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Mutations in BEST1, encoding bestrophin-1 (Best1), cause Best vitelliform macular dystrophy (BVMD), a
dominantly inherited macular degeneration characterized by a diminished electrooculogram light peak
(LP), lipofuscin in retinal pigment epithelial cells (RPE), and fluid- and debris-filled retinal detachments. To
understand the pathogenesis of BVMD we generated knock-in mice carrying the BVMD-causing mutation
W93C in Best1. Both Best11/W93Cand Best1W93C/W93C mice had normal ERG a- and b-waves, but exhibited
an altered LP luminance response reminiscent of that observed in BVMD patients. Morphological analysis
identified fluid- and debris-filled retinal detachments in mice as young as 6 months of age. By 18–24
months of age Best11/W93Cand Best1W93C/W93C mice exhibited enhanced accumulation of lipofuscin in the
RPE, and a significant deposition of debris composed of unphagocytosed photoreceptor outer segments
and lipofuscin granules in the subretinal space. Although Best1 is thought to function as a Ca21-activated
Cl2 channel, RPE cells from Best1W93C mice exhibited normal Cl2 conductances. We have previously
shown that Best12/2 mice exhibit increased [Ca21]i in response to ATP stimulation. However, ATP-stimulated
changes in [Ca21]i in RPE cells from Best11/W93C and Best1W93C/W93C mice were suppressed relative to
Best11/1 littermates. Based on these data we conclude that mice carrying the Best1W93C mutation are a
valid model for BVMD. Furthermore, these data suggest that BVMD is not because of Best1 deficiency, as
the phenotypes of Best11/W93C and Best1W93C/W93C mice are distinct from that of Best12/2 mice with regard
to lipofuscin accumulation, and changes in the LP and ATP Ca21 responses.

INTRODUCTION

Members of the bestrophin family of proteins are thought to
function as Ca2þ-activated Cl2 channels (CaCCs) (1,2).
Mutations in the gene BEST1 cause Best vitelliform macular
dystrophy (BVMD; 3,4), an autosomal dominant form of
macular degeneration clinically characterized by fluid- and
debris-filled retinal detachments, accumulation of lipofuscin
in the retinal pigment epithelium (RPE), and a reduction in
the electrooculogram (EOG) light peak (LP) accompanied
by a normal clinical electroretinogram (ERG) (1,5). The LP
is generated by a Ca2þ-dependent Cl2 conductance across
the basal membrane of the RPE (6–8), where we have

shown Best1, an integral membrane protein, to be localized
(9). These observations led to the hypothesis that Best1 and
other bestrophins are CaCCs (10). Indeed, there is a substantial
body of data in which heterologous expression of bestrophins
from a diverse array of organisms results in Ca2þ-dependent
anion conductances (reviewed in (2)). In humans, there are
four members of the bestrophin family, and bestrophins have
been identified in epithelial, neuronal and muscle tissues
(1,2). As such, the bestrophins have received a great deal of
attention as potential CaCCs.

The observation that bestrophins can function as CaCCs
was accompanied by the finding that mutations causing
BVMD dominantly inhibit bestrophin Cl2 conductances

�To whom correspondence should be addressed. Tel: þ1 5206260447; Fax: þ1 5206260457; Email: amarmorstein@eyes.arizona.edu

Published by Oxford University Press 2010.

Human Molecular Genetics, 2010, Vol. 19, No. 6 1108–1118
doi:10.1093/hmg/ddp583
Advance Access published on January 6, 2010



resulting in the hypothesis that BVMD results from a loss of
CaCC activity (10). In recent years mutations in BEST1
have been attributed to four additional retinal degenerative
diseases in man; adult onset vitelliform maculopathy
(AVMD; 11–13), autosomal dominant vitreoretinal choroido-
pathy (ADVIRC; 14), autosomal recessive bestrophinopathy
(ARB; 15) and retinitis pigmentosa (RP; 16). Similar to
BVMD, AVMD and ADVIRC exhibit dominant inheritance.
ARB is a recessive disease, and RP was found in both domi-
nant and recessive forms. AVMD is most similar to BVMD
and the disorders are distinguished by the EOG LP, which is
not impaired in AVMD (17). ARB, is thought to be owing
to a ‘null’ mutation, resulting in the absence of functional
Best1 (15). It is difficult to reconcile this clinical complexity
with a disease model in which BVMD simply results from a
loss of CaCC function. Furthermore, tissues from mice in
which Best1 or Best2 are disrupted do not exhibit a deficit in
CaCC activity [(7,18) and our unpublished observations],
although bestrophins may be required to facilitate those con-
ductances (19). Best12/2 mice exhibit an enhanced LP to
low luminance stimuli and a greater release of [Ca2þ]i in
response to stimulation of their RPE with extracellular ATP
than is observed in RPE cells from wild-type (WT) littermates
(7). Best22/2 mice exhibit a decreased intraocular pressure
resulting from unusual changes in aqueous humor dynamics
that are not simply explained by the loss of a Cl2 conductance
(20,21).

To clarify the functional role of Best1 in the RPE and to
better understand the pathogenesis of BVMD, we generated
knock-in mice carrying one or two copies of the
BVMD-causing mutation W93C in Best1. Our data show
that these mice exhibit the major symptoms of BVMD, an
abnormal LP luminance-response function, accumulation of
lipofuscin in RPE cells, and the formation of fluid- and debris-
filled retinal detachments. Whole-cell Cl2 conductances
recorded from the RPE of these mice do not differ from
those of their WT littermates. However, and in contrast to
Best12/2 mice, RPE explants from these mice fail to
respond with an elevation in [Ca2þ]i when stimulated by extra-
cellular ATP. These data confirm that BVMD is not the result
of Best1 deficiency, but rather BVMD must result from Best1
dysfunction. These data also suggest that Best1 plays an
important role in the regulation of Ca2þ signaling.

RESULTS

Generation of knock-in mice carrying the W93C mutation
in mBest1

To create a model of BVMD, we chose to generate a knock-in
mice carrying the W93C mutation in the endogenous Best1
loci (Fig. 1). This mutation was chosen because a multi-
generational family from Sweden carrying this mutation has
been exceptionally well characterized with regard to disease
progression and histopathology (22–24). In the mouse
model the mutant allele replaces one or both of the endogen-
ous WT alleles such that heterozygotes (Best1þ/W93C) carry
one mutant and one WT allele, and homozygotes
(Best1W93C/W93C) carry two mutant alleles and no WT
alleles. Consistent with the phenotype of BVMD patients,

both Best1þ/W93C and Best1W93C/W93C mice were born with
an expected Mendelian frequency. Their outward appearance,
lifespan and reproduction were similar to those of their
Best1þ/þ littermates. Consistent with human bestrophinopa-
thies, no obvious abnormalities outside of the eye were
noted on autopsy of animals up to 32 months of age.

Altered LP luminance response in Best1W93C knock-in
mice

BVMD is characterized by a diminished EOG LP with a
normal ERG. We analyzed both rod and cone-driven ERGs
in young (,6 month old) mice and found no differences
among genotypes (Fig. 2). However, consistent with the LP
deficits in BVMD patients, dc-ERG recordings revealed sig-
nificant differences in the LP component of W93C mice. Com-
pared with Best1þ/þ littermates, LP responses of Best1þ/W93C

and Best1W93C/W93C mice were enhanced at low stimulus inten-
sities, and reduced in the middle of the intensity range
(Fig. 3A and E; Table 1). As a result, in W93C mice there
was little modulation of LP amplitude between 21.0 and
þ1.0 log cd/m2, whereas the LP in WT animals exhibits
a marked increase. In this intensity range, the LP of
Best1þ/W93C and Best1W93C/W93C mice also differ from
Best12/2 mice (7), whose LP is also consistently greater
than that of Best1þ/þ mice but is modulated by stimulus inten-
sity (Fig. 3E and F). A plot of the LPs from Best1W93C mutant
mice against those of Best1þ/þ littermates (Fig. 3F) demon-
strates a clear difference in the LP luminance response func-
tion between knock-in and knock-out animals. Specifically,
both Best1þ/W93C and Best1W93C/W93C mice exhibited
intensity-dependent reductions and enhancements of the LP,
whereas the only change noted in Best12/2 mice was an
enhancement at low stimulus intensities. Analysis of the LP
luminance response functions using ANOVA confirms signifi-
cant differences between genotypes (P , 0.001). We conclude
that Best1þ/W93C and Best1W93C/W93C mice reproduce the sole
fully penetrant symptom of BVMD and that the diminished LP
in human BVMD patients, at least in early phases of the
disease, is most likely owing to a shift in the
luminance-response function, a feature of the EOG that is
not routinely examined (25). The other major components of
the dc-ERG were unaffected with the exception that
Best1W93C/W93C mice had a significant increase in c-wave
and fast oscillation amplitude at a single stimulus intensity
(3 log cd/m2; Fig. 3A–D).

Morphological characteristics of Best1W93C mice

To determine whether Best1W93C mice exhibit abnormalities
in the eye, we performed fundoscopy and histological analysis
on animals ranging in age from 2 to 32 months. Well-
demarcated retinal detachments were observed in approxi-
mately 40 per cent of Best1þ/W93C and Best1W93C/W93C mice
aged 12 months and older (n � 5 mice of each genotype at
6, 12, 18 and 24 months) and appeared to have resolved by
2 years of age regardless of genotype. These detachments
were located in the central region of the eye temporal to the
optic nerve head and varied with the largest observed being
approximately 2–3 disc diameters in size. Examination of
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eyes by light (Fig. 4) and electron (Fig. 5) microscopy con-
firmed the presence of localized serous retinal detachments
in Best1þ/W93C and Best1W93C/W93C eyes as early as 6
months of age (Fig. 4A–D, though detachments were not typi-
cally observed until 12–18 months of age (Figs 4E–N and 5A
and B). In many mice the retina appeared to have been
detached and re-attached, with RPE microvilli stacked in
‘piles’ between the RPE and outer segments (OS) of photo-
receptors (Figs 4N, P–S and 5C and D). Often these piles con-
tained additional debris including shed OS and lipofuscin
granules (Figs 4G, I, K–N, P–S and 5B–D) forming a
debris zone between the RPE and OS. Interestingly, both IS
and OS appeared longer in Best1þ/W93C and Best1W93C/W93C

mice. We also often noted small vacuoles in the OS and to a
lesser degree inner segments (IS) of photoreceptors in
Best1þ/W93C and Best1W93C/W93C mice (Fig. 4F–I, K–N and
P–S). A detailed examination of OS in Best1W93C mice by

electron microscopy revealed that what appeared to be vacu-
oles were actually disrupted discs (Fig. 5E–F). In addition,
we noted the accumulation of an amorphous material at the
tips of some OS and occasionally the accumulation of what
appeared to be lipid droplets. Inner segment vacuoles appeared
to correlate with disruption of mitochondria in the oldest mice
(2 years and older, not shown).

BVMD is characterized by the accumulation of lipofuscin
granules in the RPE (7,26–30). Examination of unfixed cryo-
sections revealed an apparent increase in autofluorescence in
the RPE of Best1þ/W93C and Best1W93C/W93C mice by 18
months of age (Fig. 6). Electron microscopy revealed that
the number of lipofuscin granules in 2-year-old Best1W93C

mice was indeed increased (Fig. 6A–C). Counts of lipofuscin
granules were made in randomly chosen 4400� fields. At 23–
26 months of age, Best1þ/þ mice had accumulated 17+ 3
granules/field (mean+SD), while significantly (P , 0.05)

Figure 1. Generation of Best1 knock-in mice containing the W93C mutation. Schematic diagram (A) of the wild-type (wt) locus, targeting vector for the
mutation, and mutant loci before (‘ þ ’) and after (mt) the cre-mediated deletion of the floxed neor marker. Thick lines represent genomic DNA fragments
used for constructing the targeting vector 50 and 30 arms. Restriction enzyme sites: Ac, Acc65I; X, XbaI; Bgl, BglII; B, BamHI; E, EcoRI are indicated. Numbered
solid boxes depict Best1 exons. The neor and DTA gene expression cassettes are indicated by the labeled grey boxes. Vertical grey ovals indicate loxP sequences.
Asterisk (�) marks the location of the W93C mutation. Homologous recombination between the wt locus and the targeting vector was confirmed using genomic
Southern blot (B) analysis of wt and heterozygous ES cell DNA was performed with the external 50 and 30 probes indicated in (A). For the 50 probe, the Acc65I
digested wt fragment is 8.6 kb, and the mutant (‘ þ ’) fragment is 10.5 kb. For the 30 probe, BglII digestion yields a wt fragment of 6.3 kb and a mutant fragment
of 8.1 kb. Nucleotide changes generating the W93C mutation and a BpmI restriction site (C) permit analysis of wt and heterozygous offspring tail genomic DNA
by polymerase chain reaction resulting in a 661 bp fragment in wt and both 500 bp and a 161 bp fragments from the mutant (‘ þ ’) locus.
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more lipofuscin granules/field were observed in Best1þ/W93C

(53+ 5) and Best1W93C/W93C (42+ 9) mice (all measures are
from seven fields analyzed in each of seven mice).

Normal Cl2 conductances in RPE from Best1W93C

knock-in mice

Since Best1 and other bestrophins have been suggested to func-
tion as CaCCs (1,2,10), we examined whole-cell Cl2 conduc-
tances in RPE cells isolated from Best1þ/þ and Best1W93C/W93C

mice. Similar to our previous findings in Best12/2 mice (7),
no differences were observed between genotypes regardless
of the concentration of Ca2þ in the patch pipette (Fig. 7).

Best1W93C suppresses ATP-stimulated Ca21 signaling

We and others have shown that Best1 interacts with VDCCs
(7,15,31,32) and that the increase in [Ca2þ]i following ATP
stimulation in RPE cells from Best12/2 mice exceeds that
of Best1þ/þ mice (7; Fig. 8). We examined the effect of

extracellular ATP on [Ca2þ]i in Best1þ/W93C, Best1W93C/W93C,
Best1þ/þ and Best12/2 mice. In agreement with prior
observations (7), the ATP-induced increase in [Ca2þ]i in
Best12/2 RPE exceeds that of Best1þ/þ RPE (Fig. 8). In com-
parison, [Ca2þ]i in Best1þ/W93C and Best1W93C/W93C mice did
not change significantly with response to 50 mM extracellular
ATP (Fig. 8).

DISCUSSION

BVMD is the second most common form of inherited macular
degeneration following Stargardt’s disease (1). Here, we have
described a mouse line that carries the mutation W93C in
Best1, which is the same mutation found in a large well-
characterized family of Swedish origin (22–24). The mice
reconstitute several of the hallmark symptoms of BVMD.
These are a deficit in the LP (Fig. 3), serous/debris-filled
retinal detachments (Figs 4 and 5), and accumulation of lipo-
fuscin in RPE cells (Fig. 6). These similarities indicate that
Best1W93C mice constitute a viable model of BVMD and

Figure 2. Electroretinography. Flash ERGs obtained from representative WT, Best1þ/W93C and Best1W93C/W93C mice to strobe flash stimuli presented to the
dark-adapted eye (A) or superimposed upon a steady adapting field (C). Intensity-response functions for the major ERG components are plotted for dark-adapted
(B) and light-adapted (D) stimulus conditions. Data points indicate the average (+SEM) for seven to eight mice.

Human Molecular Genetics, 2010, Vol. 19, No. 6 1111



can be used to better understand this retinal disorder. We also
noted that photoreceptor OS are disrupted in these mice exhi-
biting vacuoles that on closer inspection were disrupted disks
(Fig. 5E and F), and that OS were often found within the
debris fields (Figs 3 G, I, L, N, P–S and 5B–D). These mor-
phological findings suggest that the phagocytosis of shed OS
by RPE cells may be partially impaired in BVMD.

Prior studies have suggested that Best1 is a CaCC and that
BVMD results from a dominant negative inhibition of Best1
Cl2 channel activity (1,2,10). Though consistent with many
in vitro studies in which bestrophin-associated Cl2 conduc-
tances were observed following transfection with bestrophin
cDNA (reviewed in (2)), this hypothesis was not supported

by data obtained from Best12/2 and Best22/2 mice (7,20),
and does not account for AVMD, ADVIRC, RP and ARB,
other diseases caused by mutations in Best1. In particular, a
deficit in CaCC activity has not been identified in either
Best12/2 or Best22/2 mice (7,18). A recent study (19)
reports that CaCC activity in regenerating peripheral nerve
was dependent on expression of Best1 or Best3, but notes
that expression of Best1 or Best3 alone was not sufficient to
produce a CaCC current. Similarly, we did not observe a
deficit in whole cell Cl2 conductances in the RPE of
Best1W93C/W93C mice (Fig. 7).

Although it has been notoriously difficult to detect mBest1
Cl2 currents (2), mBest1 currents have been observed in vitro

Figure 3. RPE-generated ERG responses. Dc-ERGs were recorded from Best1þ/þ, þ/W93C or W93C/W93C littermates in response to a 7-min light stimulus varying
over a 6 log range. Grand average waveforms for each genotype (A) reflect clear differences in the LP at intensities of 21 to þ1 log cd/m2. This difference is
most obvious at a stimulus luminance of 1 log cd/m2, a stimulus intensity similar to that used in human EOG testing. Stimulus response functions for the c-wave
(B), FO (C) and off response (D) indicate that these functions are unchanged in Best1þ/W93C mice, but do demonstrate a larger c-wave and FO amplitude at a
single stimulus luminance for Best1W93C/W93C mice. Significant differences were observed in the LP luminance response (E) with a significantly (P , 0.02)
enhanced response in Best1þ/W93C and Best1W93C/W93C mice at 21 log cd/m2 and a significantly (P , 0.05) diminished response at 1 log cd/m2. LPs normalized
by plotting the amplitude of the WT response on the X-axis and experimental mouse on the Y-axis were used to compare response functions from Best1W93C

mice and Best12/2 mice (F). Note that the Best1þ/W93C and Best1W93C/W93C responses were similar, but substantially different from the Best12/2 responses.
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(33), and several recent studies have examined putative
mBest1 Cl2 currents in tissue following siRNA knock-down
of mBest1 (19,34,35). Based on our findings with the
Best1W93C mouse (Fig. 3), and the Best12/2 mouse (7), if
Best1 functions in the RPE as a Cl2 channel, that function
is minor and does not contribute substantially to the LP.
How then does Best1 affect the LP?

The LP is stimulated by a ‘LP substance’ secreted by photo-
receptors (8). The identity of the LP substance is currently
unknown, but ATP is a leading candidate (8). We have pre-
viously shown that the LP requires VDCCs, and that the lumi-
nance response of the LP is impaired in mice lacking VDCC
subunits (6,7,32). Furthermore, Best1 interacts with VDCCs
physically and/or functionally and Best1W93C can cause a sub-
stantial delay in the activation and inactivation kinetics of
VDCCs (15,31,32). Stimulation of RPE cells from Best12/2

mice with extracellular ATP results in an increase in [Ca2þ]i

that is significantly greater (P , 0.05) than that of Best1þ/þ

littermates (Fig. 8A and B) (7). As shown in Figure 8A and
B, Best1W93C mice exhibit the opposite effect. For these
mice, extracellular ATP stimulates no increase in [Ca2þ]i,
but instead appears to cause a significant (P , 0.05) decrease
in [Ca2þ]i. Based on this finding it is reasonable to conclude
that the diminished LP characteristic of BVMD results from
the constitutive suppression of Ca2þ signaling owing to the
W93C mutation. Most likely this results from the alteration
of VDCC kinetics owing to the W93C mutation in Best1.

In summary, we have generated a mouse model that devel-
ops many of the important features of the BVMD phenotype.
Based on these data we propose that Best1 is a protein with at
least two functions. Best1 appears to function as an anion
channel and an antagonist of VDCCs. The W93C mutation
has been demonstrated in multiple studies to exert a dominant
negative effect on Best1 anion channel activity (2). It has
become clear, however, that any Cl2 conductance associated
with Best1 in mouse is not critical to the health of the RPE,
as the absence of Best1 does not induce a BVMD phenotype.
Instead, the differences in Ca2þ signaling observed in
Best12/2 mice and Best1W93C mice suggest that it is the sup-
pression of Ca2þ signaling that may underlie the pathogenesis
of BVMD. We propose that Best1 also acts to suppress Ca2þ

signaling through its known interactions with VDCCs
(15,31,32), and that the W93C mutation serves to activate
Best1 constitutively in this regard. This raises the possibility
that the effects of Best1 on VDCCs are regulated by Best1
channel activity. If so, channel closing would promote the

suppressive effect of Best1 on Ca2þ signaling and channel
opening would diminish the suppressive effect of Best1 on
Ca2þ signaling. Future studies will address the relationship
between Best1 channel activity, its VDCC regulatory function,
and its effects on ATP-stimulated Ca2þ signaling with regard
to RPE physiology and disease pathogenesis.

MATERIALS AND METHODS

All experiments involving mice were carried out with the
ethical approval of the Institutional Animal Care and Use
Committees of the University of Arizona and the Cleveland
Clinic Foundation.

Generation of Best1 knock-in mice carrying the W93C
mutation

Best1þ/W93C and Best1W93C/W93C mice carrying the W93C
mutation in Best1 were generated as described in the legend
for Figure 1 using the same backbone vector, PGKneo-
lox2DTA, used previously to construct the Best1 knock-out
targeting vector (7). A 7 kb XbaI–EcoRI fragment from
intron I to VIII was used as the homology sequence in the
vector construction. The neor gene expression cassette floxed
by two direct loxP sequences was inserted in inverse orien-
tation with respect to the endogenous Best1gene at a BamHI
site so the floxed cassette was introduced into intronic
sequence. The 3 kb XbaI–BamHI fragment constitutes the 50

arm, and the 4 kb BamHI–EcoRI fragment constitutes the 30

arm (Fig. 1A). The arm–vector junction sequences were con-
firmed by sequencing. To generate the targeting vector for
introducing the W93C mutation, a 31-mer primer and its
complimentary anti-sense primer containing one nucleotide
change (G to C) were used: 50-GGTGGTGAGCCGCTGC
TGGAGCCAGTACGAG-30. The changed nucleotide is
shown in bold letter. The nucleotide change also created a
new restriction site BpmI, which provides a means to dis-
tinguish the mutant and WT loci in the subsequent verification
steps (Fig. 1). The mutation site was verified by sequencing.
The targeting construct was linearized using a unique SacI
restriction site and electroporated into 129 Sv/J ES cells
(Cell and Molecular Technologies, Phillipsburg, NJ, USA).
Cells were injected into C57BL/6 blastocysts, yielding three
germline-transmitting chimeras that were crossed with trans-
genic Balb/c females expressing Cre-recombinase.

The generation of Best2/2 mice has been described (7).

Electroretinography

ERGs were recorded in two recording sessions. To measure
ERG components generated by the RPE, responses were
recorded from the corneal surface of the left eye in response
to 7-min duration stimuli presented to the dark-adapted eye,
as described in detail elsewhere (6,7,36). To measure ERG
components generated by the outer layers of the neural
retina, responses were recorded from the corneal surface of
the left eye in response to strobe flash stimuli presented
to the dark- or light-adapted eye, as described in detail
elsewhere (37). Differences in ERG luminance responses

Table 1. LP amplitudes by genotype

Luminance
(log cd/m2)

Best1þ/þ n Best1þ/W93C n Best1W93C/W93C n
Mean+SE
(mV)

Mean+SE
(mV)

Mean+SE
(mV)

21 0.21+0.04 6 0.51+0.12 7 0.66+0.12 6
0 0.39+0.08 8 0.54+0.09 8 0.56+0.07 12
1 0.92+0.19 6 0.54+0.10 9 0.67+0.07 7
2 1.02+0.17 6 0.82+0.10 8 0.97+0.12 6
3 0.73+0.10 11 0.74+0.12 13 0.87+0.14 9
4 0.33+0.15 4 0.44+0.09 5 0.49+0.03 6
5 0.47+0.15 3 0.25+0.15 3 0.57+0.14 3
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were compared using ANOVA. Differences occurring at
specific stimulus luminances were evaluated using Student’s
t-test.

Light and electron microscopy

Mice were sacrificed by CO2 asphyxiation and their eyes enu-
cleated and fixed in half-strength Karnovsky’s fixative (2.5%

Figure 4. Development and progression of serous retinal detachments and debris-filled apical deposits in Best1W93C knock-in mice. Representative micrographs
of Toluidine blue-stained thick sections from mice aged 6 (A–D), 12 (E–I), 18 (J–N) or 24 (O–S) months of age as indicated in the left margin. Genotypes for
A–C, E–G, J–L and O–Q are indicated at the top of the figure. Panels D, H, I, M, N, R and S are identical to panels C, F, G, K, L, P and Q, respectively, but
were photographed at a higher magnification. Their genotypes are indicated in the upper right hand corner of the panel. Serous detachments (arrows in C, F and
K, asterisks in D, H and M) were noted as early as 6 months of age. Following detachment, we often found piles of RPE microvilli laying horizontal and contain-
ing debris (d) including OS. Disruption of OS was noted in many animals as early as 12 months of age (arrows in H, I, M, N, R and S).
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Figure 5. Transmission electron micrographs of serous detachments in a 12 month (A) and 18 month old (B) Best1þ/W93C mice. Many lipofuscin granules have
accumulated in the RPE even at 12 months (A). The inset in (A) shows lipofuscin granules at a higher magnification. Note the debris (d) entangled within the
RPE microvilli (mv) in (B). In 2-year-old mice (C–F), the retina appeared to have re-attached, but regions of debris (d) containing OS and lipofuscin granules
entangled in RPE microvilli were frequent findings. Photoreceptor OS, in mice at all ages exhibited disrupted disks (arrows in A, B, E and F) or unusual patterns
of membrane folding/wrapping (arrows in D). Occasionally lipid droplets were observed at the tips of some OS (inset, F).

Figure 6. Photomicrographs of RPE autofluorescence in unfixed cryosections of Best1þ/þ, Best1þ/W93C and Best1W93C/W93C. The apparent increase in autofluor-
escence in (B) and (C) compared to (A) correlates with increased accumulation of lipofuscin in the RPE of Best1W93C mice.

Figure 7. Whole-cell Cl2 currents. Single RPE cells were isolated from Best1þ/þ (A, C) or Best1W93C/W93C (B, D) littermates. Voltage-dependent Cl2 conduc-
tances were recorded with 750 ms voltage steps from 2100 to þ100 mV (A–D) using whole-cell patch clamp in pipette solutions containing a range of Ca2þ

concentrations from 20 nM to 1 mM. Representative current traces activated with 1 mM (A, B) or ,150 nM (C, D) Ca2þ are shown. Peak currents (Ipeak) recorded
at þ100 mV were determined (average+SD, n . 5 cells) for both genotypes at varied Ca2þ concentrations (E). Data are expressed as mean+SEM. Statistical
differences between means was evaluated using two-tailed t-test. Significance was assumed at P , 0.05. No significant differences in Ipeak were observed
between Best1þ/þ and Best1W93C/W93C mice.
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glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate
buffer, pH 7.2) for two nights at 48C, after which they were
transferred to 0.1 M cacodylate buffer (pH 7.2). Anterior seg-
ments were removed, the tissues post-fixed in 1% osmium tetr-
oxide, and then dehydrated in a graded series of alcohols.
Following embedding in Spurr’s resin, thick sections
(0.5 mm) and thin sections (60 nm) were cut on a Reichert
Ultracut microtome. Thick sections were stained with Tolui-
dine blue and inspected using a Nikon E-600 microscope
and photographed using a color charge-coupled device
(CCD) camera. Thin sections were stained with uranyl
acetate and lead citrate and inspected using a FEI CM12
(Philips Electronics, Mahwah, NJ, USA) transmission electron
microscope and photographed using a MACROFIRE AMT542
(Optronics, Goleta, CA, USA) camera.

Electrophysiological recordings

Mice were euthanized via CO2 asphyxiation. The eyes were
enucleated and RPE cells were dissected from Best1W93C/W93C

mutant mice and WT littermate controls. Single RPE cells
were isolated with 30-min treatment of papain (4 U/ml,
Sigma) and plated in DMEM (Invitrogen) supplemented
with 10% fetal bovine serum and penicillin (200 U/ml)–
streptomycin (200 mg/ml). Studies were performed within
24 h after the acute isolation. RPE cells were recorded using
a conventional patch-clamp technique and the amplifier
(EPC-7, HEKA). Fire-polished borosilicate glass patch pip-
ettes were 3–5 MV. Experiments were conducted at room
temperature (20–248C). Since the liquid junction potentials
were small (,2 mV), no correction was made. The standard
pipette solution contained (mM): 146 CsCl, 2 MgCl2, 5
(Ca2þ)–EGTA, 10 HEPES, 10 sucrose, pH 7.3, adjusted
with NMDG. Ca2þ–EGTA was replaced with EGTA to
make a ‘0’ Ca2þ pipette solution. The calculated Ca2þ concen-
trations were approximately 1 mM in high Ca2þ solution and
,20 nM in ‘0’ Ca2þ solution, and confirmed by fura-2
(Molecular Probes) measurements using an LS-50B lumines-
cence spectrophotometer (Perkin-Elmer). The standard extra-
cellular solution contained (mM): 140 NaCl, 5 KCl, 2 CaCl2,

1 MgCl2, 15 glucose, 10 HEPES, pH 7.4 with NaOH. This
combination of intracellular and extracellular solutions set
Erev for Cl2 currents to zero, while cation currents carried
by Naþ or Csþ had very positive or negative Erev, respectively.
Osmolarity was adjusted with sucrose to 303 mOsm for all
solutions.

Ca21 imaging

Mice were euthanized via CO2 asphyxiation. The eyes were
enucleated and placed in a dish with Hanks’ balanced salt sol-
ution (Sigma, USA). Using a dissecting microscope any
extra-ocular tissue was removed, the anterior portion of the
eye dissected away, and the lens and retina then removed.
The remaining eye cup containing the RPE was then butterfly
cut so it could be laid flat for imaging. The eye cup was incu-
bated at 378C for approximately 1 h in chee’s essential
medium with 1% fetal bovine serum prior to loading with
the Ca2þ indicator dye FURA-2 AM. Tissues were then
secured in a perfusion chamber on the stage of a Nikon
TE200 microscope with a Xenon light source. The chamber
was continuously perfused with Ringers’ solution containing
in (mM): 113.4 NaCl, 5 KCl, 5.6 glucose, 0.8 MgCl2, 2 gluta-
thione, 1.8 CaCl2 and 26.2 NaHCO3, pH 7.4, bubbled with 5%
CO2/95% air and warmed to 378C using an in-line heater.
FURA-2 AM fluorescence was excited sequentially with
340 nm and 380 nm light and acquired with a 515/70 nm
band pass filter and 40� air or oil objective using a Cascade
512b cooled CCD camera (Photometrics, USA). Data were
collected on a cell-by-cell basis every 5 s and analyzed
using MetaFluor Software (Molecular Devices, USA) and
Excel 2004. After the cells had maintained a stable baseline
for at least 3 min, 50 mM ATP was added to the Ringer’s sol-
ution. Following each experiment, [Ca2þ]i was determined
from the ratios of the intensity of emissions at 340 nm/
380 nm for each individual cell in a field. Absolute values of
[Ca2þ]i were estimated as before (7) according to Grynkiewicz
et al. (38) using bath solution with 10 mM ionomycin to satu-
rate Fura-2 with Ca2þ and Ca2þ-free bath solution with 10 mM

ionomycin to deplete Fura-2 from Ca2þ. Resting [Ca2þ]i was

Figure 8. Effect of Best1 and Best1W93C on [Ca2þ]i in RPE cells following stimulation with extracellular ATP. RPE cells in mouse eyecup preparations from
Best1W93C and Best12/2 mice were loaded with the Ca2þ indicator dye Fura-2 and their response to 50 mM ATP recorded (A). The percent of resting [Ca2þ]i (B)
for each genotype was determined from the difference between the average [Ca2þ]i measured in the regions marked resting [Ca2þ] and D[Ca2þ] in (A). Data in
(B) are mean+SEM from more than 7 experiments using �10 cells/experiment.
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determined from the average [Ca2þ]i of all cells in a field
recorded for 3 min prior to the addition of a stimulus. The
percent change in [Ca2þ]i was determined by multiplying
with 100; the average [Ca2þ]i of all cells in a field recorded
7–10 min after addition of ATP, divided by the resting
[Ca2þ]i determined for the same field. Differences in the
percent change in [Ca2þ]i were analyzed using Student’s t-test.
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