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Abstract: Familial Danish dementias (FDDs) are auto-
somal dominant neurodegenerative disorders that are 
associated with visual defects. In some aspects, FDD is 
similar to Alzheimer’s disease (AD)– the amyloid depos-
its in FDD and AD are made of short peptides: amyloid 
β (Aβ) in AD and ADan in FDD. Previously, we demon-
strated an inter action between the dementia peptides 
and α-crystallin leading to lens opacification in organ 
culture due to impaired chaperone activity of α-crystallin. 
Herein, we report the in vivo effects of ADan and Aβ on the 
eye. ADan [reduced (ADan-red) and oxidized (ADan-oxi)] 
and Aβ (Aβ1-40 and Aβ1-42) were injected intravitreally 
in rats. The onset of cataract was seen after injection of 
all the peptides, but the cataract matured by 2 weeks in 
the case of ADan-red, 5 weeks for ADan-oxi and 6 weeks 
for Aβ1-40, while Aβ1-42  had minimal effect on cataract 
progression. The severity of cataract is associated with 
insolubilization and alterations in crystallins and loss 
of chaperone activity of α-crystallin. Further, disruption 
of the architecture of the retina was evident from a loss 
of rhodopsin, increased gliosis, and the thinning of the 
retina. These results provide a basis for the dominant 
heredo- otoophthalmo-encephalopathy (HOOE)/FDD syn-
drome and indicate that ADan peptides are more potent 
than Aβ peptides in inflicting visual impairment.
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Introduction
Improved technology and health and nutrition have led 
to increased lifespan, which in turn has contributed to 

the growth of aging populations (1). With the rise in the 
average age of the population, there is an increased risk 
of chronic diseases such as diabetes, cancer, cardiovas-
cular disorders, and neurodegenerative diseases, leading 
to disability and related mortality (2‒4). Neurodegenera-
tive diseases are becoming increasingly common, result-
ing in a greater burden on the health care system of most 
countries. Many of these bewildering disorders are known 
to arise from the conformational instability leading to 
protein misfolding and aggregation (5, 6). Conformational 
diseases arise when a constituent protein undergoes a 
change in size or fluctuation in shape, with resultant self-
association and tissue deposition. There are at least a 
dozen diseases known to arise from protein misfolding or 
aggregation, which have potentially devastating medical 
and social consequences (5–7). Normally, these protein 
deposits are aggregates of mostly β-pleated sheets with 
distinct morphological features. Such changes can occur 
with normal proteins as well, but there is usually an inter-
acting genetic contribution which is at times the domi-
nant force. Most of these proteins have pivotal roles in the 
signaling cascade and cell cycle control, which result in 
large-scale health consequences upon their instability.

Cataract, characterized by cloudiness or opacifica-
tion of the eye lens, is the leading cause of blindness all 
over the world (8). Crystallins are the major structural 
proteins in the lens whose structure, stability, and short-
range interactions are important for lens transparency 
(9, 10). The human lens is also susceptible to age-related 
degenerative changes such as accumulation of insolu-
ble proteins and oxidative damage (10). There are three 
distinct crystallins: α-, β-, and γ-crystallins. α-Crystallin, 
a member of the small heat shock protein family, con-
stitutes a major portion of the eye lens cytoplasm and 
exists as a hetero-oligomer with two subunits, αA and 
αB (9–12). Increased levels of αB-crystallin have been 
observed in many neurodegenerative disorders, tumors, 
and diabetic conditions (13, 14). Both these proteins are 
known for their chaperone activity (9, 11, 12, 15, 16) and 
presumably protect other lens proteins from the adverse 
effects of various cataractogenic insults. With ageing, eye 
lens proteins undergo various post-translational modifi-
cations, which mostly lead to their aggregation. Various 
physiological, environmental, and genetic factors accel-
erate this aggregation and predispose the lens to cataract 
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formation (10, 17). Retinal degenerations (RD), a group of 
heterogeneous diseases of the retina, are characterized 
by photoreceptor degeneration and retinal pigment epi-
thelium atrophy, causing loss of visual field and acuity, 
resulting in irreversible blindness (18). More than 200 
genes have been implicated in RD [Retinal Informa-
tion Network (RetNet), https://sph.uth.tmc.edu/retnet/]. 
Mutations leading to the altered conformation of proteins 
have been shown to be the underlying cause of several 
dominant neurodegenerative diseases, including domi-
nant retinitis degenerations. Protein misfolding leading 
to altered trafficking and aggregation are common fea-
tures of these conditions (19, 20).

Defects in the BRI2 gene on chromosome 13 leads to 
two autosomal dominant neurodegenerative disorders, 
i.e. familial British dementias and familial Danish demen-
tias (FBDs and FDDs) (21, 22). While the onset of FBD 
usually occurs in the fifth decade of life with progressive 
dementia, spasticity, and ataxia, the onset of FDD ensues 
earlier, before 30 years of age, with cataracts and visual 
loss followed by impaired hearing, progressive cerebellar 
ataxia, and late dementia (22‒24). Histological signatures 
of FDD are cerebral amyloid angiopathy, parenchymal 
protein deposits, and neurofibrillary degeneration (22, 
25‒27). Also, parenchymal amyloid deposits and neurofi-
brillary tangles are consistently found with significant 
destruction of the hippocampal region. In this regard, 
FDD is closely similar to Alzheimer’s disease (AD), the 
major cause of dementia in aging populations. Also, in 
both the cases, amyloid deposits are made of short pep-
tides generated in the brain by the internal proteolysis 
of large transmembrane precursor proteins. These pep-
tides of ~ 4  kDa are amyloid β (Aβ) in AD (28, 29), and 
ADan in FDD (21, 22). In FDD, a 10-nucleotide duplica-
tion-insertion causes a frame shift and the generation of 
the ADan sequence (22). FDD is also known as heredo-
otoophthalmo-encephalopathy (HOOE). HOOE/FDD is a 
dominantly inherited syndrome clinically characterized 
by a gradual loss of vision, deafness, progressive ataxia, 
and dementia (24, 30). Retinal neovascularization and 
posterior subscapular cataract in FDD cause visual loss 
in FDD. Cataracts seem to be the earliest manifestation of 
this disease, starting at the age of 20, followed by hearing 
impairment developing at the age of 40. Interestingly, 
early onset of cataract is also seen in Alzheimer’s and 
Down syndrome patients (31).

Various studies now have shown a role for Aβ in 
RD (32). Both the oxidized (linked by an intramolecu-
lar disulfide bond) and the reduced (no intramolecular 
disulfide bond present) forms of ADan peptides fail to 
produce fibres at pH 7.0 (25). Nonetheless, previously 

we reported that the form of the peptides determines the 
morphology of the aggregates (33). We also reported that 
the reduced form is more neurotoxic than the oxidized 
form (33‒35). Further, we demonstrated the interaction 
between dementia-associated peptides and α-crystallin, 
which impaired the chaperone activity of α-crystallin (7). 
Interestingly, it was found that the ADan-reduced peptide 
(ADan-red) has both exquisite specificity and ability 
amongst several amyloidogenic peptides to compromise 
the chaperone function of α-crystallin. Moreover, the cor-
relation between the poisoning of the chaperone activity 
and loss of lens transparency in organ culture by the path-
ogenic form of the Danish dementia peptides provided 
an explanation for the high incidence of the occurrence 
of cataract in Danish dementia (7). In the present study, 
we have investigated the effect of ADan (both reduced 
and oxidized) and Aβ (Aβ1-40 and Aβ1-42) on the lens and 
retina in animals upon intravitreal injection.

Results

Onset and progression of cataract

The onset of cataract due to peptide injection was 
observed in rats after 1 week of intravitreal injection and 
progressed to mature cataract by 2–6  weeks (Figure  1). 
The averaged stage of cataract at the given time in a 
given group is shown in Figure 1B. The onset of cataract 
was seen 1 week after intravitreal injection of ADan-red 
and the ADan-oxidized form (ADan-oxi). While the cata-
ract matured by 2 weeks in the case of ADan-red, it took 
5 weeks to mature in the case of ADan-oxi. In the case of 
Aβ1-40, the onset of cataract was observed after 2 weeks, 
which progressed to maturation by 6  weeks. However, 
with Aβ1-42, the onset of cataract occurred after 4 weeks 
and it progressed to only stage 1.5 of cataract by 6 weeks. 
All the contralateral lenses injected with DMSO as a 
vehicle appeared to be normal and free of opacities 
during the experimental period. Based on the trajecto-
ries of onset and progression of lens abnormalities, the 
potential of peptides inducing cataract in vivo in these 
studies was found to be in the order of ADan-red, ADan-
oxi, Aβ1-40, and Aβ1-42.

Protein content

We analyzed the total and soluble protein content in 
the lens, as insolubilization and aggregation of soluble 
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lens proteins lead to cataractogenesis. The percentage 
of soluble protein decreased to 58%–70% in the lenses 
injected with peptides as compared to 80% of soluble 
protein in vehicle-injected lenses (Table 1). The decline 
in the percentage of soluble protein was highest in lenses 
injected with ADan-red and modest with Aβ1-42. These 
results indicate that increased insolubilization (decreased 
soluble protein) is associated with the severity of cataract 
in dementia-injected lenses.

Crystallin distribution and protein 
cross-links

The soluble protein fractions were analyzed by HPLC on an 
SEC column and SDS-PAGE. The lens-soluble fraction was 
clearly resolved into α-, β-, and γ-crystallin peaks on the 
SEC column (Figure 2). While there were alterations in crys-
tallin peaks in ADan-red-, ADan-oxi-, and Aβ1-40-injected 
lenses compared to vehicle-injected lenses (Figure 2), the 
crystallin distribution profile of Aβ1-42-injected lenses 
was similar to that of vehicle-injected lenses (Figure 2). 
The decrease in β- and γ-crystallin peaks, particularly in 
the ADan-red and ADan-oxi lenses, suggests that the oli-
gomerization of crystallins in the peptide-induced cataract 
lenses may be involved in the formation of aggregates due 
to cross-linking, which leads to their insolubilization. The 

SDS-PAGE pattern of soluble protein (Figure 3) showing 
an increased proportion of cross-linked and aggregated 
proteins in the peptide-injected lenses compared with the 
vehicle-injected lenses substantiates the HPLC data. The 
SDS-PAGE pattern of Aβ1-42-injected lenses was similar to 
that of vehicle-injected lenses (Figure 3).
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Figure 1: Induction of cataract upon intravitreal injection of demen-
tia peptides.
(A) Representative photographs of the lens from each group. (B) 
Quantitative representation of cataract progression in each group 
with time. Stage of cataract in each group was averaged at a given 
time and plotted as a function of time (n = 7).

Table 1: Protein content of the lens.

Peptides   Total protein 
(mg/g lens)

  Soluble protein 
(mg/g lens)

  % Soluble 
protein

ADan-red      
 DMSO   615 ± 43   491 ± 30   80
 Peptide   524 ± 38   305 ± 28a   58
ADan-oxi      
 DMSO   605 ± 42   481 ± 31   79
 Peptide   505 ± 34   313 ± 30a   62
Aβ1-40      
 DMSO   602 ± 46   475 ± 33   79
 Peptide   519 ± 40   345 ± 26a   66
Aβ1-42      
 DMSO   590 ± 37   478 ± 29   81
 Peptide   495 ± 32   347 ± 26a   70

The total and soluble protein in the lens of different groups was 
estimated by the Lowry method, and the percentage soluble protein 
content was derived from the estimated values.
The data are mean ± SE (n = 4).
aData are significantly different from those of the respective control 
(DMSO) group.
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Figure 2: Crystallin profile of total soluble lens protein on gel 
filtration.
Proteins from control (vehicle)-, ADan-red-, ADan-oxi-, Aβ1-40-, 
and Aβ1-42-injected eye lenses were loaded onto the column. The 
column was equilibrated, the proteins were eluted with the buffer, 
and absorbance was monitored at 280 nm. The traces are the 
average of four samples in each group. Peaks 1, 2 and 3 correspond 
to α-, β- and γ-crystallins, respectively.
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Chaperone activity of α-crystallin

α-Crystallin isolated from the rat lenses treated with 
ADan-red showed significantly decreased (58%) chap-
erone activity as compared to α-crystallin isolated from 
vehicle-injected lenses in the citrate synthase aggregation 
assay (Figure 4). In comparison, the reduction in chap-
erone activity of α-crystallin isolated from lenses treated 
with ADan-oxi, Aβ1-40 peptide, and Aβ1-42  was 54%, 
43%, and 31%, respectively (Figure 4).

Changes in retinal morphology upon 
 intravitreal injection of the ADan and 
Aβ peptides

We also evaluated retinal morphology by hematoxylin and 
eosin (H and E) staining the sections of the retina from 
rats injected with DMSO and dementia peptides (Figure 
5). The retinas from rats injected with peptides showed 
significant alterations. The integrity of the retina from 
the ADan-red-injected rat was severely affected. ADan-
red led to reduced thickness of the outer segment (OS), 
the outer nuclear layer (ONL), and the inner nuclear layer 
(INL). Further, there was a disruption of ONL and no clear 
demarcation between the ONL and the INL in the retina 
of ADan-red-treated animals. Further histological evalua-
tion of the retina demonstrated abnormalities in the INL 
in the peptide-injected eyes. Also, the thickness of the 
outer plexiform layer (OPL) and the inner plexiform layer 
(IPL) was observed to be decreased in the peptide-injected 
retina compared to controls. While similar alterations 

were observed in ADan-oxi and Aβ1-40 retinas, the retinal 
pattern of Aβ1-42  was not much different from that of 
the respective DMSO control. These results suggest that 
dementia peptides, particularly ADan-red, disrupt the 
integrity of the retina in a profound manner.

Immunohistochemical analysis of rat retina was carried 
out using the antibodies to the major retinal photo receptor 
protein rhodopsin. Immunostaining with rhodopsin anti-
bodies showed a significant reduction in the intensity 
of the rhodopsin signal in the retina of rats injected with 
dementia peptides compared with that of DMSO controls 
(Figure 6). The decrease in rhodopsin intensity was highest 
with ADan-red, followed by ADan-oxi and Aβ1-40. The rho-
dopsin staining of Aβ1-42 sections was similar to that of the 
DMSO control. To further confirm alterations in the retina, 
we evaluated and compared the immunoreactivity by labe-
ling the retina with glial marker GFAP. Gliosis in retinal 
Müller cells is characterized by the increased expression of 
the immunoreactivity of GFAP. This increased immunore-
activity of GFAP suggests the induction of retinal reactive 
gliosis in dementia-peptide injected eyes (Figure 7). In the 
present study, the observed increased expression of GFAP 
is suggestive of local inflammation. In concurrence with 
histological changes, injection of ADan-red caused greater 
changes in rhodopsin and GFAP followed by ADan-oxi and 
Aβ1-40, whereas the impact was least with Aβ1-42.

Discussion
Familial British dementia (FBD) and familial Danish demen-
tia (FDD) are autosomal dominant neurodegenerative 

Figure 3: Representative sub-unit profile and protein cross-linking 
of the soluble fraction of dementia peptide-injected lenses.
Lane 1: markers, lane 2: DMSO, lane 3: ADan-red, lane 4: ADan-oxi, 
lane 5: Aβ1-40, and lane 6: Aβ1-42. The arrow indicates cross-linked 
proteins in the peptide-injected lens under reducing conditions.
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Figure 4: Chaperone activity of α-crystallin as assessed by the sup-
pression of heat-induced aggregation of citrate synthase at 45°C in 
the absence (trace 1) and presence of α-crystallin isolated from the 
lenses injected with vehicle (trace 2), ADan-red (trace 3), ADan-oxi 
(trace 4), Aβ1-40 (trace 5), and Aβ1-42 (trace 6).
The traces are the average of four samples in each group.
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disorders associated with mutations in the gene BRI2. In 
pathological aspects, FDD is closely similar to AD. Further, 
FDD and AD produce similar amyloid deposits that are made 
of short peptides generated in the brain by internal proteoly-
sis of precursor proteins. FDD is characterized by a gradual 
loss of vision and dementia, among many other symptoms, 
and the loss of vision is mainly due to posterior subcapsu-
lar cataract and retinal neovascularization (24, 30). Recent 
studies indicate visual defects involving the lens and the 
retina during the development of AD (31, 32). Earlier, we 
showed loss of eye lens transparency in organ culture when 
incubated with ADan peptides wherein there was a remark-
able correlation between the ability of the ADan peptides 

to impair the chaperone activity of α-crystallin in vitro and 
opacification of the eye lenses ex vivo (7). Other dementia-
related peptides, despite their established role in amyloid 
diseases, exhibit relatively poor inhibition of the chaperone 
function of eye lens crystallins as well as considerably less 
opacification of lenses in organ culture compared to the 
ADan-red peptide, explaining why in FDD alone, among 
the amyloid diseases, an early onset of cataract is observed. 
However, it should be noted that the Aβ1-40 peptide is 
known to be expressed in rodent and monkey lenses and 
oxidative stress has been shown to increase the production 
of the Aβ precursor protein and Aβ1-40 (36). It was demon-
strated that Aβ has toxic effects on lens epithelial cells (36). 

Figure 5: Morphology of the retina.
Representative histology (hematoxylin and eosin stained) images of rat retina. Panel A: ADan-red; panel B: ADan-oxi; panel C: Aβ1-40; and 
panel D: Aβ1-42.
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Further, Aβ was also shown to interact with αB-crystallin 
(37, 38). Similarly, retinal ganglion cells (RGC) and the retinal 
pigment epithelial (RPE) cells were also reported to synthe-
size and secrete Aβ (39). In the eye, multiple Aβ reservoirs 
were discovered in the retinal environment, while elevated 
Aβ levels were found in the aging retina and linked with 
retinal degeneration (32, 39).

In this study, we attempted to provide a molecular 
basis for the role of ADan and Aβ under in vivo conditions 
upon intravitreal injection into rat eyes. Interestingly, the 
ability of peptides to induce cataract in vivo in these studies 
correlated with their potential to impair chaperone activity 

of the α-crystallins in vitro and loss of lens transparency 
in the ex vivo conditions reported earlier (7).  Aggregation 
of soluble lens proteins leading to insolubilization is the 
main biochemical change in cataractogenesis. Injection 
of dementia peptides also resulted in insolubilization 
(decreased soluble protein), which is associated with the 
severity of cataract. Altered crystallin distribution and 
cross-linking of their subunits further support induction of 
cataract upon injection of peptides. Though various other 
factors may contribute to aggregation, insolubilization of 
lens proteins and reduced chaperone activity of α-crystallin 
appear to be the major determinants in cataract formation 

Figure 6: Immunohistochemical evaluation of the rod photoreceptor marker rhodopsin.
Representative retinal sections of control- (A), ADan-red- (B), ADan-oxi- (C), Aβ1-40- (D), and Aβ1-42- (E) injected eyes that were labeled with 
rhodopsin (red). Nuclei are labeled with DAPI (blue). Scale bar: 50 μm.
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in peptide-injected lenses. As reported by us previously (7), 
binding of dementia peptides may impair the chaperone 
activity of α-crystallin.

Both the retina and the central nervous system (CNS) 
share a common origin as both are derived from the devel-
oping neural tube. Both are interconnected with the adja-
cent vasculature via the blood-retinal and blood-brain 
barriers. Furthermore, with increasing age, both the retina 
and the brain develop extracellular deposits associated with 
degenerative pathology, referred to as drusen and senile 
plaques, respectively. Inflammatory mediators that are 
indicative of local inflammation typically associated with 
sub-retinal deposits and senile plaques are also common 
in the retina and CNS (32, 39). These similarities between 
the retina and the CNS suggest that similar pathological 

mechanisms may drive degenerative changes in the retina 
as well as in the brain. Though some studies have proposed 
a role for Aβ peptides in RD (32, 39), the effect of the Danish 
dementia peptide on the retina is largely unknown. There-
fore, we have also examined the retinal morphology upon 
intravitreal injection of ADan peptides along with Aβ pep-
tides. Interestingly, it was observed that the integrity of the 
retina upon injection of ADan peptides was relatively more 
affected compared to injection of Aβ peptides. On the whole, 
the thickness of various layers of the retina was reduced. 
Further, there was a disruption of the ONL and no clear 
demarcation between the ONL and the INL in the retina of 
ADan-red treated animals. Further histological evaluation 
of the retina demonstrated abnormalities in the INL in the 
peptide-injected eyes. Also, the thickness of the OPL and 

Figure 7: Immunohistochemical evaluation of gliosis marker glial fibrillary acidic protein (GFAP).
Representative retinal sections of control- (A), ADan-red- (B), ADan-oxi- (C), Aβ1-40- (D), and Aβ1-42- (E) injected eyes that were labeled with 
GFAP (green). Nuclei are labeled with DAPI (blue). Scale bar: 50 μm.
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the IPL was observed to be decreased in the peptide-injected 
retina compared to controls. While similar alterations were 
observed in ADan-oxi and Aβ1-40 retinas, the retinal pattern 
of Aβ1-42 was not very different from that of the respective 
DMSO control. Moreover, immunohistochemical analysis 
of rat retinas showed a significant reduction in the rhodop-
sin signal in the retina of rats injected with ADan and Aβ1-
40 peptides compared to DMSO controls. Gliosis in retinal 
Müller cells as shown by increased immunoreactivity of 
the GFAP by dementia peptide is further suggestive of local 
inflammation. These results suggest that dementia pep-
tides, particularly the ADan-red peptide, disrupt the integ-
rity of the retina in a profound manner.

It is, therefore, not surprising that the many striking 
similarities between drusen and senile plaques include 
Aβ. However, it is interesting to note that ADan peptides 
are more potent than Aβ peptides in disrupting the retina. 
Overall, the potential of peptides causing visual impair-
ment (both lens and retina) in vivo in these studies was 
found in the order of ADan-red, ADan-oxi, Aβ1-40, and 
Aβ1-42. Further, these results provide a mechanistic basis 
for the dominant HOOE/FDD syndrome viz. the poison-
ing of the chaperone-like function of α-crystallins. Studies 
that report the role of α-crystallin in other neurodegenera-
tive conditions support this possibility (15). Such studies 
have found a correlation of amyloidogenic properties of 
the ADan protein with the initiation of neuronal cell death 
mechanisms that involve  oxidative stress, perturbation of 
mitochondrial membrane potential, the release of mito-
chondrial cytochrome c, and downstream activation of cas-
pase-mediated apoptotic pathways (40). For example, it is 
reported that α-crystallins mediate transport of newly syn-
thesized rhodopsin by binding to the photoreceptor post-
Golgi membranes (41) and this association of α-crystallins 
with rhodopsin imply a role for α-crystallins in the pro-
tection of neurodegeneration. Together, with our earlier 
studies that reported the neurotoxicity of ADan (33‒35), 
these results highlight that ADan peptides contribute not 
only to cataract but also to retinal dystrophies through their 
neurotoxic effects. Further, these observations suggest that 
ADan peptides are more potent than Aβ peptides regarding 
visual impairment.

Materials and methods
Materials

Danish dementia peptides (ADan-red and ADan-oxi) and Alzheimer’s 
peptides (Aβ1-40 and Aβ1-42) were bought from Bachem AG (Buben-
dorf, Switzerland) and purified using a C-18 HPLC column, and the 

purity and mass of the peptides were assessed by a MALDI-TOF mass 
spectrometer (BrukerDaltonics, MA, USA) as described earlier (7, 33). 
The peptides were subjected to a 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol 
(HFIP) treatment as described earlier (7, 33). The lyophilized peptides 
thus obtained were dissolved in dimethyl sulphoxide (DMSO) under 
a flow of liquid nitrogen. While the sequence of ADan-red is ‘ASNC-
FAIRHFENKFAVETLICFNLFLNSQEKHY’, there is a disulfide bond 
between Cys4 and Cys21 in ADan-oxi. The sequence of Aβ1-42 is ‘DAE-
FRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA’ and Aβ1-40 is 
devoid of last two C-terminal residues.

Animals

Twenty-eight 4-month-old Sprague-Dawley (SD) male rats were 
obtained from the National Center for Laboratory Animal Sciences 
(NCLAS), National Institute of Nutrition, Hyderabad. The rats were 
maintained at NCLAS in a temperature- and light-controlled animal 
facility and fed ad libitum on a rodent pellet diet (AIN-93M).

Intravitreal injection

The animals were randomly divided into four groups (7 animals per 
group). Peptides (10 μg in 5 μl) were injected into the vitreous of the 
right (R) eye and the same volume of vehicle (DMSO) into the left (L) 
eye on day 0. Three more injections were given on every third day. 
Immediately after each intravitreal injection, ofloxacin ophthalmic 
solution was applied onto the eyes to avoid infection.

Slit-lamp examination of the eye lens

Eyes were examined every week using a slit lamp biomicroscope (Kowa 
SL-15 Portable, Tokyo, Japan) on dilated pupils. Initiation and progres-
sion of lenticular opacity were graded into four categories as reported 
earlier (42). The animals were maintained for a period of six weeks.

Collection of tissues

The rats were sacrificed by CO2 asphyxiation after 6 weeks and the 
eyes were enucleated. A set of eyeballs (n = 4) were dissected using 
the posterior approach, and the lens and the retina were frozen at 
− 80°C until further analysis. Another set of eyeballs (n = 3) were col-
lected in 4% w/v paraformaldehyde fixative solution for histology 
and immunohistochemistry.

Animal care and protocols were approved by the Institutional 
Animal Ethics Committee and conformed to the Association for 
Research in Vision and Ophthalmology statement for the use of ani-
mals in ophthalmic and vision research.

Protein solubility, crystallin distribution, protein 
crosslinking, and protein aggregation

A 10% homogenate was made from the lenses in 50 mm phosphate 
buffer, pH 7.4. The homogenate was centrifuged at 10 000 × g for 
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30 min at 4°C. The supernatant was referred to as the soluble frac-
tion. The pellet was washed twice with 50 mm phosphate buffer, 
pH 7.4, and the wash was pooled with the supernatant. Total 
and soluble protein content were estimated in the homogenate 
and soluble fractions by the Lowry method, and the percentage 
of soluble protein was calculated. An aliquot of total homogen-
ate was solubilized in 0.1  N sodium hydroxide containing 2% 
sodium carbonate for estimating the total protein. An aliquot of 
soluble fraction was applied onto a 300 × 7.8-mm TSK-3000 SW-XL 
size exclusion chromatography (SEC) column (Tosoh Co., Tokyo, 
Japan) connected to a Shimadzu HPLC system. The subunit profile 
and cross-linking of lens soluble proteins were analyzed on 12% 
polyacrylamide gels in the presence of sodium dodecyl sulfate 
(SDS) under reducing conditions.

Chaperone-like activity assay

The soluble fraction was applied onto a Sephacryl S-300 HR (Phar-
macia Biotech, Uppsala, Sweden) column equilibrated with a 25-mm 
Tris-Cl buffer, pH 8.0, containing 0.5 mm EDTA and 100 mm NaCl. The 
peak corresponding to αL-crystallin was pooled and dialyzed exten-
sively against the buffer (7). Proteins were concentrated by ultrafil-
tration using 10 K filters (Millipore Pvt., Ltd., Bangalore, India). The 
chaperone-like activity of α-crystallin was probed by measuring its 
ability to prevent the heat-induced aggregation of citrate synthase 
at 45°C (7, 15). Citrate synthase (0.05  mg/ml in 50  mm HEPES-KOH 
buffer, pH 7.9) was incubated at 45°C in the absence and presence 
of 0.05  mg/ml α-crystallin. Apparent scattering of the solution at 
360  nm due to the heat-induced aggregation of citrate synthase 
was monitored as a function of time using a spectrophotometer 
(Lambda-35, Perkin-Elmer, MA, USA).

Histology and immunohistochemistry

Eyeballs were collected from the animals and fixed in 4% para-
formaldehyde in phosphate buffer (pH 7.2), followed by embedding 
and sectioning using standard protocols, as described previously 
(43, 44). Three eyes were used for each age group. Paraffin sections 
were stained with hematoxylin and eosin. Immunohistochemistry 
was performed on sections using a respective primary antibody, as 
described previously (43, 44). The slides were mounted in the anti-
fade reagent containing DAPI (ProlongGold; Invitrogen) and visual-
ized using a Leica laser microscope (LMD6000; Leica Microsystems 
Vertrieb GmbH, Wetzlar, Germany).
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