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Abstract
Ocular involvement in muscular dystrophy ranges from structural defects to abnormal
electroretinograms. While the mechanisms underlying the abnormal retinal physiology in patients
are not understood, it is thought that α-dystroglycan extracellular interactions are critical for normal
visual function. Here we show that β-dystroglycan anchors dystrophin and the inward rectifying
K+ channel Kir4.1 at glial endfeet and that disruption of dystrophin and potassium channel clustering
in dystroglycan mutant mice is associated with an attenuation of the electroretinogram b-wave. Glial-
specific inactivation of dystroglycan or deletion of the cytoplasmic domain of β-dystroglycan was
sufficient to attenuate the electroretinogram b-wave. Unexpectedly, deletion of the β-dystroglycan
cytoplasmic domain did not disrupt the laminar structure of the retina. In contrast to the role of α-
dystroglycan extracellular interactions during early development of the central nervous system, β-
dystroglycan intracellular interactions are important for visual function but not the laminar
development of the retina.
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Introduction
Muscular dystrophies with ocular involvement are associated with mutations that affect the
expression or posttranslational processing of components of the dystrophin-glycoprotein
complex (DGC) (Cohn and Campbell, 2000; Barresi and Campbell, 2006). Muscle-Eye-Brain
disease (MEB), caused by mutations of known or putative glycosyltransferases in the
biosynthetic pathway of dystroglycan (Barresi and Campbell, 2006), is characterized by brain
and eye involvement, including high myopia, retinal dysplasia, and cataracts (Muntoni and
Voit, 2004). In a study of 18 MEB patients, electroretinograms were isoelectric in 12 patients
and the electroretinogram b-wave was attenuated in 4 patients (Santavuori et al., 1989).
Prolonged electroretinogram latency was reported in one case study (Fahnehjelm et al.,
2001). An attenuation of the electroretinogram b-wave is also frequently observed in Duchenne
and Becker muscular dystrophies though vision is preserved (Cibis et al., 1993; Pillers et al.,
1999). Duchenne and Becker muscular dystrophies are both caused by mutations of the gene
encoding dystrophin. A reduction of dystroglycan expression is also observed in the retinas of
mice with mutations in the dystrophin gene (Kameya et al., 1997; Blank et al., 1999; Dalloz
et al., 2001).

The components of the DGC in skeletal muscle include dystrophin, dystroglycan, the
sarcoglycan/sarcospan complex, syntrophin, and dystrobrevin (Ervasti and Campbell, 1991;
Ibraghimov-Beskrovnaya et al., 1992; Cohn and Campbell, 2000). Dystroglycan, several
isoforms of dystrophin, and other components of the skeletal muscle DGC are broadly
expressed in the central nervous system, including the retina (Pillers et al., 1993; D'Souza et
al., 1995; Montanaro et al., 1995; Ueda et al., 2000; Dalloz et al., 2001). Dystroglycan consists
of an extracellular α subunit (α-dystroglycan) and a transmembrane β subunit (β-dystroglycan),
which are noncovalently associated (Ibraghimov-Beskrovnaya et al., 1993). α-dystroglycan
binds laminin, perlecan, agrin, neurexin, and pikachurin in the extracellular space (Ervasti and
Campbell, 1993; Gee et al., 1994; Peng et al., 1998; Sugita et al., 2001; Sato et al., 2008) and
the intracellular C-terminal tail of β-dystroglycan binds dystrophin in the cytoskeleton (Ervasti
and Campbell, 1993).

In the retina, dystroglycan is concentrated in the Müller glial endfeet at the inner limiting
membrane and in the glial endfeet abutting the vasculature (Montanaro et al., 1995).
Dystroglycan is also expressed at ribbon synapses of rod and cone photoreceptors in the outer
plexiform layer of the retina (Blank et al., 1997; Koulen et al., 1998; Blank et al., 1999; Jastrow
et al., 2006). The expression of dystroglycan in the outer plexiform layer coincides with the
earliest detection of synaptic markers (Blank et al., 2002), suggesting that it may have a role
in synaptic physiology. Tissue-specific deletion of the dystroglycan gene in the mouse epiblast
produces structural defects of both the anterior and poster chambers of the eye (Satz et al.,
2008) but the physiology of the retina has not been previously examined in dystroglycan
deficient mice.

Here we show that tissue-specific loss of dystroglycan in the neuroepithelium causes an
attenuation of the electroretinogram b-wave, which resembles the defect in muscular dystrophy
patients. The abnormal retinal physiology was associated with the disruption of dystrophin and
the inward rectifying potassium channel Kir4.1 in glial cells. Either loss of dystroglycan from
glial cells or mutation of the β-dystroglycan cytoplasmic domain was sufficient to attenuate
the electroretinogram b-wave, demonstrating the importance of β-dystroglycan intracellular
interactions for the physiology of the retina.
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Materials and Methods
Generation of Dystroglycan-Deficient Mice

The generation of the floxed-dystroglycan mouse strain has been previously described (Cohn
et al., 2002). Homozygous floxed dystroglycan (Dag1lox/lox) mice were bred to hemizygous
mice expressing the GFAP-Cre (Zhuo et al., 2001; Moore et al., 2002) or Nestin-Cre (Tronche
et al., 1999; Graus-Porta et al., 2001). Mice which were heterozygous for the floxed
dystroglycan allele and hemizygous for the Cre recombinase transgene (Cre-Dag1+/lox) were
bred with mice which were homozygous for the floxed dystroglycan allele (Dag1lox/lox) to
generate conditional dystroglycan-deficient mice (Cre-Dag1lox/lox). The genotypes of the
mice were determined by PCR analysis of tail DNA.

Generation of Truncated Dystroglycan Mutant Mice
A 4.3kb SalI-EcoRV fragment of mouse genomic dystroglycan gene (Williamson et al.,
1997) that includes exon 2 was subcloned into pBluescript KS (+) (pBSDGSE). Two PCR
reactions were carried out using pBSDGSE as a template with primers that incorporate stop
codons in all three reading frames and a HindIII site as a marker for the stop codons. The
resulting PCR product was subcloned into a pPNT vector (Dr. Richard Mulligan, Whitehead
Institute, Cambridge, MA) flanking a PGK-neomycin resistance cassette. The vector includes
a thymidine kinase cassette distal to the short arm to allow for negative selection of non-
recombinants (Figure 1). 2 × 107 R1 ES cells (from 129/Sv male mouse blastcyst) were
electroporated with the NotI linearized targeting vector. G418 and gancyclovir resistant clones
were isolated. Targeting fidelity was determined by PCR and sequence analysis. Three
correctly targeted ES cell lines were aggregated with ICR out bred 8-cell stage embryos then
implanted into ICR based surrogate mothers. Chimeras are pups that have an agouti coat, the
percentage of which indicates acceptance of the mutated gene. To decrease screening time and
to flag for germ-line transmitters, all the ICR based chimeras were mated with ICR mice. Dark
eyed pups from these matings indicate the parent chimera is able to give germ-line transmission
of the genetically altered ES cells. Of the 34 chimeras, sixteen were found to present germ-
line transmission. The sixteen chimeras were mated with C57BL/6 mice and the resulting tail
DNA from the pups was screened by PCR to identify heterozygotes. Heterozygous mutant
mice from the F1 generation were crossed to obtain homozygous mutant mice.

Slit-lamp
Slit-lamp images were acquired with a Topcon SL-D7 slit-lamp, using a 25× objective and a
Nikon D100 digital camera. Identical camera settings were used for each photo.

Electroretinogram
All experiments were performed in accordance with protocols approved by the Animal Care
and Use Committee at the University of Iowa and the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research. All procedures were performed in total darkness with the
aid of infrared night-vision goggles. All animals were tested between 9AM to 11AM to
minimize circadian physiological variations. Mice were dark adapted overnight, anesthetized
with a mixture of ketamine (70mg/kg) and xylazine (7 mg/kg) and maintained on a heating
blanket until immobile. Following dilation of the right eye with a drop of atropine (1%), both
eyes were wetted using a 1.2% cellulose, 0.9% NaCl solution. Animals were placed on a heating
pad inside the test chambers, a grounding electrode inserted into the tail, and DTL fiber
electrodes placed on the surface of each eye. An occluding contact lens was placed on the left
eye, and a transparent lens on the right. Diffuse stimuli were presented to the right eye using
narrow bandwidth LEDs (λmax 520 nm) in a series of nine full-field flash stimuli with
luminances ranging from 5.5×10-5 to 26.7 cd.s.m-2 to investigate scotopic vision, followed by
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a flash stimulus of 300 cd.s.m-2 against a dim adapting light of 0.4 cd.m-2 in order to evoke
the photopic response. The scotopic threshold response was measured at 5.5 × 10-5 cd.s.m-2.
Data were recorded at 1 kHz with a resolution of 0.5 μV and response averaging was used to
improve the signal to noise ratio in the dim stimuli. All stimuli presentation and data recordings
were controlled by Labview (National Instruments, Austin, TX). Analysis of the
electroretinograms (ERGs) was carried out using MATLAB analysis software (The
Mathworks, Nantick, MA), both systems running software kindly made available to the
community by Dr. L. Pinto, Northwestern Univeristy (www.neuromice.org). Unpaired t-tests
were used to determine significance in comparisons between the mutant animals and wild-type
controls.

Morris Water Maze
The protocol for the visible platform test of the Morris water maze was based on the design by
Richard Morris (Morris, 1981; Wemmie et al., 2002; Lim et al., 2004). The maze consisted of
a circular pool 105 cm in diameter, 60 cm deep, with a water level of 40 cm. The water was
made opaque with non-toxic white paint. A black platform, 12 cm in diameter, was raised 1
cm above the water surface level. The mice were placed along the edge of the pool and allowed
a maximum time of 60 s to locate the platform. The time to reach the platform was recorded.
Each mouse was tested on two successive trials.

Visual Cliff Test
The visual cliff test protocol was based on the design by M.W. Fox (Fox, 1965; Crawley). A
test chamber was constructed with a plexiglass floor and positioned 0.5 m above the ground.
One half of the plexiglass floor was covered from the outside with black-and-white checkered
contact paper and the other half of the floor remained uncovered, creating the illusion of a cliff.
Checkered contact paper extended from the platform and covered the ground below. Mice were
placed on a metal ridge at the interface of the checkered (“safe”) or uncovered (“unsafe”) sides
of the test chamber and allowed to move freely to either side. The movement of the mouse to
the “safe” or “unsafe” side of the test chamber was recorded. Each mouse was tested in 10
successive trials. The whiskers of the mice were shaved prior to testing to minimize tactile
cues.

Biochemistry
For immunoblot, retinas were solubilized in TBS containing 1% Triton X-100 and protease
inhibitors. The solubilized fraction was incubated with WGA–agarose beads (Vector Labs) for
24 hours. The beads were washed three times in TBS containing 0.1% Triton X-100 and
protease inhibitors. The bound proteins were eluted with TBS containing 0.1% Triton X-100,
protease inhibitors and 300 mM N-acetyl-glucosamine. Proteins were separated by 3–15%
SDS–PAGE and transferred to polyvinylidene fluoride membranes.

Histology and Immunofluorescence
For histology, postnatal adult mice 10-30 weeks of age were deeply anesthetized with ketamine
and euthanized by intracardiac perfusion with 4% paraformaldehyde. The eyes were processed
and embedded in paraffin or acrylamide. Sections were stained with haematoxylin and eosin
and imaged on a Leica DMRXA microscope. For immunofluorescence, the eyes were removed
and snap frozen in Tissue-Tek O.C.T. compound or fixed for 4 hours in 4% paraformaldehyde
and frozen in an acrylamide embedding solution (Johnson and Blanks, 1984; Thompson et al.,
2008). 8 μm thick sections were cut on a cryostat (Leica RM2135) and sections were stored at
-80°C prior to use. Sections were fixed for 10 minutes in 2% paraformaldehyde and blocked
for 30 minutes with 4% BSA and 0.3% Triton-X 100 in PBS. After overnight incubation of
the primary antibody at 4°C and washes with PBS, sections were incubated with CY3 or FITC-
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conjugated secondary antibodies (Jackson Laboratories), AlexaFluor 488- or AlexaFluor 594-
labeled secondary antibodies (Molecular Probes), or biotinylated secondary antibodies (Vector
Labs) and streptavidin conjugated to FITC or CY3 (Jackson Laboratories). Images were
acquired on DMRXA (Leica), BX41 (Olympus), M1 (Zeiss), and MRC600 (Biorad)
microscopes.

Antibodies
The following antibodies were used: Anti-α-dystroglycan, IIH6 (Ervasti and Campbell,
1991) and Goat 20 (Ervasti and Campbell, 1991); Anti-β-dystroglycan, AP83 (Duclos et al.,
1998); anti-laminin (Sigma L9393); anti-aquaporin 4 (Upstate); anti-dystrophin, Rabbit 31
(Ohlendieck and Campbell, 1991; Duclos et al., 1998) and MANDRA1 (Developmental
Studies Hybridoma Bank, The University of Iowa); anti-Kir4.1 (Alomone Labs); anti-mGluR6
(Neuromics). IIH6 is a monoclonal antibody to the fully glycosylated species of α-dystroglycan
(Ervasti and Campbell, 1991). Goat 20 recognizes the core protein of α-dystroglycan
(Ibraghimov-Beskrovnaya et al., 1992).

Quantification of Axon Density
Optic nerves were dissected from non-perfused mice, fixed by immersion in 2.5%
glutaraldehyde in cacodylate buffer, and processed into epon blocks. Semi-thin epon cross
sections of optic nerve were cut at 2 μm, counterstained with toluidine blue, and photographed
with a light microscope (Zeiss M1) at 60× under oil immersion. Quantifications of axon density,
optic nerve cross sectional area, and optic nerve perimeter were done on Adobe Photoshop. A
square grid of 150 μm per side was applied to the image and the number of complete myelinated
axons was counted in every third square (see Supplemental Figure 7A). Axon density was
calculated as the number of axons per 100 μm2. Optic nerve cross sectional area and perimeter
were measured by tracing the perimeter of the optic nerve.

Results
Generation of Nestin-Cre/DG null Mice

The dystroglycan null mutation causes embryonic lethality in mice (Williamson et al., 1997)
and mice with conditional deletion of dystroglycan in all epiblast-derived tissues (MORE-DG
null) die before the maturation of the eye (Satz et al., 2008), presenting a barrier to the study
of visual function. To generate mice with conditional deletion of dystroglycan in the central
nervous system, floxed-dystroglycan mice (Cohn et al., 2002) were crossed with mice that
express Cre recombinase transgene under the control of the rat Nestin enhancer (Tronche et
al., 1999; Graus-Porta et al., 2001; MacPherson et al., 2004). Nestin, a type VI intermediate
filament protein, is widely expressed in neuroepithelial precursor cells. In the retina, the rat
Nestin-Cre transgene is expressed as early embryonic day 9.5 (MacPherson et al., 2004) and
the Nestin-Cre transgene has been previously demonstrated to be effective for gene deletion
in the retina (MacPherson et al.; Honjo et al.; Martins et al.).

The Nestin-Cre allele was maintained as a heterozygous locus on a background that was
heterozygous for the floxed-dystroglycan allele. The compound heterozygous mice were bred
with mice homozygous for the floxed-dystroglycan allele. Crosses of floxed-dystroglycan and
Nestin-Cre mice generated dystroglycan-deficient (Nestin-Cre/DG null) mice according to
Mendelian ratio. A spectrum of ocular malformations was observed in the dystroglycan
deficient mice, including synechia of the iris and cornea, corneal opacities, microphthalmia,
and buphthalmos (Supplementary Figure 1-3). The pupils of the Nestin-Cre/DG null mice were
dilated but responsive to light (Supplementary Figure 4).
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Dystroglycan is normally expressed in the corneal endothelium, the lens epithelium, the iris,
the ciliary epithelia, and the retina (Ueda et al., 2000). To confirm that the Nestin-Cre transgene
abolished dystroglycan expression in eye, vertical sections through Nestin-Cre/DG null and
wild-type littermate control eyes were labeled with antibodies to dystroglycan. Nestin-Cre
transgene activity has been reported in the iris, lens, and the ciliary body of the eye (Calera et
al.) and Nestin-Cre/DG null eyes showed no detectable dystroglycan in these structures
(Supplementary Figure 5, and data not shown). Dystroglycan expression was also notably
absent in the cornea of Nestin-Cre/DG null mice (Supplementary Figure 5). Although
expression of the nestin-Cre transgene has not been previously demonstrated in the cornea,
nestin is expressed in the cornea during early embryonic development at E12.5 (Yang et al.,
2000). In the retina, dystroglycan is normally concentrated at Müller glia endfeet abutting the
inner limiting membrane, perivascular glial endfeet, and in the outer plexiform layer. In Nestin-
Cre/DG null mice, dystroglycan was completely absent from glial endfeet (Figure 1D). Some
residual dystroglycan expression was detected in the outer plexiform layer in the Nestin-Cre/
DG null mice (Figure 1D); however, the amount of expression was greatly reduced compared
to wild-type littermate controls, and dystroglycan expression was not detected on immunoblots
of Nestin-Cre/DG null retinas (Figure 1E).

Previously we have shown that retinal nonattachment and dysgenesis occur in mice with
MOX2-Cre mediated deletion of dystroglycan in the mouse epiblast (Satz et al., 2008).
Unexpectedly, the laminar organization of the Nestin-CRE/DG null retina appeared normal by
light microscopy of hematoxylin and eosin stained sections (Figure 1B, Supplementary Figure
6). The Nestin-Cre transgene is activated at embryonic day 9.5 (MacPherson et al., 2004) in
the retina whereas MOX2-Cre is activated earlier in development at embryonic day 5 and
affects all epiblast derived tissues (Tallquist and Soriano, 2000).

Disruption of the inner limiting membrane has been shown to cause reduced viability of the
retinal ganglion cells during development (Halfter et al., 2005) and optic nerve hypoplasia is
a phenotype that has been reported in some congenital muscular dystrophy patients (Muntoni
and Voit, 2004). For this reason, we quantified the axon density, cross sectional area, and
perimeter from control and Nestin-Cre/DG null mice. A reduction in the number of ganglion
cell axons in the optic nerve was observed in one Nestin-Cre/DG null mouse that was affected
by severe hydrocephalus (data not shown). Ganglion cell loss has been previously associated
with hydrocephalus (Williamson et al., 1992). This example of optic nerve atrophy was not
representative, as no significant difference was observed in the optic nerve cross-sectional area,
perimeter, or myelinated axon density of three Nestin-Cre/DG null mice that were not affected
by hydrocephalus (Supplemental Figure 7B-E).

Selective disruption of DGC components in the dystroglycan-deficient eye
In skeletal muscle (Cohn et al., 2002) and brain (Moore et al., 2002; Satz et al., 2008), the loss
of dystroglycan is associated with a disruption of the expression of other components of the
DGC. The expression of DGC components in the retina was examined by immunofluorescence
to determine whether dystroglycan is necessary for their localization. Retinas from Nestin-Cre/
DG null and littermate control mice were labeled with antibodies to laminin, dystrophin, and
aquaporin 4. Immunofluorescence labeling of laminin in the Nestin-CRE/DG null eye showed
intact expression at the inner limiting membrane (Fig 2B). In contrast, we had previously
observed discontinuous localization of laminin at the inner limiting membrane in mice with
MOX2-Cre mediated excision of dystroglycan (Satz et al., 2008). Mice with MOX2-Cre
mediated deletion of dystroglycan also exhibited retinal detachment and dysgenesis, whereas
the laminar histology of the retina is preserved in the Nestin-Cre/DG null mice. Comparison
of the MORE-DG null mice and the Nestin-Cre/DG null mice suggests that dystroglycan is
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necessary for the integrity of the inner limiting membrane early in development but that it is
dispensable for its later maintenance.

Dystrophin is normally concentrated at Müller glial endfeet at the inner limiting membrane,
perivascular glial endfeet, and photoreceptor ribbon synapses in the outer plexiform layer of
the retina. The predominant dystrophin isoform in Müller glia and astrocytes is DP71 (Howard
et al., 1998). A retina specific isoform of dystrophin, DP260, is concentrated in photoreceptor
ribbon synapses (D'Souza et al., 1995; Howard et al., 1998). In the Nestin-Cre/DG null eye
dystrophin expression was selectively lost from the inner limiting membrane (Figure 2D,F).
The expression of dystrophin in the outer plexiform layer was comparable to the expression in
wild-type littermate control retinas (Figure 2D).

Aquaporin 4 is normally expressed in Müller glial cells in retina. The expression of Aquaporin
4 (Fig 2G,H) was similar in Nestin-Cre/DG null and control mice but a reduction of expression
in the perivascular glial end feet was observed (Figure 2H).

Impaired performance on visual tasks
Visual function in wild-type and Nestin-CRE/DG null mice was assessed on the visible
platform test of the Morris water maze (Figure 3A) and the visual cliff test (Figure 3B). Nestin-
CRE/DG null mice that were affected by hydrocephalus or ocular aberrations that were visible
by slit lamp photography (e.g. microphthalmia and corneal opacities) were excluded from the
studies.

On the visible platform test of the Morris water maze, the mice were subjected to two successive
trials and the escape latencies were recorded. The escape latencies of wild-type littermate
control mice were between 40-50 seconds on the first trial and between 20-30 seconds on the
second trial (n=9). Nestin-CRE/DG null mice failed to find the visible platform in both trials
and were removed from the maze after 60 seconds (n=6). The visible platform test is dependent
on motivation and motor function as well as vision but the mice showed no difficulty swimming
or balancing on a rotorod (data not shown).

As an additional evaluation of vision, the mice were also tested in 10 successive trials on the
visual cliff test. The littermate control mice chose the “safe” side 80% of the time (n=10)
whereas Nestin-CRE/DG null mice chose the “safe” and “unsafe” side with approximately
equal frequency (n=10), corresponding to chance.

Loss of Dystroglycan expression in the GFAP-Cre/DG null Retina
GFAP-CRE/DG null mice have previously been characterized (Moore et al., 2002) but the eye
was not examined. The human GFAP-Cre transgene drives expression of Cre recombinase in
radial glia and astrocytes, silencing dystroglycan in these cells and a subset of neurons that are
the progeny of radial glia (Moore et al., 2002; Zhuo et al., 2001). Immunofluorescence detection
of dystroglycan (Figure 4A,B) and dystrophin (Figure 4C,D) in the GFAP-CRE/DG null eye
showed discontinuous expression at the inner limiting membrane but preserved expression in
the outer plexiform layer. As had been observed in Nestin-Cre/DG null mice, the expression
of laminin was preserved in the GFAP-Cre/DG null retina (Figure 4E,F). Dystroglycan
expression was also preserved in the cornea and the lens, which appeared normal on histological
examination (data not shown).

Attenuation of the scotopic threshold response and electroretinogram b-wave
The affect of dystroglycan deletion on the physiology of the Nestin-Cre/DG null and GFAP-
Cre/DG null retinas was examined by electroretinogram (ERG). Mice with indications of
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hydrocephalus or ocular aberrations, which were detected by slit lamp, were excluded from
the ERG studies.

The scotopic threshold response (STR) of the electroretinogram (ERG) is elicited by very dim
flashes of light that selectively stimulate the rod photoreceptors. The STR has positive (pSTR)
and negative (nSTR) components. In mice, the pSTR is mediated through a cone off ganglion
cell pathway while the nSTR is mediated in part through an AII-type amacrine cell (Frishman,
2006). A significantly reduced pSTR was observed in both the Nestin-CRE/DG null
(P=0.0014) and GFAP-CRE/DG null (P=0.0249) mice (Figure 5). The nSTR was statistically
normal in the Nestin-CRE/DG null mice, while significantly greater than normal (P=0.0241)
in the GFAP-CRE/DG null mice (Figure 5).

The bright flash scotopic ERG is composed of a, b, and c-waves. The ERG a-wave reflects the
electrical activity of the rod and cone photoreceptor cells. (Peachey et al., 1995; Goto et al.,
1996; Lyubarsky and Pugh, 1996). The ERG a-waves in the Nestin and GFAP mice were
statistically indistinguishable from the wild-type controls (Figure 6), suggesting that the
function of the photoreceptors is normal. The representative response in figure 6 is from a high
luminance stimulus which reflects both rod and cone photoreceptor activity. In this figure the
wild-type animal a-wave is terminated rapidly by the onset of the b-wave. In the Nestin-Cre/
DG null and GFAP-Cre/DG null animals, the reduced amplitude b-wave (see below) is
associated with a prolongation of the a-wave.

The b-wave responses are generated predominantly by activity of ON-bipolar cells (Robson
and Frishman, 1995; Hood and Birch, 1996; Robson and Frishman, 1996). In both the Nestin-
CRE/DG null and GFAP-CRE/DG null mice the b-wave responses were severely attenuated
(P=0.0123 and P=0.0223 respectively) (Figure 6). The log of the luminance at half maximal
amplitude of the b-wave (sigmaB) was statistically indistinguishable for Nestin and GFAP
animals. This suggests that while the maximum response is severely attenuated, the response
itself is still graded with respect to the luminance, i.e. a brighter stimulus elicits a stronger
response. There was a significant amount of variation in the results within the Nestin-CRE/
DG null and GFAP-CRE/DG null mice (P<0.0001 and P=0.0004 respectively) indicating
variation in the phenotypic severity. The c-wave response originates in the retinal pigment
epithelium (Pinto and Enroth-Cugell). We did not observe any statistical differences between
the c-wave responses measured in the wild type and mutant animals (data not shown).

Abnormal Kir4.1 clustering but normal expression of mGluR6 in the Nestin-Cre/DG null retina
The attenuation of the ERG b-wave suggested that the localization of metabotropic glutamate
receptor 6 (mGluR6) in the outer plexiform layer may be disrupted by the loss of dystroglycan
expression in Nestin-Cre/DG null mice. mGluR6 mediates the response of ON bipolar cells
and deletion of mGluR6 in mice causes an attenuation of the electroretinogram b-wave (Masu
et al., 1995). Immunoflourescence labeling showed that the expression of mGluR6 was
indistinguishable between Nestin-CRE/DG null mice and littermate controls (Figure 7A,B).
Furthermore, the electroretinogram b-wave was also attenuated in GFAP-Cre/DG null mice,
which have preserved expression of dystroglycan in the outer plexiform layer, suggesting an
alternative mechanism for the abnormal physiology.

Defects in the clustering of Kir4.1, an inward rectifying potassium channel in Müller glia, have
been demonstrated in mice with mutations of dystrophin (Connors and Kofuji, 2002) and the
selective loss of dystrophin at the inner limiting membrane in the Nestin-Cre/DG null retina
suggested that Kir 4.1 clustering may also be impaired in the mice. In the wild-type littermate
control mouse retina, Kir4.1 expression was detected in perivascular glial endfeet and in Müller
glial processes. Expression of Kir 4.1 was enriched in Müller glia endfeet abutting the inner
limiting membrane. In Nestin-Cre/DG null and GFAP-Cre/DG null mice, the expression of
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Kir4.1 was retained in the processes of Müller glial cells however Kir4.1 was not enriched in
Müller glial endfeet or perivascular glial endfeet (Figure D,F,H).

Deletion of the cytoplasmic tail of β-dystroglycan is sufficient to disrupt potassium channel
clustering and the physiology of the retina

In Nestin-Cre/DG null mice, deletion of dystroglycan caused a selective loss of dystrophin and
Kir4.1 expression at the inner limiting membrane. In contrast, the localization of dystrophin
was preserved in the outer plexiform layer despite reduced dystroglycan expression. We have
previously shown that a peptide corresponding to the C-terminal last 15 amino acids of β-
dystroglycan (KNMTPYRSPPPYVPP) binds to dystrophin in vitro (Jung et al., 1995). To test
whether the cytoplasmic tail is required for dystrophin membrane-anchoring in vivo and to
examine whether disruption of β-dystroglycan intracellular interactions is sufficient to
attenuate the electroretinogram b-wave, we generated transgenic mice lacking the entire
cytoplasmic region of β-dystroglycan (DGβcyt/βcyt) (Supplemental Figure 8).

Premature stop codons were introduced in all three reading frames of the Dag1 gene in murine
129J embryonic stem (ES) cells (Supplemental Figure 8B). The targeted truncation ends at
Lys-778, including only 4 amino acids in the predicted cytoplasmic part of β-dystroglycan
(Ibraghimov-Beskrovnaya et al., 1992). The chimera mice derived from three independent
heterozygous ES clones were separately backcrossed to C57BL/6J. Heterozygous mice were
crossed to generated homozygous mutant offspring. The targeted truncation of the cytoplasmic
regions of β-dystroglycan was confirmed by tail DNA genotyping (Supplemental Figure 8C).
The number of DGβcyt/βcyt mice from heterozygous intercrosses was smaller than the
Mendelian ratio (35: 55: 9, +/+: +/βcyt: βcyt/βcyt), suggesting that some of the homozygous
animals died in utero.

To confirm that the βcyt mutant dystroglycan was expressed, sections of the retina were labeled
with antibodies to dystroglycan. The AP83 antibody, which recognizes the C-terminus of β-
dystroglycan (Duclos et al., 1998), showed no signal in the βcyt/ βcyt mouse confirming the
deletion of the C-terminal tail of β-dystroglycan (Figure 8B). The G20 antibody, which
recognizes α-dystroglycan (Michele et al., 2002), showed that dystroglycan was correctly
localized in the βcyt/ βcyt mice (Figure 8D).

The laminar organization of the retinas from βcyt/ βcyt mice was indistinguishable from wild-
type littermate controls by light microscopy of hemotoxylin and eosin stained sections (data
not shown) and laminin was normally expressed at basement membrane interfaces formed by
glial endfeet at the inner limiting membrane and vasculature (Figure 8F). Dystrophin was
selectively lost from Müller glial endfeet at the inner limiting membrane and perivascular glial
endfeet but expression in the outer plexiform layer was preserved (Figure 9B). The deletion of
the cytoplasmic tail of β-dystroglycan was also sufficient to disrupt the clustering of Kir 4.1
in Müller glial endfeet (Figure 9D).

Electroretinograms were recorded from the βcyt/ βcyt to examine the effect of disruption of
β-dystroglycan intracellular interactions on the physiology of the retina. The ERG a-waves in
βcyt/ βcyt mice were indistinguishable from those of the wild-type controls (Figure 10A),
suggesting that the function of the photoreceptors is normal in the mutant mice but the b-wave
responses were attenuated (Figure 10B).

Discussion
An attenuation of the electroretinogram b-wave is characteristic of Duchenne and Becker
Muscular dystrophies and Muscle-Eye-Brain disease but the mechanisms underlying the
abnormal retinal physiology in patients is not understood. Here we show that deletion of
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dystroglycan in the central nervous system causes an attenuation of the electroretinogram b-
wave similar to what is observed in patients. The abnormal retinal physiology was associated
with a selective loss of dystrophin and Kir4.1 clustering in glial endfeet, suggesting a critical
role for dystroglycan intracellular interactions for the physiology of the retina.

In skeletal muscle, loss of dystroglycan results in the disruption of dystrophin and other
components of the DGC. In the retina, β-dystroglycan anchors dystrophin in Müller glial
endfeet and perivascular glial endfeet but it is not necessary for the localization of dystrophin
in the outer plexiform layer, suggesting that another protein anchors dystrophin in the absence
of dystroglycan. Although dystrophin does not require dystroglycan for its localization in the
outer plexiform layer, the two proteins are closely associated at the synapse. DP260, a retina
specific isoform of dystrophin, is localized at photoreceptor synapses (D'Souza et al., 1995)
and its disruption results in a selective loss of dystroglycan in the outer plexiform layer
(Kameya et al., 1997). Mice with impaired expression of DP260 have an electroretinogram
with a prolonged b-wave implicit time but no change in b-wave amplitude (Kameya et al.,
1997). Interestingly, we observed a delay in the implicit time of electroretinograms from
Nestin-Cre/DG null mice although the expression of dystrophin was preserved, suggesting that
dystroglycan is important for the physiology of the ribbon synapse.

Recently, it has been shown that a novel α-dystroglycan-binding protein, pykachurin, is
necessary for the opposition of pre-and post-synaptic termini in the photoreceptor ribbon
synapse (Sato et al., 2008). Deletion of pykachurin produced an abnormal electroretinogram
(Sato et al., 2008) similar to that observed in Nestin-Cre/DG null mice. Similar defects are also
present in mice with mutations of laminin β2 chain (Libby et al., 1999) but it is not known if
dystroglycan binds to the laminin β2 chain. Patients with Muscle-Eye-Brain disease
(Santavuori et al., 1989) and mouse models with mutations of large or fukutin show an
attenuation of the electroretinogram b-wave (Holzfeind et al., 2002; Takeda et al., 2003; Lee
et al., 2005), suggesting that a disruption of α-dystroglycan glycosylation and extracellular
ligand binding is sufficient to disrupt its function. Hypoglycosylation of dystroglycan may also
affect the intracellular interactions of dystroglycan by disrupting dystroglycan localization.

Our results suggest that dystroglycan contributes to the physiology of the retina by more than
one mechanism. GFAP-Cre inactivation of dystroglycan in glial cells was sufficient to
attenuate the b-wave even though expression of dystroglycan was present in the outer plexiform
layer. Although it remains controversial, there is evidence that potassium channels in Müller
glia may contribute to the b-wave (Wen and Oakley, 1990; Connors and Kofuji, 2002). In the
GFAP-Cre/DG null retina the localization of dystrophin and Kir4.1 was disrupted in Müller
glial endfeet, supporting the hypothesis that abnormal glial potassium currents may contribute
to the abnormal retinal physiology. Mutation of the cytoplasmic domain of β-dystroglycan was
sufficient to disrupt the localization of dystrophin and Kir4.1 in glial endfeet and attenuate the
electroretinogram b-wave. Prior research shows that deficiency in Kir4.1 causes a defect in the
amplitude of the c-wave but the b-wave is preserved (Wu et al., 2004). One of the important
roles of Müller glial potassium channels is spatial buffering (Connors et al., 2004). In contrast
to the Kir4.1 deficient mice, dystroglycan deficient mice lose Kir4.1 expression selectively at
glial endfeet and expression is preserved on the Müller glial processes. Furthermore, a selective
disruption of Kir4.1 expression in glial endfeet is also associated with an attenuation of
electroretinogram b-wave in mice with mutations of dystrophin (Pillers et al., 1995; Connors
and Kofuji, 2002), providing support for this hypothesis. Alternatively, other yet to be
identified β-dystroglycan intracellular interactions in Müller glia may also be contribute to the
b-wave amplitude.

Loss of dystroglycan expression in the neuroepithelium in Nestin-Cre/DG null mice causes an
attenuation of the scotopic threshold response as well as the b-wave of the bright flash scotopic
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electroretinogram. Based on the electrophysiology, we would predict that the animals would
have some degree of useful scotopic and photopic vision but that it would be attenuated with
respect to the wild-type mice. The Nestin-Cre/DG null mice demonstrated severe visual
impairment on two visual paradigms, which is likely attributed to defects in the central nervous
system in addition to the abnormal retinal physiology. Structural defects, which may have been
missed on examination by slit lamp photography, may have also contributed to the poor
performance of the mice on visual tasks. A combination of brain and eye defects is also likely
to contribute to the loss of vision in congenital muscular dystrophy patients.

Preservation of the scotopic a-wave but attenuation of the b-wave observed in both Nestin-
Cre/DG null and GFAP-Cre/DG null animals is also similar to that observed in ‘typical’
juvenile X-linked retinoschisis (XLRS) (Pawar et al.; Heckenlively and Arden, 2006).
Exceptions have been observed and are termed ‘atypical’ (Sieving et al.). Sieving assesses the
cause of the reduced b-wave as “defective signaling by depolarizing bipolar cells in the rod
pathway” (Heckenlively and Arden, 2006). There is also a similarity to two different types of
congenital stationary night blindness (CSNB) (Heckenlively and Arden, 2006 MIT press
2006). Incomplete CSNB has the same b-wave attenuation observed in the nestin and GFAP
animals but unlike the mutant animals, incomplete CSNB typically has a severely attenuated
cone response. Complete CSNB has an intact cone response, as observed in the nestin and
GFAP animals, but has an absent scotopic b-wave. Thus the absent pSTR observed in these
animals is a notable difference from the responses of human patients affected with XLRS or
CSNB. This facet of the Nestin-Cre/DG null and GFAP-Cre/DG null mutant animals may be
a valuable tool for the further dissection of retinal physiology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of dystroglycan expression in Nestin-CRE/DG null retina
(A-B) Sections of adult wild-type (A) and Nestin-CRE/DG null (B) retina stained with
haematoxylin and eosin. (C-D) Sections of adult wild-type (C) and Nestin-Cre/DG null (D)
retinas labeled with the AP83 antibody to β-dystroglycan. (E) Immunoblot of WGA-enriched
retina homogenates from wild-type littermate (control) and Nestin-Cre/DG null (Nestin)
retinas labeled with the IIH6 and AP83 antibodies to α- and β-dystroglycan. GCL, ganglion
cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;
ONL, outer nuclear layer
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Figure 2. Selective loss of components of the Dystrophin-Glycoprotein Complex
Sections of adult wild-type littermate (left column) and Nestin-CRE/DG null (right column)
retina labeled with antibodies to laminin (A,B), dystrophin (C-F), and aquaporin 4 (G-J). The
sections were counterstained with propidium iodide. Note the selective loss of staining with
the dystrophin antibody at the inner limiting membrane (arrows in E,F) of the Nestin-Cre/DG
null mouse. E, F and I,J are high magnification views of the boxed regions in C,D and G,H,
respectively. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer;
OPL, outer plexiform layer; ONL, outer nuclear layer
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Figure 3. Nestin-CRE/DG null mice show poor performance on visual tasks
(A) Morris water maze visible platform test and (B) the Visual cliff test.
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Figure 4. Loss of dystroglycan expression in GFAP-Cre/DG null retina
Sections of wild-type littermate (left column) and GFAP-CRE/DG null (right column) retina
labeled the AP83 antibody to β-dystroglycan (A,B) and MANDRA1 antibody to dystrophin
(C,D) and laminin (E,F). The sections were counterstained with propidium iodide. GCL,
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform
layer; ONL, outer nuclear layer
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Figure 5. Scotopic threshold responses (STR)
(A) ERG scotopic threshold responses of wild-type, Nestin-CRE/DG null and GFAP-CRE/DG
null mice elicited at 5.5 × 10-5 cd.s.m-2. (B) Negative scotopic threshold responses. (C) Positive
scotopic threshold responses. Note the attenuation of the positive scotopic threshold responses
in the Nestin-CRE/DG null and GFAP-CRE/DG null mice.

Satz et al. Page 20

J Neurosci. Author manuscript; available in PMC 2010 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Full intensity response scotopic electroretinograms
(A) Scotopic electroretinograms at varying stimulus intensities from wild-type, Nestin-CRE/
DG null, and GFAP-CRE/DG null mice (B) Electroretinogram a-wave response at 26.7
cd.s.m-2. (C) Maximum a-wave values. (D) Electroretinogram b-wave responses at 4.02
cd.s.m-2. (E) Normalized b-waves. Note that the Nestin-CRE/DG null and GFAP-CRE/DG
null mice exhibited robust a-waves but attenuated b-waves.
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Figure 7. Localization of mGluR6 and Kir4.1
A–F, Sections of adult wild-type littermate (left column) and Nestin-CRE/DG-null (right
column) retina labeled with antibodies to mGluR6 (A, B) and Kir4.1 (C–F). G, H, Sections of
wild-type littermate (left column) and GFAP-CRE/DG-null (right column) retina labeled with
an antibody to Kir4.1. Note the loss of Kir4.1 localization in perivascular glial endfeet (normal
marked by asterisks in E, G) and the loss of Kir4.1 clustering in Müller glial endfeet at the
inner limiting membrane (arrows). Müller glial processes (arrow heads) retained Kir4.1
expression. The sections were counterstained with propidium iodide. E, F, High-magnification
views of the boxed regions in C and D, respectively. GCL, Ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear
layer.
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Figure 8. Deletion of the β-dystroglycan cytoplasmic domain
Sections of adult wild-type littermate (left column) and βcyt/ βcyt (right column) retina labeled
with antibodies to the C-terminus of β-dystroglycan, AP83 (A,B), α-dystroglycan, G20 (C,D),
and laminin (E,F). The sections were counterstained with propidium iodide.
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Figure 9. Selective loss of dystrophin and Kir4.1 in βcyt/ βcyt retina
Sections of 5 week old wild-type littermate (left column) and βcyt/ βcyt (right column) retina
labeled with antibodies to dystrophin (A,B) and Kir4.1 (C-D). The sections were counterstained
with propidium iodide. Note the selective loss of staining with the dystrophin antibody at
perivascular sites and the inner limiting membrane (arrows in C,D) of the βcyt/ βcyt mouse.
GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer
plexiform layer; ONL, outer nuclear layer
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Figure 10. Scotopic electroretinograms of βcyt/ βcyt mice
(A) Electroretinogram a-wave response at 26.7 cd.s.m-2. (B) Electroretinogram b-wave
responses at 4.02 cd.s.m-2. Note that the βcyt/ βcyt mice exhibited robust a-waves but
attenuated b-waves
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