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A major limitation of studies of the relevance of telomere length
to cancer and age-related diseases in human populations and to
the development of telomere-based therapies has been the lack of
suitable high-throughput (HT) assays to measure telomere length.
We have developed an automated HT quantitative telomere FISH
platform, HT quantitative FISH (Q-FISH), which allows the quantification of telomere length as well as percentage of short telomeres in large human sample sets. We show here that this technique provides the accuracy and sensitivity to uncover associations
between telomere length and human disease.
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elomeres are special structures at the ends of eukaryotic
chromosomes that protect them from degradation and DNA
repair activities (1). Telomerase is a reverse transcriptase that
elongates telomeres in those cells where it is expressed, such as germ
cells and stem cell populations (2, 3). Telomerase activity levels in
adult tissues, however, are not sufficient to prevent telomere
shortening associated to cell division, eventually leading to chromosomal instability and compromising tissue function (4–6). The
notion that telomere shortening leads to loss of organismal viability
is supported by premature aging phenotypes in late generation
telomerase-deficient mice (5, 6) and by humans with decreased
levels of telomerase and short telomeres, such as some cases of
Dyskeratosis congenita and aplastic anemia (7, 8). In contrast, cancer
cells maintain their telomeres by up-regulating telomerase or by
activating alternative telomere lengthening mechanisms (9, 10).
Despite the relevance of telomere length to cancer and age-related
diseases, on a few studies validated telomere length as a predictor
for organismal fitness in human populations (11–13). Similarly, only
a few telomere-based anticancer therapies have been developed to
date by screening large compound libraries (14). These important
drawbacks in telomere research have been due, at least in part, to
the lack of fast and reliable high-throughput (HT) quantitative
platforms to measure telomere length in large sample sets.
Results
Design and Validation of an HT Telomere Length Quantification
Method. Quantitative fluorescence in situ hybridization (Q-FISH)

of telomeres on metaphase spreads has been extensively used to
obtain quantitative information on telomere length distributions
(15–17). Also, the low detection limit of Q-FISH (⬍0.1 kb of
telomere repeats) allows quantification of critically short telomeres
(15–17), which is particularly relevant, because the frequency of
critically short telomeres, rather than the mean telomere length, is
determinant for telomere dysfunction (18, 19). An important
drawback of the conventional Q-FISH technique on metaphases
has been, however, that it is extremely laborious and timeconsuming, thus precluding its application to human population
studies and HT screenings. Here, we have developed an automated
HT Q-FISH telomere-length analysis platform. Supporting information (SI) Fig. 5A shows the set-up and work-flow of this HT
Q-FISH method, which builds on conventional Q-FISH (15–17)
and combines labeling of telomeres in interphase nuclei, using a
fluorescent peptide nucleic acid (PNA) probe against telomeric
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repeats, with automated HT microscopy in 96-well plates (see
Materials and Methods). With this procedure, an entire 96-well plate
can be processed in about 2 h.
To validate automated HT Q-FISH, we chose a panel of mouse
and human cell lines and determined their telomere lengths either
by conventional telomere Q-FISH on metaphase spreads (SI Fig.
5B for representative metaphases) or HT Q-FISH (SI Fig. 5C for
representative images of interphase nuclei, Fig. 1A for histograms
showing the telomere length distribution of each cell line after HT
Q-FISH). In all cases, telomere fluorescence values were converted
into kb (see Materials and Methods) to compare HT Q-FISH results
with those obtained by Q-FISH as well as other techniques (see
below). Importantly, the mean telomere length values, as determined by HT Q-FISH, correlated excellently with the telomere
length values that were obtained by using conventional Q-FISH
analysis (highly significant, P ⬍ 0.001; Fig. 1 B and C), indicating
that HT Q-FISH is as powerful and accurate as conventional
Q-FISH for average telomere length determinations. Of notice, the
larger standard deviation values of HT Q-FISH compared with
Q-FISH on metaphases are likely to be because Q-FISH measures
only a subpopulation of cells (mitotic cells), whereas HT Q-FISH
measures all cells within the previously established size and shape
limits of the DAPI-stained nucleus or the region of interest (ROI)
(see Materials and Methods for details). Importantly, HT Q-FISH
allows generation of telomere length frequency histograms and
determination of the percentage of cells with critically short telomeres. In particular, we measured the percentage of nuclei with
telomeres shorter than 6 kb (⬍6 kb) in all cell lines including third
generation (G3) telomerase-deficient (Terc⫺/⫺) mouse embryonic
fibroblasts (MEF), and the corresponding wild-type controls (Fig.
1D). As expected, human cell lines showed an increased percentage
of nuclei with telomeres with a length ⬍6 kb compared with mouse
cell lines, and G3 Terc⫺/⫺ MEF showed increased percentage of
nuclei with telomeres ⬍6 kb compared with the wild-type controls,
in agreement with shorter telomeres in these mice (Fig. 1D). To
further validate HT Q-FISH, we compared side-by-side HT QFISH results with those obtained with an independent Q-FISH
technique based on flow cytometry, called ‘‘Flow-FISH’’ (20). We
found a very good correlation between HT Q-FISH and Flow-FISH
results (highly significant, P ⬍ 0.001) (SI Fig. 6). Finally, we also
validated HT Q-FISH with an independent technique not based on
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fluorescence, terminal restriction fragment analysis, which is based
on Southern blot analysis of MboI digested DNA (see Materials and
Methods). Again, HT Q-FISH values nicely correlated with terminal restriction fragment values (highly significant, P ⬍ 0.001) (SI
Fig. 7).
We have further developed HT Q-FISH to simultaneously
capture and analyze telomere and centromere (major satellite)
fluorescence on an individual cell-to-cell basis (see Materials and
Methods), which allows normalization of average telomere fluorescence to the centromeric major satellite fluorescence for every
individual cell. As shown in Fig. 2, both average telomere length as
well as telomere length frequency histograms were very similar in
different mouse cell lines [MEF-B and lymphocyte cell lines
L5178Y-S (10.2 kb) and L5178Y-R (79.7 kb)] when considering
either the telomere fluorescence values alone or after their normalization by mouse major satellite fluorescence in the same cell.
All together, these results obtained with a large panel of human
and mouse cell lines validate the HT Q-FISH method as a reliable
and robust tool for HT telomere length determinations.
Canela et al.

Impact of Age, Gender, and Geographic Factors on Human Telomere
Length. To validate HT Q-FISH directly on human samples, we

analyzed peripheral blood lymphocytes from 198 healthy donors
(90 men and 108 women) ranging between 60 and 99 years of age
(see Materials and Methods). Human peripheral blood lymphocytes
are generally quiescent (G0 phase of the cell cycle); therefore, the
HT Q-FISH values obtained represent telomere length in cells with
a G0 DNA content. To normalize between different 96-well plates,
we used the L5178Y-S mouse cell line as standard, because
telomere length distribution in this cell has been shown to be stable
(19, 21, 22) and to reflect on the normal telomere length distribution of humans with telomeres ranging from 6–20 kb and showing
an average telomere length of ⬇10 kb (Fig. 1A) (17). Even though
HT Q-FISH permits the analysis of thousands of telomere signals
per sample (Fig. 1A), to economize data acquisition and processing,
we only analyzed 1,000 nuclei per human sample, which allows both
the reliable measurement of mean telomere length and the detection of nuclei with short (⬍6 kb) telomeres (see SI Fig. 8 for analysis
of lymphocytes from a 71-year-old male healthy donor). Telomere
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Fig. 1. Validation of the HT Q-FISH technique. (A) HT Q-FISH histograms of telomere length distributions of the indicated cell lines. Telomere length values are given
as mean ⫾ SD, and the number of nuclei analyzed per sample (n) is indicated. (B) Mean telomere length values ⫾ SD of the indicated cells, determined either by
conventional metaphase Q-FISH (gray bars) or HT Q-FISH analysis of interphase nuclei (black bars). (C) Linear regression analysis of the correlation between mean
telomere length values ⫾ SD obtained with HT Q-FISH and metaphase Q-FISH. (D) Analysis of percentage of nuclei with short (⬍6 kb) telomeres by HT Q-FISH analysis
of interphase nuclei. Note that G3 Terc⫺/⫺ MEF show an increased percentage of nuclei with short telomeres (⬍6 kb) compared with wild type controls.

genetic backgrounds or life styles emerge as a further potentially
important application of the HT Q-FISH method. A comparison
among 49 French subjects (28 men, 21 women) 60–89 years of age,
and 106 age-matched Italians (40 men, 66 women) revealed significantly longer telomeres in the French subjects for all 3 age groups
studied (Fig. 3H). Also, telomere shortening with age was lower in
French (54 bp/year) than in Italian donors (60 bp/year) (Fig. 3I).
Accordingly, the percentage of nuclei with telomeres ⬍6 kb was
significantly decreased in lymphocytes from French subjects compared with Italian donors in all age groups studied (Fig. 3J). These
results indicate that telomere length is associated with geographic
factors, which in turn may be the result of both environmental and
genetic factors, thus supporting the notion that telomere length is
inherited or may be determined by an inherited factor (25) and that
telomere length may be influenced by environmental factors (12).
It is tempting to discuss these data in light of the exceptionally low
incidence of coronary heart disease in the French population
despite high intake of cholesterol and saturated fat, the ‘‘French
paradox’’ (26), particularly because shorter telomeres have been
shown to be predictive of higher mortality by heart disease (13).
We confirmed HT Q-FISH results by measuring telomere length
in a subset of French and Italian female individuals (63–67 years
old), using terminal restriction fragment analysis, which is the most
commonly used technique for human population studies (23). As
shown in SI Fig. 9A, the telomere length values obtained by
terminal restriction fragment showed a very good correlation with
those obtained by HT Q-FISH for each individual sample. Furthermore, both techniques illustrated longer telomeres in the
French cohorts than in the Italian cohorts (SI Fig. 9B).

Fig. 2.
Normalization of HT Q-FISH. (A) Representative HT microscopy
images of interphase nuclei stained for nuclear DNA, mouse major satellite
repeats, and telomeres with DAPI-, FITC-, and Cy3-labeled PNA oligonucleotides, respectively. (B) HT Q-FISH histograms of telomere length distributions
of interphase nuclei from murine lymphocytes with short (L5178Y-S cells) and
long (L5178Y-R cells) telomeres and of mouse MEFs-B (MEFs 129Sv/BL6 B).
Telomere length was calculated without normalization with major satellite
signals. (C) Telomere length histograms after normalization with major satellite fluorescence in each nuclei. Telomere length values are given as mean ⫾
SD, and the number of nuclei analyzed per sample (n) is indicated. Very similar
distributions were obtained with or without centromeric normalization.

length distributions in these donors [who were organized into 4 age
groups (60–69, 70–79, 80–89, and 90–99 years of age)] show a
progressive decline of mean telomere length and the appearance of
cells with short telomeres in the older age groups (Fig. 3 A and B).
Mean telomere length of lymphocytes from both male and female
donors declined with age at a similar overall rate of 71–72 bp/year
(Fig. 3C), which is in the range previously reported by others (11,
23, 24). Furthermore, HT Q-FISH showed for the first time that the
abundance of nuclei with short (⬍6 kb) telomeres increases significantly with age (Fig. 3D). Interestingly, men and women displayed
different profiles of telomere erosion. In particular, at ages ⱖ70
years, the mean telomere length of female lymphocytes was slightly
but significantly higher than in male samples in each of the age
groups studied (Fig. 3E). Concomitantly, the rates of telomere
shortening were less dramatic in women of ages 60–80 years than
in age-matched men (Fig. 3F). This trend was inverted, however, in
women ⬎80 years of age compared with men of the same age (Fig.
3F). This increased rate of telomere shortening in elderly women is
also reflected by an increased percentage of nuclei with short (⬍6
kb) telomeres in female lymphocytes as compared with agematched male controls (Fig. 3G).
Telomere length is an inherited trait (25) and can be modified by
environmental factors such as stress, obesity, and smoking (11, 12).
Thus, epidemiological studies on human populations with different
5302 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0609367104

Association Between Telomere Length and Age-Related Psychosocial
Parameters. Finally, we used the HT Q-FISH method to address

whether age-related psychosocial parameters, such as cognitive
function [Mini Mental State Examination (MMSE)], perceived
stress [perceived stress scale (PSS)], and depression [geriatric
depression scale (GDS)] are associated with telomere length. These
three parameters were extracted from psychological tests of elderly
donors between 60 and 99 years of age (for details see Materials and
Methods). Expectedly, MMSE declined with age, indicating an
age-dependent loss of cognitive function, and GDS increased with
age, suggesting an age-dependent increase of depression, although
we did not detect any significant association of PSS with age (SI Fig.
10). Interestingly, mean telomere length in peripheral blood lymphocytes from these donors significantly correlated with their
MMSE score, suggesting that telomere shortening is associated
with cognitive impairment (Fig. 4A). Because cognitive impairment
also correlated with age (SI Fig. 10A), we tested for an independent
association between telomere length and cognitive impairment
(MMSE score), performing multivariate ANOVA with adjustment
for age (SI Fig. 10 D and E). Analysis of different age ranges
revealed that there was a significant and independent (i.e., after
adjustment for age) association of telomere length with cognitive
impairment in subjects 60–69 years of age (SI Fig. 10D). Of notice,
within this age range we did not observe any significant impact of
age on telomere length (SI Fig. 10D). Similar results were obtained
for the correlation between the percentage of nuclei with short
telomeres (⬍ 6 kb) and cognitive impairment (SI Fig. 10E). Finally,
we did not detect any significant correlation between telomere
length and perceived stress levels (Fig. 4B) and depression (Fig. 4C)
in this patient cohort, even though depression was also increased
with age in these patients (SI Fig. 10C). This finding is in contrast
with a previous study showing that decreased telomerase activity
and decreased telomere length significantly correlate with increased psychological stress in a group of young mothers with
chronically ill children (11). A possible explanation for these
differences may be the marked differences in age and in the type of
stress between both patient cohorts.
Together, these data suggest that telomere length can be used as
Canela et al.

a predictor of age and age-related symptoms such as cognitive
impairment. To further corroborate this association, HT Q-FISH
data for 198 elderly subjects 60–99 years of age range were used to
determine 25th and 75th percentiles for telomere length (Fig. 4D)
and the percentage of nuclei with short (⬍6 kb) telomeres (Fig. 4E).
The 25th and 75th percentile limits of these distributions were used
to divide subjects into three groups, namely the ⬍25th (49 subjects),
25–75th (100 subjects), and ⬎75th (49 subjects) percentile groups
and to analyze whether these groups differed from each other in age
and in age-related psychosocial parameters (MMSE, GDS, and
PSS). Fig. 4D shows that mean telomere length values in the
25–75th (8.57–10.78 kb) and ⬍25th (⬍8.57 kb) percentile groups
associated significantly with increased age as compared with the
⬎75th percentile group with the highest telomere length values
(⬎10.78 kb). Assignment of subjects to the 25–75th and ⬍25th
percentile groups further correlated with decreased cognitive function as compared with the ⬎75th percentile group. We did not find,
however, any significant associations of mean telomere length with
depression and stress scores. Similarly, an increased percentage of
nuclei with telomeres ⬍6 kb was found to associate with increased
age (Fig. 4E). In particular, in 49 out of 198 subjects (⬍25th
percentile) we detected ⬍0.4% of interphase nuclei with a mean
telomere length value ⬍6 kb, in 49 out of 198 subjects (⬎75th
percentile) the abundance of ⬍6 kb nuclei was ⬎5.7%, and in 100
subjects (25–75th percentile) the abundance of ⬍6 kb nuclei ranged
from 0.4% to 5.7%. Individuals with intermediate (25–75th percentile group) and elevated (⬎75th percentile group) levels of
nuclei had a significantly higher average age than those in the ⬍25th
percentile group, i.e., subjects with lymphocyte populations conCanela et al.

taining low levels (⬍0.4%) of nuclei with short telomeres. A highly
significant correlation was also found between the abundance of
short telomeres and impaired cognitive function (Fig. 4E). Together, these data indicate that telomere erosion, measured either
as decreased mean telomere length or increased abundance of cells
with short telomeres, correlates significantly with age and agerelated cognitive impairment. These results are in agreement with
recent reports also showing that telomere length is predictive of
cognitive impairment (27, 28).
Discussion
Here we report on the development and validation of a HT
quantitative telomere FISH assay of interphase nuclei, HT Q-FISH,
which provides the same high quality average telomere length data
as conventional Q-FISH analysis of metaphase spreads on slides.
Similarly to metaphase Q-FISH, HT Q-FISH is performed with
very high stringency hybridization conditions, which only allow
detection of perfect TTAGGG repeats, therefore reflecting on the
length of distal telomeric repeats and not of subtelomeric repeats.
Furthermore, HT Q-FISH allows the determination of the frequency of cells with very short telomeres within a given population,
which in turn are indicative of telomere dysfunction. Because HT
Q-FISH is performed on tissue culture plates, it can be used for any
cell type that normally grows in culture in or that can be attached
to the plate (i.e., polylysine coated plates in the case of human
lymphoid cells). HT Q-FISH generates large data sets for each
sample, conferring high accuracy and statistical power to this
method. Importantly, HT Q-FISH allows the simultaneous determination of telomere length in 96 samples, with at least 1,000 nuclei
PNAS 兩 March 27, 2007 兩 vol. 104 兩 no. 13 兩 5303
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Fig. 3. Effect of age, gender, and geographic factors
on telomere length in peripheral blood lymphocytes
from elderly donors. (A and B) Distribution of telomere
length values in lymphocytes from male (A) and female (B) donors are grouped into the indicated age
groups. Mean telomere length is indicated by a
straight line. The total number of nuclei analyzed
(1,000 per donor) and the mean telomere length ⫾ SD
is indicated. Statistical significance was assessed by
using the Wilcoxon–Mann–Whitney rank sum test. (C
and D) Linear regression analysis was used to assess the
correlation between age and mean telomere length
(C) or percentage of nuclei with telomeres ⬍6 kb (D) in
peripheral blood lymphocytes of these donors. (E)
Mean telomere length values ⫾ SD of male and female
donors in the indicated age groups. Statistical significance was calculated using the Wilcoxon–Mann–
Whitney rank sum test. (F) Rate of telomere shortening, expressed as loss of bp of telomere sequences per
year, in male and female lymphocytes of the indicated
age groups. (G) Percentage of nuclei with telomeres
⬍6 kb in the indicated age groups. Fisher’s Exact test
was used to evaluate statistical significance. (H) Distribution of telomere length values in lymphocytes from
French and Italian donors grouped into the indicated
age groups. Mean telomere length is indicated by a
straight line. The total number of nuclei analyzed
(1,000 per donor) and the mean telomere length ⫾ SD
is indicated above each telomere length distribution.
Statistical significance was calculated using the Wilcoxon–Mann–Whitney rank sum test. (I) Linear regression analysis of the correlation between age and mean
telomere length in lymphocytes from these donors. (J)
Percentage of nuclei with telomeres ⬍6 kb in lymphocytes from Italian and French donors of the indicated
age groups. The Fisher’s exact test was used to evaluate statistical significance.

Fig. 4. Correlation between telomere shortening and
age, age-related cognitive impairment, stress, and depression. (A–C) Linear regression analysis was used to
assess the correlation between cognitive impairment (A),
perceived stress level (B), depression (C), and mean telomere length in lymphocytes from elderly Europeans
60 –99 years of age. Mean telomere length values for
each subject were obtained by HT Q-FISH analysis of
1,000 interphase nuclei per subject. The MMSE was used
to assess cognitive mental status. The PSS was applied to
measure the perception of stress, and depressive symptoms in the elderly were quantified with the GDS. (Materials and Methods). (D) Histogram showing the mean
telomere length distribution of lymphocytes from 60- to
99-year-old donors. The 25th and 75th percentile values
of this distribution were used to group donors into subjects with long (⬎10.78 kb), intermediate length (8.57–
10.78 kb), and short (⬍8.57 kb) telomeres. The three
groups (the graphs shown to the right) were analyzed
for age, cognitive function (MMSE score), depression
(GDS score), and perceived stress (PSS score). Data are
mean values ⫾ SEM, and the statistical significance of
differences was assessed using the Wilcoxon–Mann–
Whitney rank sum test. (E) Histogram showing the distribution of percentage of nuclei with telomeres ⬍6kb in
lymphocytes of the 60- to 99-year-old donors. The 25th
and 75th percentile values of the distribution were used
to group donors into subjects with a high (⬎5.7%), intermediate (0.4 –5.7%), and low (⬍0.4%) abundance of
nuclei with short telomeres, corresponding to the ⬎75th percentile, 25–75th percentile, and ⬍25th percentile groups, respectively. The three groups (graphs shown
to the right) were analyzed for age, cognitive function (MMSE score), symptoms of depression (GDS score), and perceived stress (PSS score). Data are mean values ⫾
SEM, and statistical significance was assessed using the Wilcoxon–Mann–Whitney rank sum test.

per sample being captured in 2 h, therefore minimizing error due
to intersession variability of signal intensity and lack of homogeneity
of the light field over time, which are common drawbacks of
conventional Q-FISH. HT Q-FISH, thus, represents a crucial
improvement to the application of telomere FISH analysis to
large-scale studies. This advance is illustrated by our analysis of
human peripheral blood lymphocytes, revealing that age, gender,
and geographic factors impinge on telomere length. We also show
that telomere shortening correlates significantly with cognitive
impairment in elderly subjects. We, therefore, anticipate that the
HT Q-FISH method will be a powerful tool to expand our
knowledge on the role of telomere length in human disease and a
powerful prognostic tool in the context of human population and
epidemiological studies. We also envision that the HT Q-FISH
technique will provide a useful screening platform for the development of telomere-based therapeutic strategies.
Materials and Methods
Cells. For set-up and validation of HT Q-FISH, we used the
following panel of human and mouse cell lines (ATCC numbers in
parenthesis): two HeLa cell lines, HeLa and HeLa2 (CCL-2);
MCF-7 (HTB-22); 293T (CRL-11268); HeLa 1211 (HeLaI.211);
mouse L5178Y-S (CRL-9518); mouse L5178Y-R (CRL-1722);
primary MEF from wild-type and third generation G3 Terc⫺/⫺
telomerase-deficient mice in a C57BL6 background; and primary
MEF from wild-type mice on a mixed C57Bl6/SV129 background.
Human lymphocyte samples were obtained from the Italian National Research Center on Aging (Ancona, Italy) in the context of
the European research consortium ZincAge.
Telomere Restriction Fragment Analysis. Telomere restriction frag-

ment analysis was performed as described by using MboI digested
DNA (5).
Flow-FISH Analysis. Telomere fluorescence of at least 5,000 cells,
gated at G1/G0, was measured by using a FACScalibur cytometer
with CellQuest software (BD Biosciences, Franklin Lakes, NJ) as
described in refs. 20 and 29. Telomere fluorescence values were
5304 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0609367104

converted into kb by external calibration with the L5178Y-S and
L5178Y-R lymphocyte cell lines with known telomere lengths of
10.2 kb and 79.7 kb, respectively (30).
Q-FISH on Metaphases (Metaphase Q-FISH). Q-FISH on metaphases

was performed as described in refs. 17, 18, and 30). Cy3 and DAPI
images were captured at 100x magnification using a COHU CCD
camera on a Leica DMRA (Leica, Heidelberg, Germany) microscope. Telomere fluorescence signals were integrated from 10
metaphases and quantified by using the TFL-TELO program (gift
from Peter Lansdorp, Vancouver, Canada) (17). Telomere fluorescence values were converted into kb by external calibration with
the L5178Y-S and L5178Y-R lymphocyte cell lines with known
telomere lengths of 10.2 and 79.7 kb, respectively (30).
Sample Preparation for HT Q-FISH. Cells were cultured in clear-

bottom black-walled 96-well plates (Greiner, Longwood, FL). In
the case of lymphocytes, plates were precoated with a 0.001%
(wt/vol) (poly)L-lysine solution (Sigma-Aldrich, St. Louis, MO) for
30 min at 37°C. PolyL-lysine was removed before cell addition
(30,000–90,000 lymphocytes/well). When cultures reached subconfluency in the case of adherent cells, or in the case of lymphocytes
when cells attached to the wells, cells were washed three times with
PBS and then fixed during 1 h at room temperature (RT) by slowly
filling up the wells with methanol/acetic acid (3/1, vol/vol) three
times. After fixation, cells were processed as described for metaphase Q-FISH. Wells were then sealed (Alumaseal; Sigma–
Aldrich) and stored at 4°C in the dark. Samples were processed by
HT microscopy as described in HT Microscopy within 48 h after
sample preparation.
Where indicated (Fig. 2), HT Q-FISH telomere length values
were normalized by the fluorescence intensity of centromere repeats in each nuclei. In particular, interphase nuclei were processed
as described Sample Preparation for HT Q-FISH, except that samples were simultaneously stained for telomeres with an FITClabeled PNA probe [(C3TA2)3] and for centromeres with a Cy3labeled PNA probe directed against mouse major satellite repeats
(5⬘-TCG CCA TAT TCC AGG TC-3⬘).
Canela et al.
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TRITC) for centromere staining, and in the FITC channel (excitation, 480/10 nm; epifluorescence dichroic, Fura/FITC; emission,
Fura/FITC) for telomere detection. Images of samples that had
been hybridized with either Cy3- or FITC-labeled PNA probes were
captured in each channel to confirm negligible spectral bleeding
between Cy3 and FITC. The DAPI image was used to define a
nuclear area or ROI for each cell to measure centromere and
telomere fluorescence intensities in the Cy3 and FITC image,
respectively, within each predefined ROI. Telomere fluorescence
values were normalized by dividing individual telomere fluorescence intensities of each nucleus (FITCi) by the corresponding
centromere fluorescence intensity in the same nucleus (Cy3i), and
multiplying these values by the mean centromere fluorescence
intensity obtained for the total number of nuclei analyzed in the
same well (⌺Cy3i). Fluorescence intensities were converted into kb
by using L5178Y-S and L5178Y-R cells as calibration standards,
with stable and known telomere lengths of 10.2 and 79.7 kb (30),
respectively.
Psychosocial Data. Psychosocial data on cognitive function, stress,

and depression of elderly individuals was obtained from lymphocyte donors in the context of the ZincAge project (see Cells), using
the tests and questionnaires described in ref. 32. In particular, the
MMSE (33), was used to assess cognitive mental status, including
orientation, attention, concentration, immediate and short-term
recall, language, and the ability to follow simple verbal and written
commands. Score of 24–30 indicate normal cognitive function,
18–23 indicate mild cognitive impairment, and 0–17 indicate severe
cognitive impairment. The GDS (34) assesses depressive symptoms
in the elderly (positive/sad mood, boredom, memory problems,
energy level, and staying at home). A score of 0–4 indicates a
normal state, a score of 5–9 indicates mild depression, and a score
of 10–15 indicates moderate–severe depression. The PSS (35) was
used to measure the perception of stress. The score range is 0–56,
and a score above mean (25 in the case of the population studied)
is an indication of a high stress level.
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HT Microscopy. Quantitative image acquisition and analysis were
performed on a BD Pathway Bioimager (BD Biosciences), using
the Attovision software, Version 1.14 (BD Biosciences). Images
were captured for each well, using a UAPO/340C ⫻20/0.75 objective, in the DAPI channel (excitation, 380/10 nm; epifluorescence
dichroic, Fura/FITC; and emission, 435LP) for nucleus staining,
and in the Cy3 channel (excitation, 548/20 nm; epifluorescence
dichroic, Fura/TRITC; emission, Fura/TRITC) for telomere staining. Settings for exposure and gain remained constant between
captures. To eliminate eventual local variations in signal intensity,
for each channel, nine independent images (3 ⫻ 3 mounting) were
captured at three different positions within each well. After image
acquisition, the DAPI image was used to define a nuclear area or
ROI for each cell to measure telomere fluorescence intensity in the
Cy3 image within each predefined ROI. In particular, the automated image acquisition procedure requires the previous setting of
parameters that define the characteristics of a set of image pixels
that are interpreted by the software as a single DAPI-stained cell
nucleus; i.e., to identify the ROI within an image. The definition of
a ROI is based on the assumption that a cell nucleus is constituted
of a common, clearly delimited, ellipsoid area of adjacent pixels
with signal intensities above the background and within the size and
shape limits typical of the analyzed cell type (31). Additional
algorithms are applied to decompose cell aggregates into single cell
nuclei (watershed segmentation). The reliability of ROI identification was validated for each cell type by testing that ⬎95% of
automatically identified nuclei were in concordance with visual
inspection by a human observer. Results were exported from the
Attovision software (BD Biosciences) as text files, containing for
each well the list of all ROIs and their corresponding Cy3 fluorescence intensities, expressed as average value per pixel within a given
ROI. A data analysis macro was written in-house using Visual Basic
for Microsoft Excel 2000 (Microsoft, Redmond, WA) to manage
and export data and build frequency histograms (available upon
request from the authors). Telomere fluorescence intensity values
were normalized between plates, using the mean for intensity values
of L5178Y-S cells that had been included as calibration standard in
each plate. Telomere fluorescence values were converted into kb by
using L5178Y-S and L5178Y-R cells with stable and known telomere lengths of 10.2 and 79.7 kb, respectively (30).
When fluorescence intensities of major satellite repeats (centromeres) were used as internal control to normalize telomere length
values (Fig. 2), images were captured in the DAPI channel (excitation, 380/10 nm; epifluorescence dichroic, Fura/FITC; and emission, 435LP) for nucleus staining, in the Cy3 channel (excitation,
548/20 nm; epifluorescence dichroic, Fura/TRITC; emission, Fura/

