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Figure 5. Inner limiting membrane
disruptions during ecarly  eye
development in protein O-mannose N-
acetylglucosaminyltransferase 1
(POMGnT1) knockout mice. Electron
microscopic analysis was performed on
the developing retinas at embryonic day
11.5 (A and B), embryonic day 13.5 (C
and D), and embryonic day 15.5 (E and
F). A, C, and E are from wildtype
retinas. B, D, and F are from knockout
retinas. Note the broken inner limiting
membrane at E13.5 (arrow in D) and the
absence of the inner limiting membrane
at E15.5 (asterisks in F) in POMGnT]1
knockout mouse retina. The scale bar in
D is equal to 500 nm. +/+represents wild
type; —/— represents homozygous
knockout.

membrane was 4.08+1.19 MPa (mean+standard deviation;
n=4). The Young’s moduli of the inner limiting membranes
from POMGnTI knockout and Large™! mice were
significantly reduced (2.82+1.22 and 1.68+0.73 MPa,
respectively; p<0.01, ANOVA; n=4 each). AFM thickness
measurement did not reveal significant differences between
the knockouts and the wild type (data not shown). These
results indicated that POMGnT1 knockout and Large™4 inner
limiting membranes exhibited reduced stiffness.

DISCUSSION

The POMGnT1 knockout mice were previously reported to
exhibit a thinner retina with reduced density of retinal
ganglion cells [25]. In this paper, we report that some ganglion
cells were located ectopically on the vitreous side of the inner
limiting membrane. The retinal ganglion cell ectopia is a
developmental event caused by physical breaches in the inner
limiting membrane that occur starting at E13.5. Interestingly,
the basement membrane of the pigmented epithelium, the
Bruch’s membrane, is not affected by POMGnT1 deficiency.
Thus, with respect to basement membrane biology in the
retina, POMGnTI1-mediated glycosylation events are
apparently selectively required for maintaining the structural
integrity of the inner limiting membrane.

Ectopia of nerve cells through the basement membrane
into the mesenchymal tissue also occurs in the cerebral cortex
and the cerebellum of POMGnT1 knockout mice [53,55].
Does the breached basement membrane permit the movement
of cells to ectopic locations? Or do the migrating cells/
processes penetrate the intact basement membrane, causing
the breaches in the basement membrane? At all developmental

stages analyzed for the cerebral cortex and the cerebellum,
disrupted basement membrane was always associated with
protrusion of radial and Bergman glia, respectively, and
associated with ectopia of cerebral cortical neurons and
cerebellar granule cells [53]. It was not possible to discern the
causal relationship of the breaches in the pial basement
membrane and the protrusion of cell processes and migrating
neurons. The current investigation of retinas in POMGnT1-
deficient mice, however, indicated that at their earliest
manifestations, breaches in the inner limiting membrane were
not always associated with protrusion of cells or cellular
processes. Such associations were invariably observed at later
developmental points. These findings are consistent with the
model that neural ectopias follow breached basement
membranes.

A broken inner limiting membrane is also observed in
some other animal models. In the natural mutant of Large,
Large™! mice, a gene involved in glycosylation of a-
dystroglycan [27], breached inner limiting membrane and
ectopia of retinal ganglion cells were observed. Mutations in
the laminin 2 chain, a component of the basement membrane,
cause congenital nephritic syndrome with abnormal retina
[56]. Mouse knockout of B2 laminin also exhibits broken inner
limiting membrane along with altered morphology of
photoreceptor outer segments, synaptic disruption in the outer
plexiform layer (OPL), and disoriented Miiller glia [57-59].
Earlier studies showed that survival of retinal ganglion cells
is dependent on the integrity of the inner limiting membrane
[60]. Thus, the reduced retinal ganglion cell density found in
POMGnT1 knockout mice may be directly related to the
disruptions in the inner limiting membrane.
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Figure 6. Cellular ectopia into the
vitreous humor through the breached
inner limiting membrane was observed
at all stages after embryonic day 13.5.
Protein O-mannose N-
acetylglucosaminyltransferase 1
(POMGnT1) knockout retinas at E13.5
(A), E17.5 (B), PO (C), and P21 (D)
were analyzed by electron microscopy.
Note the protrusion of radial glial
processes (dark square in A) and ectopia
of retinal ganglion cells (dark circles in
B-D). Asterisks indicate the location of
the inner limiting  membrane.
Abbreviations: E represents embryonic
day; P represents postnatal day. The
scale bars in A—C are equal to 500 nm.
The scale bar in D is equal to 2 pum.

Although it is presumed that abolished binding between
the hypoglycosylated a-dystroglycan and the laminin of the
basement membrane is involved in the observed retinal
abnormalities, the mechanisms that cause basement
membrane breaches in various congenital muscular dystrophy
models are not clear. Through analysis with AFM, we found
that the inner limiting membranes of POMGnT1 knockout and
Large™¢ mice have significantly reduced stiffness. Thus,
reduced physical strength of the inner limiting membrane is
at least a contributing factor in their disruptions. Major
components of the inner limiting membrane are produced by
the lens and ciliary body, secreted into the vitreous, and
assembled at the retinal inner surface [61-63]. Because
extracellular matrix receptors, particularly integrin and
dystroglycan, at the cell surface are instrumental in assembly
of the basement membrane [64], reduced binding to laminin
might result in the assembly of a defective basement
membrane that is mechanically weaker.

The key molecule mediating the functions of congenital
muscular dystrophy genes is believed to be a-dystroglycan.
Dystroglycans (o and ) are required for normal retinal
development, as morpholino-mediated knockdown of

dystroglycan expression in the developing Xenopus eye
results in severe lamination defects [65]. In the mammalian
retina, dystroglycan is highly expressed by photoreceptors at
the presynaptic terminal in the outer plexiform layer and by
Miiller glia cell endfeet at the inner limiting membrane
[66-73]. Knockout of dystroglycan in the developing mouse
embryo results in a thinner retina with a disrupted inner
limiting membrane [74]. High expression of dystroglycan in
the presynaptic terminals of photoreceptors and inner limiting
membrane suggests that glycosylation defects of a-
dystroglycan may affect these two sites of the retina. Indeed,
as demonstrated in the current study, a primary site of defect
in POMGnT]1 knockout retina is the inner limiting membrane
where breaches resulted in ectopia of retinal ganglion cells
and Miiller glia processes.

It is of some interest to compare the phenotypes between
POMGnT!1 knockout and Large™¢ mice. Both inner limiting
membranes are breached with reduced stiffness, resulting in
ectopia of retinal ganglion cells. While the majority of the
laminin staining at the inner limiting membrane of Large™¢
retina is lost, according to a previous report [75], abnormal
laminin staining in POMGnT1 knockout mice was only
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Figure 7. Inner limiting membranes of
protein O-mannose N-
acetylglucosaminyltransferase 1
(POMGnT1) knockout and Largemyd
mice exhibit reduced elasticity.
Flatmounted inner limiting membranes
from postnatal day 2 (P2) newborn mice
were immunostained with anti-laminin.
AFM indentation experiments were
performed to determine the Young’s
modulus. Micrographs of laminin
immunofluorescence staining of wild
type (A), protein O-mannose N-
acetylglucosaminyltransferase 1
knockout (B) and Large™d mice (C) are
shown. Note that the mutant inner
limiting membranes showed many holes
(B and C). D and E are representative
force  displacement curves  for
indentation experiments on the inner
limiting membranes of protein O-
mannose N-
acetylglucosaminyltransferase 1
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observed at sites where the basement membrane was
apparently disrupted. This could be due to technical
differences in the antibodies used for staining. We therefore
stained Large™! mouse retinal sections with anti-laminin
antibody. Similar to POMGnT1 knockout mice, significant
laminin immunostaining at the inner limiting membrane was
observed in Large™! mouse retina. However, laminin
immunostaining was notably absent in areas where the inner
limiting membrane was apparently disrupted (see arrow in
Figure 8B). In areas free of breach, the laminin staining of the
inner limiting membrane was continuous in both mouse
models.

Laminin interaction with the dystroglycan complex is
known to regulate the distribution of Kir4.1 and AQP-4 [76,
77]. Innormal retina, both of these membrane integral proteins
are present throughout the radial extent of Miiller glial but are
present at particularly high levels at the endfeet. Astrocytic
endfeet at the blood vessels also highly express both of these
channel proteins. As expected, their localization in
POMGnNT!1 knockout retina is dependent on the integrity of
the inner limiting membrane. In regions where the inner
limiting membrane is normal, the presence of both channels
remains comparable to the controls. However, at sites of inner
limiting membrane breaches, their levels are substantially
reduced. These results suggest that the mechanism of
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TABLE 1. MEASUREMENT OF APPARENT YOUNG’S MODULUS (MPA) OF INNER LIMITING MEMBRANES FROM WILDTYPE,
POMGNT1 kNocKouT AND LARGE™ MOUSE RETINAS.

Sample # Wildtype
1 4.11+0.90
2 4.01£1.02
3 3.76+1.14
4 4.46+1.41

POMGnNT]1 knockout Large™!
2.83+0.95 1.66+0.56
2.75+1.02 1.90+0.93
3.10+0.84 1.69+0.49
2.59+0.79 1.46+0.54

Elasticity was measured at 100 random locations from each of the four inner limiting membrane (ILM) samples of every

genotype. Means+standard deviations were then calculated.

Figure 8. Breached inner limiting
membrane in Large™d mouse retina.
Adult wild type (A) and Large™d (B)
mouse retinal sections were double
stained with anti-laminin  (green
fluorescence) and counterstained with
4',6-diamidino-2-phenylindole to show
nuclei  (blue fluorescence). +/+
represents wild type; —/— represents
homozygous mutant. Note the
discontinuity of the inner limiting
membrane in Large™d (—/—) mouse
retina. The scale bar in B is equal to 50
um. Abbreviations: INL represent inner
nuclear layer; ILM represents inner
limiting membrane; IPL represents
inner plexiform layer; ONL represents
outer nuclear layer; OPL represents
outer plexiform layer.

POMGnT]1-dependent disruptions in retinal organization
associated with the inner limiting membrane involves
hypoglycosylation of the dystroglycan/laminin complex.

Interestingly, immunofluorescence labeling revealed that
dystroglycan distribution in the outer plexiform layer of
POMGnT1 knockout mice remains largely normal.
Nevertheless, the defective electroretinogram b-wave of
POMGnT1 knockout mice suggests that O-mannosyl
glycosylation may play a role in synaptic transmission in the
outer retina [25]. Interpretation of this result, however, is
complicated by anatomic defects observed in the null
knockout mice. Conditional knockout mice, where O-
mannosyl glycosylation can be knocked out with
(presumably) a minimum of developmental malformations,
will enable an improved understanding of how POMGnT]1
and O-mannosyl glycosylation contribute to retinal
development, structure, and function.
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