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Abstract

Nucl is a spontaneous rat mutant resulting from a mutation in the Crybal gene, coding for BA3/
Al-crystallin. Our earlier studies with Nucl provided novel evidence that astrocytes, which
express BA3/Al-crystallin, have a pivotal role in retinal remodeling. The role of astrocytes in the
retina is only beginning to be explored. One of the limitations in the field is the lack of appropriate
animal models to better investigate the function of astrocytes in retinal health and disease. We
have now established transgenic mice that overexpress the Nucl mutant form of Crybal,
specifically in astrocytes. Astrocytes in wild type mice show normal compact stellate structure,
producing a honeycomb-like network. In contrast, in transgenics over-expressing the mutant
(Nucl) Crybal in astrocytes, bundle-like structures with abnormal patterns and morphology were
observed. In the nerve fiber layer of the transgenic mice, an additional layer of astrocytes adjacent
to the vitreous is evident. This abnormal organization of astrocytes affects both the superficial and
deep retinal vascular density and remodeling. Fluorescein angiography showed increased venous
dilation and tortuosity of branches in the transgenic retina, as compared to wild type. Moreover,
there appear to be fewer interactions between astrocytes and endothelial cells in the transgenic
retina than in normal mouse retina. Further, astrocytes overexpressing the mutant BA3/Al-
crystallin migrate into the vitreous, and ensheath the hyaloid artery, in a manner similar to that
seen in the Nucl rat. Together, these data demonstrate that developmental abnormalities of
astrocytes can affect the normal remodeling process of both fetal and retinal vessels of the eye and
that BA3/A1-crystallin is essential for normal astrocyte function in the retina.
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INTRODUCTION

Crystallins are highly abundant proteins of the ocular lens that are essential to its
transparency and refractive properties (Piatigorsky, 2007). It is believed that crystallins were
evolutionarily recruited to the lens from other tissues, mainly to perform such a structural
function (Wistow, 1995). In recent years, several laboratories have shown that crystallins
expressed outside of the lens may have other functions (Bhat, 2004; Andley, 2007).
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Over the past several years, our laboratory has been studying the non-lens function of one of
the B-crystallin family members, pA3/Al-crystallin (Sinha et al., 2008; Ma et al., 2011;
Zigler et al., 2011; Zhang et al., 2011). In all mammalian lenses, members of three major
families of crystallins, a, B, and y, are expressed. BA3/Al-crystallin is unique among
crystallins in that two polypeptides are translated from a single mMRNA by utilizing alternate
start sites (Werten et al., 1999). By utilizing the Nucl spontaneous mutant rat, in which the
BA3/A1-crystallin gene has undergone mutation, we have shown that this crystallin is
required by astrocytes, and our studies suggest that BA3/Al-crystallin may be important in
the retina during vascular remodeling (Sinha et al., 2005; Gehlbach et al., 2006; Sinha et al.,
2008; Parthasarathy et al., 2011; Zhang et al., 2011). We have also reported that this
crystallin is expressed by retinal pigmented epithelial (RPE) cells where it is necessary for
normal processes of phagocytosis and autophagy (Zigler et al., 2011). Our recent data
suggest that pA3/Al-crystallin is a novel regulator of both life and death decisions in ocular
astrocytes (Ma et al., 2011).

We are now generating both loss-of-function and gain-of-function genetically engineered
mice to further understand the “non-crystallin” function of pA3/Al-crystallin. Here, we
report the effects of overexpressing the mutant (Nucl) BA3/Al-crystallin protein specifically
in astrocytes of transgenic mice. Our data suggest that such overexpression affects astrocyte
template formation and remodeling of the retinal vessels.

MATERIALS AND METHODS

Transgenic mice

We have used transgenic technology to target expression of the Nucl mutant fA3/Al-
crystallin specifically to mouse astrocytes, under transcriptional control of the human GFAP
promoter (gfa2 segment). The plasmid pGfa2-cLac, a kind gift from Dr. Michael Brenner,
University of Alabama, Birmingham, contained the gfa2 promoter, the lacZ gene, and a
portion of the mouse protamine 1 gene, which supplies splice sites and polyadenylation
signal. This hGFAP promoter has been used successfully by a large number of investigators
to express transgenes in astroglia /n7 vitro and astrocytes 7n vivo (Brenner, 1994; Delaney et
al., 1996; Segovia et al., 1998; Vandier et al., 1998). The coding region of the rat Nucl
mutant BA3/A1-crystallin cDNA was RT-PCR amplified from Nucl lens RNA with the
following primers: cctcggatccACCAGATGGAGACCCAGACTGTG and
ccttggatccGTAAGTTTGCATGCTTGAGG, which also added BamH 1 sites flanking the
cDNA. The PCR product and pGfa2-cLac were both digested with BamH I, and the Nucl
cDNA was ligated into the plasmid. PCR and restriction analyses were used to select clones
with the cDNA in the correct orientation, and resulting clones were sequenced to ensure
fidelity of the PCR amplification. The final plasmid construct was digested with EcoR | to
release the 3.4 kb transgene, which was then microinjected into the pronuclei of C57BL/6
fertilized oocytes to produce transgenic founders. Experiments were performed using
postnatal transgenic and wild type mice, in accordance with the Guide for the Care and Use
of Laboratory Animals (National Academy Press) and were approved by the Animal Care
and Use Committee of Johns Hopkins University.

Western analysis

Freshly dissected retinae from wild type and transgenic mice were rinsed in PBS and
homogenized in lysis buffer (150 mM NaCl, 1% NP-40, 5 mM EDTA, 1 mM DTT, 25%
glycerol, 50 mM Tris, pH 8.0) with 1% protease inhibitor cocktail (Sigma-Aldrich, St Louis,
MO). Samples were incubated on a rotator at 4°C for 30 minutes followed by centrifugation
at 13,000 g for 15 minutes. Approximately 25 ug of protein from the supernatant was mixed
with 2X LDS sample buffer (Invitrogen, Carlsbad, CA) and then heated in a boiling water
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bath for 2 minutes. Each sample was loaded onto a 4-12% Bis-Tris Nu-PAGE gel and run
with MES Buffer (Invitrogen). The gels were stained with Colloidal Coomassie Brilliant
Blue. For western blotting, proteins were electrophoretically transferred to nitrocellulose
membranes (Invitrogen) and then blocked with 3% BSA in TTBS (Tris-buffered saline,
0.1% Tween-20) overnight at 4°C. Blots were incubated with primary antibodies to BA3/A1-
crystallin (1:8000) for 1 hour at room temperature followed by four washes of 10 minutes
each. Blots were incubated with HRP-conjugated secondary antibodies (Kirkegaard and
Perry Laboratories, Gaithersburg, MD) for 1 hour at room temperature at a dilution of
1:20,000 followed by four washes of 10 minutes each. ECL western blotting detection
reagents (GE Healthcare, Piscataway, NJ) were used for detection with varying exposure
times. The BA3/Al-crystallin antibody was raised against a synthetic peptide sequence
common to both BA3- and BAl-crystallin and was produced at Spring Valley Laboratories,
Woodbine, MD. The peptide sequence is from the N-terminal region of the protein and is
not affected by the mutation in the C-terminal region; the antibody therefore reacts with both
normal and mutant forms of both BA3- and BAl-crystallin (Zigler et al., 2011).

Immunofluorescence and Confocal microscopy

For preparation of frozen sections, freshly enucleated eyes were fixed in 2%
paraformaldehyde, 5% sucrose in 0.1N phosphate buffer, pH 7.4 for 3 hours at room
temperature. The eyes were then transferred to 20% sucrose in PBS and kept at 4°C until
embedding in O.C.T. compound (Sakura Finetek USA, Torrence, CA). Sections (10um)
were cut on a cryostat and mounted on Superfrost Plus slides. The primary antibody used on
cryosections was polyclonal rabbit anti-GFAP (glial fibrillary acidic protein) (DAKO,
Carpinteria, CA,; 1:1000) Sections were incubated with primary antibody overnight at 4°C,
washed with PBS and incubated with Alexa 488 labeled goat anti-rabbit IgG (Molecular
Probes, Eugene, OR; 1:300) for 1 hour at room temperature. The sections were then
counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA,;
1:1000) and mounted with DAKO fluorescent mounting medium (DAKO). Fluorescent
images were taken with a Leica 6000 fluorescent microscope fitted with a 40X objective
lens and a Leica DFC 310FX digital camera.

Eyes to be used for flat mounts were fixed for one hour in 4% paraformaldehyde, transferred
to PBS and stored at 4°C until needed. To isolate the retina, the anterior segment was
removed and the retina teased away from the sclera using a fine camels hair brush. The
whole retina was then washed/blocked in D-PBS with Ca?* and Mg2* (Quality Biologicals
Inc., Gaithersburg, MD) plus 5% normal goat serum for 24 hours at 4°C on a oscilating
platform. The blocking solution was removed and the samples were incubated overnight in
primary antibody (polyclonal rabbit anti-GFAP, DAKO; 1:1000 or polyclonal rabbit anti-rat
aldehyde dehydrogenase 1 family, member L1 (Aldh1L1); 1:1000, a kind gift from Dr.
Sergey Krupenko, Medical University of South Carolina, Charleston) diluted in D-PBS plus
2% blocking serum at 4°C on a rotating platform. Samples were then washed 3X for 15
minutes each and once for 1 hour in D-PBS at 4°C. The retinas were then incubated for 4
hours in secondary antibody at 4°C. Typically the following mixture prepared in D-PBS plus
2% blocking serum was used: Alexa 568 labeled goat anti-rabbit 1gG (1:300) and Alexa 488
labeled isolectin (1:100) (both from Molecular Probes, Eugene, OR). Samples were
subsequently washed as for the secondary antibody and mounted with the ganglion cell layer
up on superfrost slides using DAKO fluorescent mounting medium (DAKO). Relaxing cuts
were used to make the retinas lay flat on the slide. Cover slips were applied and the edges
sealed with clear nail polish. For double labeling of astrocytes (GFAP) and blood vessels
(Isolectin B-4) fluorescent digital images were taken with a Leica 6000 fluorescent
microscope as indicated above for frozen sections. Astrocytes were analyzed with a confocal
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microscope (model 510META; Carl Zeiss Microimaging Inc., Thornwood, NY) using a 40X
oil objective lens.

Quantification of vessel density

Quantitative assessment of isolectin-stained superficial and deep plexus vessels of the retina
was performed by computer-assisted digital image analysis using Image J (NIH). In order to
compare the blood vessel parameters in wild type and transgenic retinal flat mounts the
vessel width was normalized by creating the binary images after application of a common
threshold value. The binary images were converted into skeletonized images using NIH
Image J software (http://rsbweb.nih.gov/ij/) and later quantified using the ‘analyze skeleton’
plug-in of Image J. The analysis was performed as described (McKay et al., 2008; Valapala
et al., 2011). Quantifications were performed in 3 wild type and 5 transgenic animals and 30
different 40x magnification images were used per animal. For analysis, all data are
representative of experiments performed at least three times in triplicate. The data are
represented as meanzS.E. For statistical analysis, Student’s t-test was performed and a P-
value of <0.05 was considered statistically significant.

Fluorescein Angiography

Fluorescein angiography was performed on wild type and transgenic animals anesthetized
with 0.15 ml/kg ketamine/Xylazine (10 mg/ml ketamine and 2 mg/ml Xylazine) IP. Pupils
were dilated with 1 drop of topical 1:1:1:1 solution of 1% Mydriacyl, 1% Atropine, 1%
Cyclogel, and 10% Phenylephrine. The retina was observed with a Micron |11 retinal
imaging microscope for mice and rats (Phoenix Research Lab, Inc.). The mice were
administered 0.1 ml of 10% sodium fluorescein via the tail vein, and retinal fluorescein
angiograms were taken. The entire procedure was performed in 15 minutes. When
experiments were complete, the animals were euthanized by an overdose of anesthetic.

RESULTS AND DISCUSSION

Targeted expression of mutant (Nucl) BA3/Al-crystallin in mouse astrocytes affects the
normal honeycomb-patterning of the astrocyte template in the developing retina

We have shown that retinal astrocytes express pA3/Al-crystallin, and that in Nucl
homozygous rats, the astrocytes are abnormal, both structurally and functionally (Sinha et
al., 2008). To test the hypothesis that BA3/Al-crystallin is crucial for astrocyte template
formation in the developing retina, we have generated transgenic mice that express mutant
BA3/Al-crystallin specifically in astrocytes.

Three lines of transgenic mice were established using the construct shown in Figure 1A.
Western blot analysis reveals robust expression of the mutant protein in transgenic mouse
retina (Figure 1C). Attempts to achieve overexpression of the wild type Crybal, using the
same strategy as described above, led to expression of the transgene and increased mRNA
level for Crybal, as compared to normal littermates. However, there was no increase in fA3/
Al-crystallin protein in these transgenic mice, compared to endogenous levels in normal
mice. Moreover, we did not find any changes in the astrocyte template formation in the
developing retinae of transgenic mice overexpressing the wild type message, compared to
normal mice. It is highly likely that, in vivo, there are biological controls, such as silencing
by RNAI, that do not allow expression of the normal BA3/Al-crystallin protein in the
astrocytes at levels higher than that present in normal mice.

Confocal microscopy of retinal flat mounts from wild type mice with astrocytes
immunolabelled with anti-GFAP, show cells with a normal compact stellate structure,
producing a typical honeycomb-like network (red, Figure 2A). In contrast, in transgenics
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over-expressing the mutant (Nucl) BA3/Al-crystallin, astrocytes form bundle-like structures
with abnormal patterns and short, thickened processes (Figure 2B). Abnormal organization
of the developing astrocytes in the retinas of the transgenic animals is apparent. In addition,
the mutant transgenic mice show an additional layer of astrocytes in the nerve fiber layer
(Figure 2D-arrows), not present in wild type mice (Figure 2C).

Aberrant remodeling of hyaloid vasculature in transgenic mice compared to wild type

During development of the mammalian eye, nourishment of the immature lens, inner retina
and vitreous is provided by the hyaloid vascular system (Saint-Geniez and D’ Amore, 2004).
One of the congenital, developmental disorders of the human eye, persistent fetal
vasculature (PFV), results from the complete or partial failure of this vascular regression
(Goldberg, 1997). Knowledge of the cellular and molecular mechanisms by which hyaloid
vascular regression fails is very limited. Our studies have provided novel evidence that
abnormalities in astrocytes during retinal development can inhibit regression of the hyaloid
artery (Zhang et al., 2005; Zhang et al., 2011). Astrocytes ensheath the hyaloid artery in
human PFV disease (Zhang et al., 2005; Zhang et al., 2011) and in many other mouse
models (Reneker and Overbeek, 1996; Hurskainen et al., 2005; Edwards et al., 2011).

Astrocytes in the transgenic mice overexpressing the mutant BA3/A1-crystallin, migrate into
the vitreous, and ensheath the hyaloid artery (Figure 2F), in a manner similar to that seen in
the Nucl rat (Zhang et al., 2005; Zhang et al., 2011). In the case of our transgenic mice,
PFV is not as severe or frequent as in the Nucl rat (Zhang et al., 2005; Zhang et al., 2011).
Although it is technically difficult to visualize PFV in mice, we have detected abnormal
retention of the hyaloid artery in 8 mutant (Nucl) transgenic mice out of the 14 tested. In the
Nucl homozygous rats, where PFV involves complete retention (i.e. of all parts of the fetal
vasculature), the lens capsule ruptures before birth (Sinha et al., 2005), potentially releasing
VEGF (Vascular Endothelial Growth Factor) and various other factors into the vitreous. In
contrast, in our transgenic mice the lens is not affected, so abnormal release of such factors
probably does not occur. In an ELISA based VEGF assay, we found the VEGF
concentration to be 5-fold higher in the vitreous of Nucl homozygous rats than in wild type
rats (360 pg/ml vs. 70 pg/ml). Although astrocytes produce VEGF during the critical time of
hyaloid regression, the lens is likely the major source of intravitreal VEGF in Nucl rats. We
believe that the difference in severity of PFV may be due to the fact that in the transgenic
mice the lens is unaffected, whereas in the Nucl homozygous rats, it ruptures before birth
(Sinha et al., 2005). Thus, the transgenic mice closely resemble Nucl heterozygous rats,
which have nuclear cataracts at birth, but with normal appearing cortex and intact lens
capsule until adulthood (Sinha et al., 2005). The heterozygous rats show only mild features
of PFV (unpublished observation). Together, these data demonstrate that developmental
abnormalities of astrocytes leading to abnormal migration and association with the hyaloid
artery, may inhibit the normal programmed regression of the fetal vasculature and thereby
be involved in the pathogenesis of PFV disease (Goldberg, 1997).

Retinal blood vessel abnormalities in transgenic mice overexpressing mutant (Nucl) BA3/
Al-crystallin in astrocytes

Astrocytes are closely associated with retinal blood vessels. Avascular retinas contain no
astrocytes (Stone and Dreher, 1987; Schnitzer, 1988). Retinas that are diffusely vascularized
contain diffusely distributed astrocytes (Stone and Dreher, 1987; Schnitzer, 1988), and those
that are vascularized in a restricted region contain astrocytes only in that region (Stone and
Dreher, 1987; Schnitzer, 1988). In fetal humans, astrocyte differentiation occurs in
association with fetal retinal vasculature (Chan-Ling et al., 2004).
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Retinal flatmounts show that the aberrant astrocyte development in the transgenic retina
overexpressing the mutant (Nucl) BA3/Al-crystallin is associated with abnormal retinal
vascular patterning and with destabilized astrocyte-blood vessel interactions (Figure 3). This
intimate relationship is disrupted in the transgenic mice with astrocyte-specific
overexpression of the mutant BA3/Al-crystallin protein (Figure 3C, yellow-arrows). By
labeling astrocytes with anti-Aldh1L1, a second specific marker for astrocytes (Krupenko
and Oleinik, 2002; Cahoy et al., 2008), it is apparent that astrocytes overexpressing the
mutant (Nucl) BA3/Al-crystallin are abnormal in morphology and are less dense (Figure
3H) than astrocytes in normal retina (Figure 3G). It is important to note that our previous
studies with cultured brain astrocytes from neonatal Nucl homozygous rats, also showed
larger cells with striking morphological abnormalities compared to wild type (Sinha et al.,
2008). Interestingly, as shown in our previous studies with the Nucl homozygous rats
(Gehlbach et al., 2006; Sinha et al., 2008), our transgenic mouse data confirms that BA3/A1-
crystallin is absolutely necessary in the formation of a normal astrocyte template and for
blood vessel patterning and remodeling in the developing retina. In transgenic mice
overexpressing the mutant fA3/Al-crystallin, the decreased density of astrocytes correlates
with a reduced number of branches, junctions and endpoints in both the superficial and deep
retinal vessels, as compared to wild type (Figure 3l and J). Astrocyte-derived VEGF has
been shown to be an important factor in the stabilization of the retinal vasculature (Scott et
al., 2010). Our recent studies do indicate that loss of function of BA3/Al-crystallin in retinal
astrocytes inhibits the normal secretory levels of VEGF from astrocytes (Valapala et al.,
manuscript in preparation). Therefore, BA3/Al-crystallin plays a pivotal role in maintaining
the normal homeostasis of astrocytes in the retina.

Fluorescein angiograms taken from the transgenic mice overexpressing mutant BA3/A1-
crystallin showed significant vascular disorders compared to the wild type animals. This
included increased dilation of the veins (Figure 4). We also noticed branching tortuosity as
early as 1 month in the transgenic mice compared to their wild type counterparts (Figure 4).
No obvious arterial abnormalities were observed in the transgenic mice.

The only other crystallin that is known to be expressed in astrocytes is aB-crystallin, a small
heat shock protein (Horwitz, 2003; Cahoy et al., 2008). The expression of aB-crystallin has
been shown to be increased in astrocytes under stress condition and also in degenerative
states of the retina (Jones et al.,1998; Salvador-Silva et al., 2001). It has been shown that
aB-crystallin is inducible by hypoxia/reoxygenation and by TGFB1 and TGFB2 treatments
of astrocytes cultured from the human lamina cribrosa (Yu et al., 2007). aB-crystallin has
been shown to play a crucial role in the regulation of the angiogenic response in models of
ocular angiogenesis (Kase et al., 2010).

Our studies, both with the Nucl rat and transgenic mice, as described here, suggest that BA3/
Al-crystallin is essential for astrocyte template formation in the developing retina and for
the subsequent patterning and remodeling of the retinal vasculature. Experiments under way
in our laboratory using the Cre-loxP system to delete the BA3/Al-crystallin gene selectively
from retinal astrocytes, should help elucidate the mechanisms whereby BA3/Al-crystallin is
involved in the regulation of these vital processes.
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Figure 1.

A: Schematic diagram of the construct made to generate transgenic mice. The human GFAP
(hGFAP) promoter shown in green (a kind gift from Dr Michael Brenner, University of
Alabama, Birmingham) was used to direct overexpression of the rat Nucl mutant protein
(blue) specifically in astrocytes. The transcription termination signal is a 3’ fragment of
mouse protamine-1 (MP-1) gene containing the functional polyadenylation signal (pink). B:
Western blot of 6 and 10 week old wild type and transgenic mouse retina with targeted
overexpression of mutant (Nucl) BA3/Al-crystallin in astrocytes, probed with antibody
specific for BA3/Al-crystallin. The upper band is pA3-crystallin and the lower is BA1-
crystallin. There is a significant increase in the expression of mutant BA3/Al-crystallin in
the transgenic mice at both ages tested.
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Figure 2.

Analysis of retinas from transgenic mice overexpressing Nucl mutant A3/Al-crystallin in
astrocytes, and wild type littermates. Panels A and B show confocal microscopy of P21
retinal flat mounts with astrocytes immunolabelled with anti- GFAP (red). The left image
(A) is from a wild type littermate. The astrocytes show a normal compact stellate structure
producing a typical honeycomb-like network. In contrast, the image on the right (B), from a
transgenic overexpressing the mutant (Nucl) BA3/Al-crystallin in astrocytes, shows bundle-
like structures with abnormal patterning and short, thickened processes. In panels C-F,
frozen sections from eyes of wild type and transgenic mice are shown. An additional layer
of astrocytes (GFAP stained green) from the hyaloid artery along the surface of the nerve
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fiber layer is present in transgenic mice (D, arrows), but not present in wild type mice (C).
Panels E and F show GFAP (green) immunostaining of the optic nerve head from P49 wild
type and transgenic mice. In wild type optic nerve head (E), GFAP-positive astrocytes are
seen on the surface and inside the optic nerve head. In the transgenic mouse expressing the
mutant protein (F), GFAP-positive astrocytes are present on the optic nerve head and on the
surface of the retained hyaloid artery (HA, arrows). Scale bar=50 ym, n=7 wild type, 7
transgenic mutant mice.
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Fluorescent microscopy of retinal flat mounts from 3 week old wild type and transgenic
mice with astrocytes immunolabelled with anti-GFAP (red; A, D); blood vessels
immunolabelled with isolectin-B4 (green; B, E) with merged images shown in C, F. The
compact stellate structure and honeycomb template of wild type astrocytes (A) is disrupted
in the transgenic animals (D). The capillary plexus pattern is less dense in the transgenic (E)
compared to normal (F) retina. In wild type retina (C), the astrocyte processes enwrap the
blood vessels (yellow, arrows); this is not seen in the transgenic retinas (F). Confocal
microscopy of retinal flat mounts from 3 week old mice with astrocytes immunolabelled
with anti-Aldh1L1 (red channel) clearly shows abnormal morphology and less dense
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astrocytes in transgenic mice overexpressing the mutant (Nucl) BA3/Al-crystallin (H)
compared to astrocytes in normal template of the retina (G). Quantification of the superficial
(1) and deep plexus (J) in wild type and transgenic mice was performed by scoring the
vascular architecture using the digital analysis software image J (NIH). The major vascular
parameters were scored by counting the number of branches, junctions and endpoints per 30
different microscope fields (40X) taken from the same region in multiple animals (n=3 wild
type; n=5 transgenic). Binary images were created, skeletonized and analyzed using the
‘analyze skeleton plugin of image J. The retinal vasculature of transgenic animals showed a
reduction in the number of branches, junctions and endpoints in the superficial (I) and deep
plexus (J) compared to their wild type controls. Scale bar: 25um (A-F) and 10um (G&H).
Data represented as mean + SE. Pvalue for superficial and deep plexus is < 0.01.
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Figure4.

Fluorescein angiography of the wild type and BA3/Al-crystallin mutant (Nucl) transgenic
animals at 1 month and 12 months of age. Increased tortuosity of branches, as indicated by
arrowheads, was apparent in the transgenic animals as compared to their wild type
counterparts. There was also a suggestion of increased vessel dilation in the transgenic
(arrows). n= 3 wild type; 7 transgenic mutant mice.
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