochemistry andConfocalMicroscopy—Immuno-

histochemistry was performed as described previously with
some modification (56). Briefly, mice were killed by CO2 inha-
lation, eyes were removed, cornea were dissected away, and
resulting eyecups were fixed for 30 min with 4% paraformalde-
hyde in 0.1 M sodium phosphate (pH 7.5) and cryopreserved by
sequential sucrose incubation. Tissues were embedded in OCT
medium, and 8–15-�m sections were cut and mounted on
slides. Slides were dipped in �20 °C methanol, air-dried, and
stored at �20 °C. For immunostaining, sections were blocked
for 1 h at room temperature with 10% normal horse serum in

PBS supplemented with either 0.1% Triton X-100 or saponin
and then incubated overnight at 4 °C with rabbit polyclonal
anti-Cav-1 (1:400), mouse monoclonal anti-�1-Na�/K�-
ATPase (a6f; 1:100), and/or mouse monoclonal anti-rhodopsin
(RETP1; 1:1000). Slides were washed with PBS, incubated with
Alexa Fluor-conjugated secondary antibodies (Alexa Fluor-488
and -594, Invitrogen), stained with DAPI, and imaged on an
Olympus Fluoview FV500 confocal microscope.
Morphometric Analysis—Morphometry was performed as

described previously (45) on tissues fixed with Perfix (20% iso-
propyl alcohol, 2% trichloroacetic acid, 4% paraformaldehyde,
and 2% zinc chloride) and embedded in paraffin. Sections (5
�m) containing the retina, including the optic disc, were cut
along the vertical meridian of each eyeball and stained with
hematoxylin and eosin. For each section, digitized images of the
entire retina were captured using a Nikon E800 digital imaging
system (Nikon, Tokyo, Japan). The outer nuclear layer thick-
ness wasmeasured at 0.25, 0.75, 1.25, and 1.75�msuperior and
inferior to the optic nerve head and at the periphery 100 mm
from the inferior and superior edges of the retina, using ImageJ
1.32j software (available from the National Institutes of Health
Web site) that was developed by Wayne Rasband. Thickness
values obtained from the right and left eyes were averaged for
each animal.
Conventional Electron Microscopy—Eyes from WT and

Cav-1 KOmice were removed, a slit was cut in the cornea, and
the eyes were placed in fixative (0.1 M sodium cacodylate buffer
(pH 7.4) containing 2.5% glutaraldehyde, 2.0% formaldehyde,
and 0.025%CaCl2). Eyeswere processed for conventional EMas
described previously (57).
Retinal Adhesion Assay—This assay was developed by the

Finnemann laboratory (58) and provides a simple and quanti-
tative measure of melanin adhesion to the retinal surface. Eye-
cups with retinas intact were incubated at room temperature
for 10 min in normosmotic or hyperosmotic Hanks’ balanced
salt solution (supplemented with 600 mM sorbitol), eyecups
were flattened, and retina were carefully peeled from the RPE
surface with fine forceps. The retinas were then solubilized in
STE buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM

EDTA) containing 60mMoctyl glucoside, 1%TritonX-100, and
protease inhibitor mixture. Lysates were centrifuged at
16,000 � g to pellet insoluble melanin pigment. The protein
content of detergent-soluble lysates was determined by BCA
assay and used to normalize the pigment content for each
sample. The detergent-insoluble pellet containing melanin
was washed with chloroform/MeOH (1:1) and dried, and
melanin was dissolved in 20% DMSO, 2 N NaOH at 65 °C.
Absorbance of dissolved pigment was read at 490 nm and
compared with a standard curve of commercial melanin
(Sigma-Aldrich).
Na�/K�-ATPase Activity—Microsomal membranes were

prepared from mouse eyecups from which retinas had been
carefully removed after brief incubation under hyperosmotic
conditions. Membranes were fractionated on discontinuous
sucrose density gradients (32, 42, and 47% sucrose in 10 mM

Tris-HCl (pH 7.4)) centrifuged at 100,000 � g for 1 h at 4 °C.
Membranes enriched in the�1-subunit of theNa�/K�-ATPase
were collected at the 32/42% sucrose density interface, diluted
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with 10 mM Tris-HCl (pH 7.4) buffer, and centrifuged at
100,000 � g to concentrate membranes. Membrane pellets
were then resuspended in the same buffer, and protein content
was determined by the BCA method.
Na�/K�-ATPase was partially purified from eyecup micro-

somes by extraction with 0.1% SDS buffered with 1% bovine
serum albumin using a modification (59) of the method of Jor-
gensen (60). Na�/K�-ATPase activity was measured as a func-
tion of [Na�] (0–100 mM with [K�] fixed at 26 mM) or [K�]
(0–26 mM with [Na�] fixed at 100 mM) in reaction buffer con-
taining 50 mM Tris-HCl (pH 7.4), 3 mM MgCl2 in the presence
or absence of 1 mM ouabain. The reaction is initiated by the
addition of 3 mMATP (Tris-salt) and allowed to proceed for 20
min at 37 °C. ATP hydrolysis was assayed by the colorimetric
Fiske-Subbarow (61) determination of released Pi by the
method of Forbush (59) as modified by Cariani et al. (62) to use
bismuth citrate instead of sodium arsenite as a molybdate
chelator. Under these conditions with this amount of protein
(0.5 �g/reaction), the assay was linear, and ATP remained sat-
urating. The apparent K� andNa� affinities were calculated by
fitting theK� andNa� activation curves to theHill equation for
ligand binding using GraphPad Prism 5� software (GraphPad
Software, San Diego, CA).
Preparation of Rod Outer Segments—For each rod outer seg-

ment preparation, six retinas were pooled from threemice. Rod
outer segments were isolated by discontinuous sucrose density
centrifugation as described (45). Purity was evaluated by
SDS-PAGE.
SDS-PAGE and Western Blotting—Protein content was

determined by the BCA assay (Pierce) using bovine serum albu-
min as a standard. Equal amounts of protein were loaded on
4–20% Tris-glycine gels (Invitrogen) for electrophoresis. For
direct visualization, gels were stained with Gelcode blue stain-
ing reagent (Thermo Scientific). For Western blots, proteins
were transferred to nitrocellulose membranes and then probed
with the indicated antibodies. Primary antibodies and dilutions
used were as follows: mouse monoclonal anti-�1-Na�/K�-
ATPase (a6f; 1:1000) and rabbit polyclonal antibodies against
Cav-1 (1:2000), PDE6� (1:1000), arrestin (1:1000), and transdu-
cin subunits (1:4000). Immunoreactivity was detected using
horseradish peroxidase-conjugated secondaries and imaged on
an Eastman Kodak Co. Image System In Vivo F-Pro (Car-
estream Health, Inc., Rochester, NY).
Rhodopsin Assay—Rhodopsin measurements were per-

formed as described previously (45, 47) with slight modifica-
tion. Briefly, under dim red light, each retina was homogenized
in 100�l of buffer containing 10mMTris-HCl (pH 7.4), 150mM

NaCl, 1 mM EDTA, 2% (w/v) octyl glucoside, and 50 mM

hydroxylamine. Homogenates were centrifuged at 16,000 � g,
and soluble lysates were scanned from 270 to 800 nm in a spec-
trophotometer (Ultrospec 3000 UV-visible spectrophotome-
ter, GE Healthcare). Samples were then bleached under room
light for 10 min and scanned again. The difference spectra at
500 nm between pre- and postbleached samples were used to
determine rhodopsin content using a molar extinction coeffi-
cient of 42,000 M�1 (63). The values were normalized to the
total lysate volume and presented as rhodopsin content/retina.

Lipid Analysis—Analyses of cholesterol and fatty acids were
performed essentially as described previously (44, 64) using a
two-part extraction procedure to separate saponifiable from
nonsaponifiable lipids. Briefly, samples were supplemented
with internal standards (19-hydroxycholesterol (Steraloids,
Inc., Newport, RI) and 15:0, 17:0, and 21:0 fatty acid standards
(Nu-Chek Prep, Elysian, MN)) prior to saponification with 2%
(w/v) KOH in ethanol at 100 °C for 1 h. DistilledH2O (3ml) was
added, the nonsaponifiable lipids were extracted three times
into hexane, and the recovered organic phases were pooled.
The aqueous phase was acidified by the addition of 200 �l of
concentrated HCl and sonicated for 10 min prior to extraction
three times into hexane (this organic phase contains saponified
fatty acids). Both saponifiable and nonsaponifiable lipid
extracts were dried under N2, and the nonsaponifiable lipids
were resuspended in 50 �l of methanol for HPLC injection.
Cholesterol was separated on a C18 column (Supelcosil LC-18,
25 cm � 4.6 mm, 5-�m particle size) with an isocratic mobile
phase of 1 ml/minmethanol. Detection was at 208 nm using an
Agilent1100 series photodiode array detector; cholesterol was
quantified based upon absorbance at 208 nm, in comparison
with an authentic cholesterol standard (within the linear
response range), and corrected for recovery of the 19-hydroxy-
cholesterol internal standard. The fatty acid extract was ana-
lyzed as described previously (65).
Statistical Analyses—Analysis of variancewith post hocNeu-

man-Keuls test and t tests was performed using GraphPad
Prism 5 software. Statistical analyses of suction electrode mea-
surements were done with the program Origin (Microcal,
Northampton, MA). Comparisons of MEMRI retinal signal
intensities were performed with a generalized estimating equa-
tion approach. The generalized estimating equation performs a
general linear regression analysis using all of the pixels in each
subject and accounts for the within-subject correlation
between adjacent pixels (48, 49). An analysis of variance-type
generalized estimating equation test is not readily available.
Instead, exact p values from two-tailed comparisons are pro-
vided. When the p values are very low (e.g. p � 0.0001), the
likelihood of false rejection of a true null in multiple com-
parisons is very small. p values of �0.05 were considered
significant.

RESULTS

Cav-1 Ablation Results in Reduced Retinal Function—As
shown in Fig. 1, Cav-1 is expressed throughout the mouse ret-
ina with prominent expression in Müller glia, retinal, and cho-
roidal vasculature and RPE. Weak immunoreactivity was also
observed in photoreceptor inner segments. In the outer retina
(outer nuclear layer and outer plexiform layer), Cav-1 immu-
noreactivity is more intense. At the resolution of confocal
microscopy, we are unsure if this immunoreactivity is derived
solely from Müller glial cells or also from expression in photo-
receptors because it is expressed in both cell types albeit
enriched in the former (37, 38). Based on localization in the
outer retina, cofractionation with phototransduction proteins
(32, 33, 44), and interaction, in vitro, with transducin �-sub-
units (30), we hypothesized that loss of Cav-1 might affect ret-
inal function. Therefore, we assessed retinal light responses in
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Cav-1KOmice, in vivo, by ERG andMEMRI (see below).Cav-1
KO mice displayed significant decreases in a- and b-wave
amplitudes across a range of flash intensities when compared
with control mice (Fig. 2, A and B). To assess rod function in
greater detail, a subset of mice (n � 5) was analyzed by fitting
the leading edge of the rod-driven a-wave to a computational
model of phototransduction (46, 66) (supplemental Fig. 1, A
and B). The algorithm allowed us to calculate maximal a-wave
amplitude (Rmp3) and sensitivity (log S), a measure of the
amplification of phototransduction. The Rmp3 and log S were
373.0� 71.56 �V and 2.37� 0.14 s�2 (Td/s)�1, respectively, in
WT and 159.8 � 57.62 �V and 1.28 � 0.43 s�2 (Td/s)�1 in
Cav-1 KO. The reduction in both Rmp3 and log S in Cav-1 KO
mice suggested a defect in phototransduction.
MEMRI Revealed Evidence for Dark Current Generation in

Cav-1 KO Mice—In darkness, rod photoreceptors maintain a
steady inward current (the “dark current”) through open non-
selective cyclic nucleotide-gated cation channels (67). The
function of these channels can be assessed, in vivo, by mea-
suring the uptake of Mn2� (a strong MRI contrast agent that is
an analog to Ca2�) in the outer retinal (photoreceptor) layer by
MEMRI (51).MEMRI also simultaneouslymeasures ion uptake
in inner retinal neurons. We measured intraretinal Mn2�

uptake inCav-1KO and control mice under dark-adapted con-
ditions. As shown in Fig. 3, ion uptake in the outer retina was
significantly suppressed inCav-1KOmice comparedwith con-
trols, suggesting that the dark currentwas reduced inCav-1KO
mice; inner retinal uptake was also subnormal. Such reductions
in dark current could explain the reducedERGa-wave response
amplitudes observed in Cav-1 KO mice. Outer retinal ion
uptake has been shown to be suppressedwhen the regeneration
of rhodopsin by the visual cycle is inhibited (68). However, our
results suggest that this is unlikely to explain the reduced

outer retinal ion uptake observed in Cav-1 KO retinas
because dark adaptation rates determined by the recovery of
a-wave responses after photobleaching (supplemental Fig. 4)
and the content of fully dark-adapted rhodopsin (supple-
mental Fig. 3C) were not different between Cav-1 KO and
control mice.
Reduced Function in Cav-1 KO Mice Did Not Result from

Alterations in Photoreceptor Structure or Biochemistry—We
hypothesized that the ERG phenotype observed in Cav-1 KO
mice might result from gross changes in photoreceptor struc-
ture or biochemistry. Therefore, we assessed photoreceptor
morphology by light and electron microscopy. As shown in
supplemental Fig. 2, A–E, no significant differences in retinal
morphology or in photoreceptor outer nuclear layer thickness
(a quantitative measure of photoreceptor numbers) were
observed between Cav-1 KO and control mice. This indicated
that the reduced function measured by ERG and MEMRI was
not the result of a loss of photoreceptor cells. Furthermore, no
significant differences in total retinal thickness were observed
whenmeasured in vivo byMRI (201� 6�m versus 199� 9�m;
control versus Cav-1 KO, respectively, n � 8). The ultrastruc-
ture of Cav-1 KO photoreceptors was also normal with well
developed outer segment and disks (supplemental Fig. 2, F and
G). We next examined several aspects of photoreceptor bio-
chemistry, including rod outer segment protein composition
(supplemental Fig. 3A), levels of phototransduction proteins
(supplemental Fig. 3B), and levels (supplemental Fig. 3C) and
localization of rhodopsin (supplemental Fig. 3D). Because
Cav-1 is implicated in lipid trafficking, we also examined rod
outer segment lipid composition. We found no differences in
fatty acid composition (supplemental Table 1) or cholesterol
content between Cav-1 KO and control outer segment mem-
branes (cholesterol/phospholipid molar ratios � 0.14 � 0.02

FIGURE 1. Localization of Cav-1 in the mouse retina. Cav-1 immunoreactivity (red, left panels) is predominantly localized to Müller glia and to retinal and
choroidal vascular cells with weaker labeling apparent in the RPE. The �1 isoform of Na�/K�-ATPase (green, middle panels) partially colocalizes with Cav-1 in
Müller glia and in the apical RPE. Loss of Cav-1 does not result in obvious changes in Na�/K�-ATPase localization (green, middle panels). DAPI staining (blue),
which labels retinal cell nuclei is indicated to the left of each panel to delineate the positions of retinal layers. The blue channel was partially removed from the
images by Photoshop in order to clearly observe Cav-1 and Na�/K�-ATPase localizations in retinal nuclear layers. ONL, outer nuclear layer; OPL, outer plexiform
layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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versus 0.13� 0.01; Cav-1 KO versus control, respectively; n� 3
independent membrane preparations). Collectively, these
results clearly indicate that reduced retinal function cannot be
explained by gross changes in photoreceptor structure or
composition.
Normal Dark Current and Photoresponses in Isolated Cav-1

KORods—The subnormal ERGandMEMRI responses led us to
speculate that rod phototransduction might be impaired.
Therefore, response properties from Cav-1 KO and control
rods were recorded by suction electrode methods (55, 69).
Interestingly, Cav-1 KO rods displayed a normal circulating
current and normal suppression of this current by light (Fig. 4,
A and B) with normal sensitivity (0.26� 0.03 versus 0.31� 0.02
pA/photon/�m2 for Cav-1 KO versus control, respectively; also

see supplemental Fig. 5A). The times in saturation were
reduced slightly (supplemental Fig. 5B), but there was no
change in slope of time in saturation versus light intensity, indi-
cating that the dominant time constant for response recovery
(Pepperberg constant) was not significantly influenced by the
absence of Cav-1. The single photon responses were somewhat
sluggish in Cav-1 KO rods (supplemental Fig. 5, C and D) and
showed a reduced integration time for the dim light responses,
but these reduced kinetic parameters cannot account for the
functional deficits observed by ERG and MEMRI. Taken
together, these data indicate that the visual deficits inCav-1KO
mice were not photoreceptor-intrinsic. Because suction elec-
trode recordings are carried out under conditions in which the
extracellular medium is controlled, the results suggest that loss
of Cav-1 results in alterations in the photoreceptor microenvi-
ronment in situ.
Abnormal Retinal Adhesion in Cav-1 KO Retinas—Altera-

tions in outer retinal ion and fluid homeostasis have been
shown to influence retina/RPE adhesion ex vivo (70). In the
course of our biochemical analyses ofCav-1KO retinas, we also
observed enhanced adhesion of RPE pigment to the surface of
dissected retinas when peeled from the RPE (Fig. 5A). In many
cases, the adherent pigmented material on the retinal surface
retained the characteristic hexagonal shape of RPE cells. Immu-
nohistochemical analyses of eyecups after peeling the retina
using apical RPEmarkers suggested that only the apical surface
of the RPE was adhering (data not shown). To quantify this
enhanced adhesion, wemeasured the levels ofmelanin pigment
adherent to the retinas as described previously (58). Melanin
content was significantly increased in retinas from Cav-1 KO
mice (Fig. 5B). Interestingly, when eyecups were incubated in
hyperosmotic medium (Hank’s balanced salt solution with 600
mM sorbitol), retinal adhesion in Cav-1 KO mice was signifi-
cantly reduced (Fig. 5B). This intriguing finding is strikingly

FIGURE 2. Reduced retinal function in Cav-1 KO mice. Retinal function was assessed by recording ERG responses to flashes of light of increasing intensities.
A, representative ERG responses from control and Cav-1 KO to flashes with intensities of �3, �1.5, �0.75, 1.7, and 2.6 log cd�s/m2 are shown. B, intensity/
response relationships showed reductions in both a-wave and b-wave amplitudes for Cav-1 KO mice compared with controls. Data points represent the
mean � S.E. (error bars) for at least 25 mice/group.

FIGURE 3. Cav-1 KO mice showed reduced ion uptake as measured by
functional MRI. MEMRI signal intensity (arbitrary units (a.u.)) reduced in both
IR and OR in dark-adapted Cav-1 KO mice compared with control measured
4 h after intraperitoneal systemic administration of MnCl2. *, p � 0.05. Bars
represent mean � S.E. (error bars) for n � 5 mice/group.
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similar to the enhanced adhesion observed when eyecups are
treated with ouabain, a specific inhibitor of the Na�/K�-
ATPase (70). Ouabain-induced adhesion could be reversed by
incubating eyecups in hyperosmotic solutions, suggesting that
the enhanced adhesion was due to dysregulation of subretinal
ion homeostasis/fluid resorption and “cellular edema” causing
swelling of the RPE apical microvilli and/or rod outer segment.
Although swelling of rod outer segment or apical microvilli
was not detectable histologically (supplemental Figs. 2 and
6), we did observe enlarged intercellular spaces between RPE

cells and around the basal infoldings (supplemental Fig. 6).
These findings lend support to our hypothesis that the sub-
retinal microenvironment is abnormal in Cav-1 KO mice
and prompted us to assess Na�/K�-ATPase activity.
Effect of Cav-1 Deletion on Na�/K�-ATPase Activity in

RPE/Choroid—The activity of the �1-Na�/K�-ATPase in the
RPE and Müller glia is critical for spatial ion buffering in the
subretinal space and indirectly maintains photoreceptor excit-
ability (reviewed in Refs. 71 and 72). Our results are consistent
with the idea that loss of Cav-1 results in photoreceptor-extrin-
sic alterations in subretinal ion/fluid homeostasis, and Cav-1
and the �1-Na�/K�-ATPase colocalize in RPE and Müller glia
(Fig. 1).We thereforemeasuredNa�/K�-ATPase activity puri-
fied from RPE microsomes from Cav-1 KO and control mice.
We chose to prepare Na�/K�-ATPase from RPE instead of
neural retina because 1) the apically localized �1-Na�/K�-AT-
Pase regulates the [Na�] in the subretinal space around photo-
receptor outer segments (72); 2) the RPE fraction contains
mostly the �1 isoform, whereas the retina contains a large
amount of the photoreceptor-expressed �3 isoform (73). Sur-
prisingly, as shown in Fig. 6A, total Na�/K�-ATPase activity in
RPE microsomes measured at saturating concentrations of all
ligands was enhanced in Cav-1 KO microsomes, as has been
recently observed in cardiac fibroblasts from Cav-1 KO mice
(74). The increased total activity in RPE could not be explained
by increases in levels of Na�/K�-ATPase because Western
blots from microsomal fractions indicated similar levels of
enzyme (Fig. 6B). It should be noted that Na�/K�-ATPase
functions well below Vmax under physiological conditions (75).
Therefore, we measured the activation of the enzyme by
increasing concentrations of K� (Fig. 6C) or Na� (Fig. 6D).
Na�/K�-ATPase from Cav-1 KO RPE microsomes had a sig-
nificantly reduced apparent affinity for K� (K0.5 K� and Hill
coefficients, n, were as follows: 1.40 � 0.12 mM, n � 1.5 for
Cav-1KO and 0.51� 0.11mM, n� 1.0 for controls). There was
no difference in the apparent affinity forNa� (K0.5 Na� andHill
coefficients, n, were as follows: 5.99 � 0.38 mM, n � 2.2 for
Cav-1KOand 5.72� 0.46mM,n� 2.0 for controls). The reduc-
tion in K� affinity in the physiological range of subretinal K�

suggests that Na�/K�-ATPase activity may be reduced in vivo.

FIGURE 4. Suction electrode recordings of rod light responses to graded series of in WT and Cav-1 KO mice. A, mean current traces in WT rods to flashes
at intensities of 4, 17, 43, 160, 450, and 1122 photons �m�2. The average dark current in WT rods was 14.1 � 0.6 pA (n � 45). B, mean current traces from Cav-1
KO rods to the same flash intensities. The average dark current in Cav-1 KO rods was 12.5 � 1.1 pA (n � 9), not significantly different from WT (p � 0.24, Student’s
t test). The flash sensitivity of the Cav-1 rods was 0.26 � 0.03 pA/photon/�m2 (n � 9), not significantly different (p � 0.20) from WT (0.31 � 0.02 pA/photon/�m2;
n � 45). For more details about suction electrode-determined parameters, see “Experimental Procedures” and supplemental Fig. 5.

FIGURE 5. Enhanced retinal adhesion in Cav-1 KO mice. A, increased adhe-
sion of RPE to retinal surface was observed qualitatively in Cav-1 KO retina flat
mounts compared with controls. The amount of adherent melanin was quan-
tified (B) in retinal extracts as described under “Experimental Procedures.”
B, melanin content in Cav-1 KO retinas was significantly higher than nor-
mosmotic controls. Incubation with hyperosmotic medium resulted in a sig-
nificant reduction in adherent melanin to Cav-1 KO retinas. **, significant
differences between normosmotic Cav-1 KO and all other groups, p � 0.05;
analysis of variance with Tukey’s post hoc test, n � 4. Error bars, S.D.
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DISCUSSION

The major finding in this study is that ablation of Cav-1
impairs retinal function due to changes in the subretinal/RPE
microenvironment and not because of disturbances of the
intrinsic properties of photoreceptors. Cav-1 is expressed in
photoreceptors (28, 30–33), colocalizes with rhodopsin during
development (76), and even has been detected in disk mem-
branes (29). However, considering the normal function of iso-
lated rods and the normal morphology and ultrastructure of
Cav-1KOphotoreceptors, our results suggest that photorecep-
tor-intrinsic Cav-1 expression does not significantly influence
phototransduction or photoreceptor outer segment assembly.
Future studies will focus on how Cav-1 ablation affects retinal
support cells, such as the RPE and Müller glia that control the
environment in which retinal neurons reside, in vivo, thus indi-
rectly impacting retinal function.
Cav-1 protein is localized to Müller glial and RPE cells and

colocalizes with the �1-Na�/K�-ATPase (Fig. 1). Cav-1 has
been identified as a Müller glia-enriched transcript compared
with retinal neurons (38), and its expression increases asMüller
glia mature with the same temporal expression as aquaporin-4
and the inwardly rectifying potassium channel, Kir4.1 (37). In
RPE, Cav-1 and morphologically identifiable caveolae localize
to both the apical membranes facing photoreceptors and the
basal RPE membranes facing the choroid (35), consistent with
the localization shown in Fig. 1. We note that Cav-1 immuno-
reactivity is also prominent in retinal and choroidal vasculature,
as expected, based on several reports of Cav-1 and caveolae in
retinal vascular endothelium and pericytes (40, 41, 43, 77, 78).
Both Müller glial (71) and RPE (72) cells play critical roles in
maintaining the retinal environment by regulating active trans-
port properties and blood-retinal barrier functions.

Disruption of the retinal microenvironment, such as altera-
tions in pH, ion, or fluid homeostasis, can lead to metabolic
dysfunction and compromise retinal neuronal activity. Genetic
ablation of the basolateral lactate transporter of the RPE,
monocarboxylate transporter 3 (Mct3; slc16A8), leads to a
strikingly similar ERG impairment as that found in this study, in
vivo, and also does not affect responses recorded from isolated
rods (79). Loss of Mct3 leads to extracellular accumulation of
lactate and probably decreases subretinal pH.Deletion of either
carbonic anhydrase XIV (80) or anion exchanger 3 (AE3/
slc4A3) (81) also suppress ERG responses due to decreased
extracellular pH and increased pCO2. Furthermore, pharmaco-
logical inhibition of either lactate transport (82) or carbonic
anhydrase (83) activity reduces ERG responses in vivo. Our
MEMRI results showing reduced ion uptake in the outer retina
in the dark suggest that the ERG deficit results from a sup-
pressed dark current in vivo. Decreased pH is well known to
depress overall retinal function (84), and protons specifically
suppress the dark current in isolated rods (85). Intriguingly,
these pH effects are reversible and might explain why Cav-1
deletion results in functional deficits (i.e. reduced dark-adapted
ion uptake and ERG response) in vivo but normal photorecep-
tor function in buffered medium in vitro.
A central contributor to regulation of pH, ion, and fluid

homeostasis in the retina is the �1 isoform of the Na�/K�-
ATPase expressed in both the RPE and Müller glia (73). Dys-
regulation of ATPase activity can cause disturbances in pH,
fluid, and ion homeostasis in subretinal space because the Na�

gradient established drives myriad transport activities to regu-
late pH, ions, and subretinal fluid (72). Our results show signif-
icant colocalization between Cav-1 and �1-Na�/K�-ATPase
(Fig. 1). In kidney epithelium, Cav-1 is associatedwith theNa�/

FIGURE 6. Effect of Cav-1 deletion on Na�/K�-ATPase activity. Na�/K�-ATPase was partially purified from mouse eyecup microsomes and ATPase activity
was measured as a function of K� (A) or Na� (B) concentration. Vmax was determined for each preparation separately. K� affinity was significantly decreased in
the absence of Cav-1 (p � 0.05; Student’s t test; n � 3 independent microsomal preparations). Na� affinity was not significantly different. Error bars, S.E.
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K�-ATPase (86, 87), and the�1-Na�/K�-ATPase contains two
consensus Cav-1 bindingmotifs (88). In the retina, inhibition of
Na�/K�-ATPase activity leads to depressed Mn2� uptake as
measured by MEMRI (52) as well as enhanced retinal adhesion
that is resolvable by hyperosmotic treatment (70), two observa-
tions reproduced in Cav-1 KO eyes. This led us to examine
Na�/K�-ATPase activity in Cav-1 KO RPE/choroid, and our
results indicate that, within the physiological range of subreti-
nal K�, ATPase activity was reduced (Fig. 6). Surprisingly,Vmax
was significantly higher in Cav-1 KO membranes, a finding
recently observed in Cav-1 KO cardiac fibroblasts (74). These
results indicate that the loss of Cav-1 affects Na�/K� ATPase
activity, but we cannot yet determine whether this effect is due
to disruption of a complex containing Cav-1 and the Na�/K�-
ATPase or is due to indirect changes in either membrane com-
position or ion concentrations. Na�/K�-ATPase activity is
exquisitely sensitive to membrane lipids, such as cholesterol
(89, 90), and Cav-1 has a well established role in cholesterol
trafficking (reviewed in Ref. 2). Hypertonicity can up-regulate
the expression of the non-obligatory �-subunit (FXYD2) of the
Na�/K�-ATPase (91). It is possible that loss of Cav-1 leads to a
stress response that up-regulates of FXYD family Na�/K�-
ATPase regulators, but this remains to be determined.
In summary, our results clearly demonstrate that loss of

expression of Cav-1 in photoreceptors, per se, is not responsible
for the functional visual deficit observed. Our results suggest
that loss of Cav-1 function affects ion transport activities in the
RPE and possibly Müller glial cells that result in photoreceptor
dysfunction. However, we cannot eliminate the contributions
of other Cav-1-rich sources, such as retinal vascular cells. We
are currently developing approaches to manipulate Cav-1
expression in specific retinal cells that will be useful in dissect-
ing the contribution of specific cellular sources to the observed
phenotype and will allow us to define cell-specific Cav-1 func-
tions in the retina.
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