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ABSTRACT

Telomeres, the non-coding sequences at the ends
of chromosomes, in the absence of telomerase,
progressively shorten with each cell division.
Shortening of telomeres can induce cell cycle arrest
and apoptosis. The aim of this study was to investi-
gate age- and gender-related changes in telomere
length in the rat and to detect possible tissue-
specific rates of telomere shortening. Changes with
age in telomere lengths were assessed by Southern
blotting in the kidney, pancreas, liver, lung and
brain of male and female rats. We determined the
percentage of telomeres in various molecular size
regions rather than measuring the average telomere
length. The latter was unable to detect telomere
shortening in the tissues. The percentage of short
telomeres increased with age in the kidney, liver,
pancreas and lung of both males and females, but
not in the brain. Males had shorter telomeres than
females in all organs analysed except the brain,
where the lengths were similar. These findings indi-
cate that telomeres shorten in the rat kidney, liver,
pancreas and the lung in an age-dependent manner.
These data also provide a novel mechanism for the
gender-related differences in lifespan and suggest a
tissue-specific regulation of telomere length during
development and ageing in the rat.

INTRODUCTION

Telomeres are the physical ends of linear chromosomes. In
mammals, telomeres are composed of a variable number of
tandem repeats of DNA that are made up of (TTAGGG),
repeats (1). Although the bulk of telomeric DNA is double
stranded, the extreme terminus is a single-stranded G-rich 3’
overhang that serves as a template for elongation and forms a
telomeric ‘T-loop’. This loop is stabilised by certain telomere-
binding proteins, notably TRF1 and TRF2 (2). The functions
of telomeres appear to include protection of chromosomes
from illegitimate fusion, the localisation of chromosomes in
the nucleus and the selective silencing of proximal subtelo-
meric genes (3). The telomeric repeat sequences are added
on by the enzyme telomerase (4,5) which, when present,

compensates for the loss of DNA from the end of chromo-
somes due to incomplete replication. In normal human
somatic cells, because of inherent limitations in the mechanics
of DNA replication, telomeres shorten at each cell division. In
the absence of telomerase, when telomere shortening reaches a
critical limit, cells are susceptible to chromosomal aberrations
such as end-to-end fusion and aneuploidy. In such a situation,
the cells cease to divide and reach replicative senescence.
Telomere length in a given cell thus may serve as a marker of
its replicative history and of the residual capacity for further
cell division.

Although the telomeric sequence was shown to be highly
conserved among eukaryotic vertebrates throughout evolution
(1), the length of telomeres differs between species. In
humans, telomeres are up to 20 kb in length (6). In contrast,
rodent telomeres have been reported to be heterogeneous in
length (7). Mus musculus has been reported to have telomeres
up to 150 kb in size (8). Mus spretus, however, has telomeres
with similar lengths to humans (up to 30 kb in size) (7),
whereas rat telomere lengths range from 20 to 100 kb (9,10).

In humans, both in vivo and in vitro, telomere shortening
appears to be a major component of cell senescence and
ageing (reviewed in 11,12). Telomeres have been reported to
shorten during post-natal development and ageing in liver
(13,14), kidney (15) and lymphocytes (16). However, this is
less apparent in mice because of the very long telomeres
(30-150 kb). Telomere shortening has been extensively
studied in mice, especially in telomerase-deficient knockout
mice (17-19). In these mice, the critical RNA component of
telomerase, mTERC, has been inactivated by homologous
recombination. However, it is only after four to six gener-
ations that telomere shortening really becomes an issue
(20,21). Thus, there is a need for an experimental animal
which more closely mimics the human situation in order to
study in more detail and under controlled conditions the role
of telomere shortening in tissue and organism senescence.
We have reported relationships between kidney telomere
shortening and longevity in the rat (10) and a difference in
longevity between male and female rats (22). Males have a
shortened lifespan compared to their female counterparts. It
therefore seemed important to extend these observations to a
wider study of inter-tissue and inter-gender features of
telomere shortening in the rat.

Therefore, the aim of this study was to investigate, in the
rat, telomere changes during post-natal development and
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ageing in various tissues in vivo and to verify whether there is
an effect of gender on the rate of telomere shortening.

MATERIALS AND METHODS

Animals

All the procedures involving animals were conducted under
the British Animals (Scientific Procedures) Act (1986).
Animals were maintained on standard chow. Food and water
were provided ad libitum. Three age groups of male and
female Wistar rats were studied (at 21 days and 3 and
15 months of age). At each time point, the males and females
used were littermates.

The neonates were killed at 21 days. The remaining animals
were maintained individually at 22°C on a controlled 12 h
light/dark cycle. They were fed ad libitum and killed at either
3 or 15 months. Kidney, liver, pancreas, lung and brain tissues
were collected and snap frozen in liquid nitrogen. Samples
were kept at —80°C until the time of DNA extraction and
analysis.

Telomere detection

In order to avoid shearing the genomic DNA during extrac-
tion, a commercial method (Qiagen, UK) which gave a mean
molecular size of genomic DNA of 97 kb was used. Rat tissues
were rapidly homogenised in a tissue lysis buffer [S00 mM
guanidine HCl, 30 mM Tris—HCI1 (pH 8.0), 5% Tween-20,
0.5% Triton X-100]. The tissue homogenate was incubated
overnight at 50°C with 500 pl proteinase K and 19 ul RNase
A. DNA was dissolved in 1X Tris EDTA buffer and heated at
50°C for 2 h. The isolated genomic DNA was quantified using
a spectrophotometer (GeneQuant; Pharmacia Biotech, UK).

An aliquot (1.2 pg) of DNA was digested with Hinfl and
Rsal (16.6 U/ug DNA each) (Roche Diagnostics, Mannheim,
Germany) at 37°C for 2 h. The digests (20 ul) were loaded
onto a 0.8% agarose gel (Bio-Rad, Hercules, CA) and resolved
by pulsed field gel electrophoresis (Chef-DR III; Bio-Rad,
Hercules, CA) at 6 V/cm with a switching time of 1-30 s for 9
h to resolve DNA sizes between ~1 kb and 1 Mb.

A Mid Range PFG Marker I (New England Biolabs, MA) as
well as an undigested DNA sample were run in each gel. For
gender comparison, the digested DNA samples from five
tissues of one neonate, one adult (3 month) and one old
(15 month) rat were run on the same gel. At each time point, a
total of eight males and eight females were analysed. For the
ageing part of the study, the digested DNA samples from five
tissues of one male and one female were run on the same gel.
Every set of samples was run in duplicate on a separate gel. A
total of eight male and eight female samples were analysed.

After electrophoresis, gels were examined by ethidium
bromide staining and photographed with a P/N Polaroid film
for the absence of non-specific degradation and complete
digestion for the undigested and digested DNA, respectively.
The DNA fragments were then transferred by Southern
blotting to a positively charged nylon membrane (Roche
Diagnostics, Mannheim, Germany). The transfer was done
overnight at room temperature using 20X SSC. The DNA was
cross-linked to the nylon membrane using a UV Stratalinker
(TM 2400; Stratagene).
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The chemiluminescence detection of the telomeric repeats
was performed using a slightly modified commercial method
(Roche, Germany). The blotted DNA fragments were hybrid-
ised to a 5-TTAGGG-3’ digoxigenin (dig)-labelled probe
specific for telomeric repeats. Hybridisation was carried out at
42°C in a Techne-hybridiser HB-1D oven for 3 h and washed
as recommended by the manufacturer. The membrane was
then incubated with dig-specific antibody covalently coupled
to alkaline phosphatase. The telomere probe was visualised by
alkaline phosphatase metabolising cdp-star, a highly sensitive
chemiluminescence substrate (provided with the kit). The
membrane was then exposed to a hyperfilm ECL (Amersham
Pharmacia). The DNA blots were analysed using Adobe
PhotoShop and MAC Bas computer software.

Analysis and quantification of telomere lengths

There is increasing evidence suggesting that regardless of
mean telomere length, one critical short telomere may cause a
cell to enter senescence (23). Therefore, we compared
telomere length measurement using the more established
method based on the average telomere lengths (mean terminal
restriction fragments, mean TRF) and the recently described
method (10) where we determined the percentage of telomeres
in four intervals of length as defined by molecular size
markers. Briefly, the intensity (expressed as photo-stimulated
luminescence, PSL) was quantified as follows: each telomeric
sample was divided into specific grid squares according to the
following molecular size ranges: 112-48.5, 48.5-8.6, 8.6-4.2
and 4.2-3.1 kb. The percentage of PSL (% PSL) in each
molecular weight range was measured (% PSL = intensity of a
defined region — background X 100/total lane intensity —
background). For each sample, the average value of % PSL
from duplicate analyses was then calculated. Using the same
gels, the mean size of the TRF length was estimated in each
telomeric smear. All lanes were subdivided into intervals of
~1-2 mm. The mean size of the TRF was estimated using the
formula Y,(OD; — background)/>(OD; — background/L;) (24),
where OD; is the chemiluminescent signal and Z; is the length
of the TRF fragment at position i.

To minimise any differences arising between gels, a DNA
control sample was run on every gel. Any gel where the %
PSL in any of the four telomeric regions analysed was >1.5 SD
from the mean was discarded from the analysis and that gel
repeated.

Statistical analysis

Statistical comparisons were made using the unpaired
Student’s z-test or two-way analysis of variance (ANOVA)
with age and gender as independent variables followed by
Scheffe’s test where appropriate.

RESULTS
Comparison of the two methods of analysis of TRFs

We compared two methods of assessing telomere length: first
by measuring the average length and secondly by determining
the percentage of the telomeres in various molecular length
regions. The latter method was found to be much more
sensitive in detecting changes and was therefore preferred.
When we used the TRF method to analyse the renal tissue
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(Fig. 1), we were unable to detect any differences at the three
ages studied. However, when we used the new way of analysis
of TRF data on the same gels (% PSL), we showed an increase
in the shorter telomeres (4.2—1.3 kb) in the male kidneys at 3
months compared to the neonates and at 15 months compared
to both the neonates and the 3-month-old rats (Fig. 2B). This
suggests that small changes in telomere size are masked when
using the mean TRF conventional method. Moreover, the
novel method allowed a greater overall interpretation of the
range of various sized telomeres which exist within a tissue
and helped to determine whether or not the size distribution of
telomeres changed with age in male and female Wistar rats.

Age-related telomere shortening in male rats

We analysed telomere length changes with age in the kidney,
liver, pancreas, lung and brain of male Wistar rats at 21 days
and 3 and 15 months.

In the brain, telomere lengths remained stable with age in
the four telomeric regions. No age-related telomere shortening
was detected in the brain of the male rats (Fig. 2A).

In the kidney, 21-day-old males had a higher proportion of
telomeres in the 112-48.5 and 48.5-8.6 kb regions compared
to both 3- and 15-month-old rats (P < 0.01) (Fig. 2B). The
neonates also had a lower proportion of short telomeres in
the 4.2-1.3 kb size region compared to 3- and 15-month-old
rats (P < 0.01 and P < 0.001, respectively). At 3 months,
the kidney had more shorter telomeres in the 4.2-1.3 kb
size region than the 21-day-old group (P < 0.01). At
15 months, fewer telomeres were detected in the 112-48.5
and 48.5-8.6 kb size regions compared to 21-day-old and
3-month-old rats (P < 0.01 and P < 0.05, respectively). The
15-month-old group had a higher proportion of short
telomeres in the 8.6-4.2 and 4.2-1.3 kb regions when
compared to both 21-day-old and 3-month-old rats.

A similar pattern was observed in the liver (Fig. 2C),
pancreas (Fig. 2D) and lung (Fig. 2E). Indeed, compared to the
old rats, these tissues at 21 days had more long telomeres in
the 112-48.5 and 48.5-8.6 kb regions and fewer shorter ones
(4.2-1.3 kb). In all the tissues analysed, at 21 days of age
telomeres are mainly large in size and show a similar
distribution. Apart from the brain, a significant telomere
shortening occurs between 3 and 15 months of age in all the
tissues with an earlier decline in telomere length observed in
the kidney between 21 days and 3 months.

Age-related telomere shortening in females

In female brains, similarly to their male littermates, we could
not detect any age-related telomere shortening in this tissue
(Fig. 3A). Telomere length distribution in female brains was
similar to the one found in males in the four molecular size
regions and at the three ages studied.

In renal tissue, the proportion of long telomeres
(112-48.5 kb) was high at weaning (P < 0.01) and decreased
at 15 months of age (Fig. 3B). In the shortest region
(4.2-1.3 kb), 15-month-old female rats showed a significantly
higher proportion of telomeres compared to 21-day-old and
3-month-old rats (P < 0.05 and P < 0.01, respectively). In the
four regions analysed, kidney telomere lengths were similar in
21-day-old and 3-month-old rats.

Similar changes were observed in the liver (Fig. 3C),
pancreas (Fig. 3D) and lung (Fig. 3E). Indeed, these tissues

20

Mean TRF

21 days 3 months 15 months

Figure 1. Average telomere length (TRF) in the kidney of 21-day-old and
3- and 15-month-old male Wistar rats. Analysis was performed on the same
gels used in this study. The TRF in the kidneys was calculated at 21 days
and 3 and 15 months.

show similar distributions in telomere lengths in the four size
regions. Apart from the brain, a significant telomere shorten-
ing occurred between 3 and 15 months of age in the female
tissues with a greater decline in telomere length in the
pancreas (P < 0.001).

Telomere lengths in male and female tissues

At 21 days, males and females have similar telomere lengths
in all the organs analysed.

At 3 months of age, brain telomeres of males and females
were of similar length. In all the other tissues analysed
(kidney, liver, pancreas and lung) males had fewer long
telomeres in the 112-48.6 kb size region and more shorter
ones in the 4.2-1.3 kb size region compared to females
(Fig. 4A-D).

At 15 months of age, analysis of kidney, liver and pancreas
(Fig. SA—C) showed that males had a lower proportion of long
telomeres (112-48.5 and 48.5-5.6 kb) (P < 0.01) and a higher
proportion of short telomeres (4.2—1.3 kb) (P < 0.001) than
females. However, telomere lengths were similar in the brain
and the lung of both genders. In the brain, the percentage of
telomeres in the 112-48.5 kb region was 25.6 = 0.8%,
whereas telomeres with a length in the 4.2—1.3 kb region were
20.5 = 0.6%. In the lung, the percentage of telomeres in the
112-48.5 kb region was 21.2 = 0.8%, whereas the percentage
of telomeres in the 4.2—1.3 kb region was 23.6 = 0.6%.

DISCUSSION

The results of the current study indicate that telomeres in the
rat shorten with age in the liver, lung, kidney and pancreas,
whereas the length of brain telomeres remains constant with
age. We also report, for the first time in the rat, the effect of
gender on telomere shortening.

We show clearly in this study that the mean TRF length
method is unable to detect small changes in telomere size or to
visualise the length of individual short telomeres in a
distribution of TRFs. There is increasing evidence suggesting
that it is not average telomere length, but rather individual
critically short telomeres that trigger cellular responses to the
loss of telomere function (23). We demonstrated the ability of
our novel method of telomere analysis to detect small changes
in the renal tissue from the three ages while the analysis of the
same Southern blots based on the mean TRF length did not
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Figure 2. Telomere shortening with age in male Wistar rats. Genomic DNA was extracted from (A) brain, (B) kidney, (C) liver, (D) pancreas and (E) lung at
21 days (white columns), 3 months (grey columns) and 15 months (black columns). Each telomere smear was divided into four regions according to a
molecular weight marker: 112-48.5, 48.5-8.6, 8.6-4.2 and 4.2-1.3 kb. Values are means of n = § = SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 compared
to the 21-day-old group; *P < 0.05, ~P < 0.01 and “*P < 0.001 compared to the 3-month-old group using ANOVA 2 test.

show any difference. A loss of a few hundred base pairs from
short telomeres could be important to cellular ageing but may
go undetected by traditional mean TRF analysis as the TRFs
with few telomeric repeats could have been obscured by the
strong signal from other TRFs with long telomeres. Studies
with various strains of mice with large telomeres did not detect
changes in the mean TRF lengths with age or any differences
between tissues, but reported great variability (25,26).

Moreover, the novel method of telomere analysis allowed a
greater overall interpretation of the range of various sized
telomeres which exist within a tissue and helped to determine
whether or not the size distribution of telomeres changed with
age in male and female Wistar rats. For these reasons, we used
this novel method for all subsequent analysis.

Age-related telomere shortening that we show in the rat has
been reported in several rodent tissues. We have previously
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Figure 3. Telomere shortening with age in female Wistar rats. Genomic DNA was extracted from (A) brain, (B) kidney, (C) liver, (D) pancreas and (E) lung
at 21 days (white columns), 3 months (grey columns) and 15 months (black columns). Each telomere smear was divided into four regions according to a
molecular weight marker: 112-48.5, 48.5-8.6, 8.6—4.2 and 4.2—1.3 kb. Values are means of n = 8 = SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 compared
to the 21-day-old group; *P < 0.05, P < 0.01 and P < 0.001 compared to the 3-month-old group using ANOVA 2 test.

shown that kidney and liver telomeres shorten with age in rats ageing rats. Unlike humans, several rat somatic tissues express
(10). In addition, telomeres in rat myocytes (27) and in lens telomerase activity (29). However, the presence of telomerase
epithelial cells (28) have also been shown to be shorter in does not always prevent telomere shortening (30). It has been
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Figure 4. Telomere length analysis reflects gender differences at 3 months of age. Genomic DNA was extracted from (A) kidney, (B) liver, (C) pancreas and
(D) lung of males (white columns) and females (black columns). Each telomere smear was divided into four regions according to a molecular weight marker:
112-48.5, 48.5-8.6, 8.6—4.2 and 4.2-1.3 kb. Arbitrary units (% PSL) were calculated for each size region. Values are means of n = 8§ = SEM. *P < 0.05,

*#P < 0.01 and ***P < 0.001 using the unpaired Student’s #-test.

suggested that telomerase activity might be constitutive in
some rat tissues, as is the case in the rat mammary epithelium
3.

In M.spretus, telomeres have been shown to shorten with
age only in the brain and spleen, whereas no age-related
changes in telomere lengths were found in liver, testis or
kidney (25). In the latter, telomerase activity was undetect-
able. However, it should be noted that the authors have based
their conclusions on the mean TRF measurements.

In humans, telomere length is relatively short, highly
variable between tissues and individuals and, with regard to
replicating somatic cells, inversely related to donor age
(32,33). The length of telomeres in most human somatic cells
decreases with age (34,35). Consistent with this observation,
some investigators have reported that most somatic cells do
not express telomerase (36,37). However, other studies have
reported telomerase activity in some somatic cells (38) and,
therefore, other factors besides the presence of telomerase
activity also appear to be involved in the regulation of
telomere length. An alternative lengthening of telomeres
(ALT) has been described recently in human cells. In the
absence of any detectable telomerase activity, ALT occurs by
means of homologous recombination and copy switching (39).

The tissues chosen in this study were selected in order to
represent different tissue types and on the basis that they, the

kidney in particular, may be important in terms of deterior-
ation and mortality in rats. The tissue-specific differences in
age-related telomere shortening that we report in this study
(brain versus the other tissues) reflect differences in cell
growth in the tissue types examined. Unlike human, rats have
most of their rapid division after birth. The liver, kidney,
pancreas and lung are expanding cell populations during post-
natal life whilst in contrast, the brain is a static cell population
(40).

The telomere shortening occurring between 3 and 15
months of age in both genders may not be due only to the end
replication problem but may also be caused as a response to
oxidative damage. In effect, oxidative damage to DNA
accumulates over the lifetime of a cell or an organism and
has been suggested for a long time to be a causal factor for
ageing (41).

We report in this study that females have longer telomeres
than males. This finding is consistent with their increased
longevity compared to males. This is the first time that a
gender-related telomere shortening has been reported in rat.
For a given chronological age, biological ageing of males is
more advanced than that of females. Similar findings have
been reported in mice (25) and humans (15). In M.spretus,
male telomeres in liver, kidney, spleen and brain were shorter
than in females (25). Also in humans, age-adjusted telomere
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Figure 5. Telomere length analysis reflects gender differences at 15 months
of age. Genomic DNA was extracted from (A) kidney, (B) liver and
(C) pancreas of males (white columns) and females (black columns). Each
telomere smear was divided into four regions according to a molecular
weight marker: 112-48.5, 48.5-8.6, 8.6-4.2 and 4.2-1.3 kb. Arbitrary
units (% PSL) were calculated for each size region. Values are means of
n =38 £ SEM. **P < 0.01 and ***P < 0.001 using the unpaired Student’s
t-test.

length was longer in white blood cells from women than in
those from men. In both genders, telomere length was
inversely correlated with age (15). The difference in telomere
length between males and females might explain why women
have a longer lifespan (42,43).

The finding of gender differences in tissue telomere lengths
in the kidney, liver, lung and pancreas is one line of evidence

that suggests that there is gender- and tissue-related telomere
length regulation and, moreover, may point to a hormonal
component of rat telomere length regulation. In effect, no
gender difference in tissue telomere lengths was detected in
the neonates. However, differences were noted at 3 and 15
months, suggesting the implication of the pubertal hormones
in the control of telomere length. Recently, female hormones
such as oestrogens have been shown to protect telomeres from
shortening (44,45). The similarity of telomere lengths in the
male and female brains of which the cell number is fixed at
birth indicates in addition that the gender-related telomere
shortening might be due to an accelerated cell division in other
male tissues compared to the female.

These findings indicate that telomeres shorten in the rat
tissues in an age- and gender-dependent manner. These data
provide a novel mechanism for the gender-related lifespan
difference and suggest a tissue-specific regulation of telo-
meres during development and ageing in the rat. The latter
might be used as a model to help understand the biology of
telomeres in the human ageing process.
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