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Abstract

Senescence of Retinal Pigment Epithelial (RPE) cells has been
proposed as contributing to the pathology of Age-related Macular
Degeneration (AMD). The present study measures the Terminal
Restriction Fragment (TRF) lengths of RPE cells from both AMD
affected and control retinas of aged donors as an indicator of cell
senescence. In an ARPE-19 cell line, cells that were approaching
senescence were found to have TRF lengths of 3.10bp. RPE cells
from the AMD affected retinas had similarly short TRF lengths,
suggesting that they also were near or at senescence. In addition
RPE cell TRF lengths from the macular regions of the retinas
affected by AMD were significantly shorter than those from their
peripheral regions, consistent with the greater pathological effect of
AMD in the macular region. RPE cells from control retinas also had
short TRF lengths, but no significant difference in length was found
between macular and peripheral regions. Thus, the present results
are consistent with a role of RPE cell senescence in the pathology of
AMD, but point to the need for additional corroborative data.
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Introduction

Age related Macular Degeneration (AMD) is one of the main
causes of vision loss worldwide [1]. In the United States alone,
10% of all individuals between 65 and 75 years of age, and 30% of
those over 75 years of age, have a visual impairment related to AMD
[2]. The global prevalence of AMD is estimated to be 196 million,
and this number is expected to rise to 288 million by 2040 due to
population aging [1]. Senescence of Retinal Pigment Epithelial (RPE)
cells is one of the biochemical mechanisms that have been proposed
as contributing to the pathology of AMD [3-5].

Cell senescence is a naturally occurring process that changes
the structural and functional characteristics of cells in ways which
can be harmful to the tissue that they comprise [6]. These changes
have been implicated in the pathology of several disorders including
osteoarthritis, atherosclerosis, and benign prostatic hyperplasia [6-
8]. Although the etiology of cell senescence is multifaceted, one of its
major causes is critical shortening of chromosomal telomeres [6,9].
Telomeres are specialized regions at the ends of chromosomes that
associate with a complex of proteins to prevent the chromosome ends
from being mis-identified as double-stranded breaks [6,10]. When
telomeres become critically shortened, they are unable to form these
complexes. The chromosome ends are then treated by the cell as
persistent double-stranded breaks, which triggers cell senescence.

Shortening of telomeres generally occurs in one of two ways [11].
First, shortening can occur in actively dividing cells through the loss
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of short pieces of DNA at the ends of chromosomes during each round
of replication. Second, it can occur as a result of DNA damage from
environmental insults, such as oxidative stress, which causes the loss
of long fragments of telomeric DNA [6,10,12]. Because cell divisions
and cell damage accumulate over time, both of these processes are
likely to contribute to the telomere shortening that has been reported
to occur with aging [11]. This makes senescent cells, and the disorders
to which they contribute, more prevalent in older individuals.

If RPE cell senescence contributes to AMD, then certain conditions
should apply. First, the telomere lengths of RPE cells in retinas
affected by AMD should be sufficiently short to be consistent with
the presence of cell senescence. This should be particularly true in the
central region, which contains the macula, since the macula is more
affected by this disorder [13,14]. Some studies with animal models
of AMD, which also show greater RPE damage centrally, suggest that
this damage due to oxidative stress [15]. Second, the RPE cell telomere
lengths in the central region of retinas affected by AMD should also
be shorter than those in the peripheral region, which is less effected
by the disorder [13,14]. Finally, there should be a more significant
shortening of telomeres in central region of retinas affected by AMD
than of those unaffected by this disorder. The present study assesses
the telomere lengths of RPE cells from the central and peripheral
regions of both retinas affected by AMD and those unaffected by
this disorder to determine whether these conditions are met and,
thereby, the hypothesis that RPE cell senescence contributes to AMD
is supported.

Materials and Methods
Human RPE cells

Human eyes were obtained postmortem from 11 donors over the
age of 70 years (range=71-92 years of age; one eye per donor) from
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the Anatomic Gift Foundation (Hanover, MD). The medical records
of 6 donors contained a diagnosis of AMD from a licensed medical
doctor whereas the other 5 had not been diagnosed with any ocular
disease except cataracts. The ages of donors with AMD (average=85)
and donors with no retinal disease (average=81) were not significantly
different (two-tailed t-test, p=0.187). The donor eyes were removed
within 24 hours after death, placed on ice, and shipped to our
laboratory overnight. The retinas with the attached choroid and RPE
layers were dissected from the eyes within 24 hours of arrival at the
laboratory. The tissue was divided into a central region, which was
taken to be the area lying within a circle 1 cm in diameter centered on
the fovea, and a peripheral region, comprising the remaining tissue.
The RPE layer was then separated from the retinal and choroidal
layers in both the central (central RPE) and the peripheral samples
(peripheral RPE) and frozen until DNA extraction (1-4 days).

Cell culture

ARPE-19 cells (CRL-2302; non-transformed) were thawed and
cultured according the instructions provided by the supplier (ATCC).
Briefly, the cells were quickly thawed and grown in T-25 cell culture
flasks in 5 ml of DMEM: F12 culture medium supplemented with 10%
FBS. The cells were re-fed after 3-4 days. After one week of growth
in the flask, the cells were released with Trypsin-EDTA and counted
using a Moxi-Z™ cell counter (Orflo Technologies; Hailey, ID). The
Moxi Viability Index™ was used as an indicator of cell viability, and
all cultures had a viability index of at least 90%. One tenth of the cells
were then transferred into a new flask and diluted to the original
volume with fresh medium. The culturing process was then repeated.
The population doubling level (PDL) was calculated as equal to 3.32 x
(log Xe - log Xb) + S, where Xb is the number of cells seeded, Xe is the
cell number at the end of the growth period (i.e. before splitting), and
S is the starting PDL.

Measurement of terminal restriction fragment length

Genomic DNA was isolated from the APRE-19 cells or dissociated
RPE cell layers using a Cyclo-Prep™ genomic DNA purification kit
(VWR, Radnor, PA). The DNA was then concentrated using a DNA
Clean and Concentrator™-5 kit (Abcam, Cambridge, MA). Terminal
Restriction Fragments (TRF) were prepared and sized on agarose gels
using the TeloTAGGG telomere length assay kit (Fisher Scientific,
Pittsburgh, PA). The blots from the agarose gels were scanned with an
Alpha Imager (Protein Simple, Santa Clara, CA), and the bands were
analyzed with the GelAnalyzer™ software package (www.gelanalyzer.
com). TRF lengths were calculated as specified in the TeloTAGGG kit
instructions.

Statistical analysis

Individual means were compared using t-tests. When multiple
t-tests were performed on the same data set, the probabilities were
adjusted using the False Discovery Rate (FDR) method of Benjamini
and Hochberg [16].

Results and Discussion

In the present study, relative telomere lengths were assessed by
measuring the TRF lengths of genomic DNA. This approach is well
accepted for comparing telomere lengths and its results agree with
those of other quantitative measurement techniques [17]. In order to
estimate the TRF length associated with RPE cell senescence, ARPE-
19 cells were cultured through a sufficient number of population
doublings bringing them nearly to the PDL level at which senescence

occurs. Although some controversy exists over the use of these cells
as a surrogate for native human RPE cells, we and others have shown
that ARPE-19 cells display many of the attributes of native RPE cell if
used prior to the onset of senescence, which occurs between 59 and
77 population doublings [18-20]. After this point, they also display
many of the signs generally seen in senescent cells including the
appearance of a senescent-like cell morphology, increased staining for
senescence-associated beta-galactosidase activity, and an attenuation
in the rate of telomere shortening [18]. In addition, cultured RPE cells
of other types also show both telomere shortening and the cellular
characteristics of senescence when induced to senesce prematurely by
oxidative stress [5].

RPE cells were also obtained from the eyes of human donors of
greater than 70 years of age. Some of these donors had been diagnosed
with AMD, and others had no diagnoses of ocular disorders other than
cataracts. Because the length of time between the death of the donor
and isolation of RPE cell DNA differed between donors, and could
be up to 6 days long, we investigated whether this delay had an effect
on the measurement of TRF length. When TRF lengths were plotted
as a function of interval between donor death and DNA isolation we
found that only a miniscule reduction in TRF length was associated
with the increased delay in its measurement (Figure 1). This supports
the reliability of our TRF length measurements, and agrees with other
reports of the stability of postmortem DNA [21].

Figure 1: Effect of postmortem delay in DNA extraction and purification on measured
TREF length. Values show the average of central and peripheral TRF measurements in
kilobases (kb). The line representing a linear fit of the data is nearly horizontal (y =
0.0065x+3.24; R* = 0.0001) demonstrating very little relationship between TRF lengths
measured and postmortem delay.

ARPE-19 cells that were approaching senescence (PDLs 51 to
55) were found to have TRF lengths averaging 3.10kb (Table 1).
This agrees with our previous findings, and is similar to the results
obtained by others with primary RPE cells [5,18]. This TRF length
is shorter than those for ARPE-19 cells at lower PDLs. For example,
ARPE-19 cells at PDL 24 have a TRF length of 4.16kb [18]. The TRF
lengths of RPE samples from the central areas of retinas affected by
AMD were very similar to those of the pre-senescent ARPE-19 cells
(Table 1). Although ARPE-19 cells are only a surrogate for native
RPE cells, as discussed above, and there were differences between the
culturing and assaying of these two types of cells, this result suggests
that cell senescence was at least imminent, if not already present, in
the native RPE cells. Interestingly, the TRF lengths of RPE cells from
the central areas of control eyes were also similar to those for pre-
senescent ARPE-19 cells, and were, in fact, slightly shorter than those
from AMD affected eyes. A parallel difference, however, was seen in
the RPE cells from the peripheral areas, which are less affected by
AMD [13,14]. This suggests that differences in TRF lengths between
the AMD affected and control retinas were more related to variations
in telomere dynamics between the donors than to AMD pathology.
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Sample TRF Length (kb) N
ARPE-19 - PDL 51.0 - 55.0 3.10+0.17
AMD Retina - Macular 3.25+1.10 6
AMD Retinal - Peripheral 3.57 £1.06 6
Shortening in Macular vs. Peripheral 0.22 +0.21* 6
Control Retina - Macular 2.80 +0.53 5
Control Retinal - Peripheral 3.08 +0.62 5
Shortening in Macular vs. Peripheral 0.28 +0.53¢ 5

Table 1: TRF lengths of DNA isolated from ARPE-19 cells approaching cell senescence
and from the retinas of donor eyes. Donor eyes had either been diagnosed with AMD
or found free of retinal disease (Control). Values for TRF length are given in kilobases
(kb) and represent means plus or minus standard deviations. The number of combined
samples is shown under “N”.

*Macular region significantly shorter than peripheral region, one-tailed paired t-test,
p<0.05

HMacular region not significantly shorter than peripheral region, one-tailed paired
t-test, p=0.68

In AMD affected retinas, there was a reduction of TRF lengths in
the central retina compared to the peripheral retina and this reduction
was statistically significant (Table 1). The individual reductions in
central relative versus peripheral TRF lengths in control and AMD
retinas are compared in figure 2. What is notable is not the average
amount of reduction, which was similar between the two groups, but
the consistency of the reduction in the AMD retinas. The TRF lengths
of 5 of the 6 central samples from the AMD group were at least 100
base pairs (bp) shorter than the peripheral samples, and even the
sixth sample had a small reduction (Figure 2). The finding that the
TRF lengths of RPE cells in the central region were uniformly and
significantly shorter than those in the periphery in retinas affected by
AMD suggests that the central RPE cells had a more senescent profile.
In the control retinas, only 2 of 5 central regions had RPE cell TRF
lengths that were at least 100bp shorter than their peripheral samples,
and one had a TRF length 750 bp greater than the peripheral sample
from the same retina (Figure 2). Thus, although the control retinas had
an average reduction in RPE cell TRF lengths between the central and
peripheral regions similar to that in the AMD retinas, the reduction
was not consistent and, consequently, not statistically significant
(Table 1). Lack of a significant difference in telomere lengths between
RPE cells from central and peripheral has also been reported by others
using a somewhat broader age range of samples [22].

Figure 2: Differences between TRF lengths in central and peripheral retina from ret-
inas affected by AMD and from control retinas. Negative values indicate a shorter
length centrally. Lengths are as in Figure 1.

Conclusions

The present study shows that RPE cells in the central region of
retinas affected by AMD have TRF lengths that are in the range found

ARPE-19 cells that are nearing senescence. This suggests that these
RPE cells are at least approaching cell senescence. The TRF lengths of
RPE cells from the central regions of control retinas were, however, also
of a similar length to those of APRE-19 cells approaching senescence.
Thus, the approach of RPE senescence based on a short TRF length
does not appear to be a sufficient condition for the occurrence of
AMD. This may be because short TRF lengths do not indicate when
RPE cells have actually crossed the threshold to senescence. Thus, in
the present study, the relative lengths of central and peripheral TRF’s
were compared to determine whether RPE cells from the central
retinal in AMD eye were at least closer to senescence than those from
control eyes based on having relatively shorter TRF lengths.

Although RPE cells from the central region of control retinas
appeared to have shorter TRF lengths than those from the peripheral
region, this difference was neither consistent nor statistically significant.
In fact, one the five samples had a longer TRF length centrally and in
two others the reduction was minimal (less than 100bp). On the other
hand, in the AMD retinas, central RPE cells had TRF lengths that were
consistently shorter than those from peripheral retina. Thus, although
the average shortening was of the same magnitude as in the control
retinas, it was seen in all six samples, was greater than 100 bp in five of
the six, and was statistically significant.

In summary, two of the three conditions set forth earlier in this
report for supporting the contribution of RPE cell senescence to AMD
(i.e. short RPE cell telomeres in retinas affected by AMD and shorter
telomeres in the central areas of retinas affected by AMD than in the
peripheral areas) appear to have been met. The third condition, a
more significant shortening of RPE cell telomeres in the central region
of retinas affect by AMD than in control retinas, also appears to have
been met since there was a consistent, and statistically significant,
relative shortening of RPE TRF lengths in central compared to
peripheral retina in AMD retinas but not in control retinas. Thus,
the present results generally support a role for RPE cell senescence in
AMD.

There are, however, at least two caveats to this interpretation. The
first is the possibility that both the shortening of telomeres in central
retinal RPE cells and the pathology of AMD may occur in response
to other aging or lifestyle related disorders, but that the telomere
shortening does not contribute to the pathology of the AMD. The
likelihood of this is tempered by the many connections that have been
found between the physiology of cell senescence and the pathology of
AMD [3]. The second is that, given the relatively modest shortening of
TREF lengths in central areas of AMD retinas compared to peripheral
areas and the small sample size of this study, the present results may
not be generalizable. Both of these qualifications point to the need for
additional corroborative data.
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