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Chapter 2

Summary

Senescence Associated-pB-galactosidase (SA-B-gal) activity is a widely used marker for
cellular senenescence. SA-B-gal activity is routinely detected cytochemically, manually
discriminating negative from positive cells. This method is time-consuming, subjective and
therefore prone to operator-error. We aimed to optimize a flow cytometric method described
by other workers using endothelial cells to better differentiate between populations of
fibroblasts in degrees of SA-B-gal activity. Skin fibroblasts were isolated from young
(meanzSD age: 25.5+1.8) and very old (age 90.2+0.3) subjects. Different pH modulators
were tested for toxicity. To induce stress-induced senescence, fibroblasts were exposed to
rotenone. Senescence was assessed measuring SA-B-gal activity by cytochemistry (X-gal)
and by flow cytometry (C1,FDG). The pH modulator Bafilomycin Al (Baf A1) was found to be
least toxic for fibroblasts and to differentiate best between non-stressed and stressed
fibroblast populations. Under non-stressed conditions, fibroblasts from very old subjects
showed higher SA-B-gal activity than fibroblasts from young subjects. This difference was
found for both the flow cytometric and cytochemical methods (p=0.013 and p=0.056
respectively). Under stress-induced conditions the flow cytometric method but not the
cytochemical method revealed significant higher SA-B-gal activity in fibroblasts from very old
compared with young subjects (p=0.004 and p=0.635 respectively). We found the modified
flow cytometric method measuring SA-B-gal activity superior in discriminating between

degrees of senescence in different populations of fibroblasts.
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Flow cytometric method for measuring SA-B-gal activity in human fibroblasts

Introduction

Cellular senescence can be induced by exhaustion of replicative capacity (1) or exposure to
cellular stress (2). A variety of cellular markers of senescence have thus far been identified,
amongst which there are cellular morphology (3), telomere length (4) and Senescence
Associated-B-galactosidase (SA-B-gal) activity (5-8). B-Galactosidase is a collective name for
enzymes which cleave non-reducing B-D-galactose residues from glycoproteins,
sphingolipids and keratan sulfate in B-D-galactosides (9). These enzymes function optimally
at pH 4. In senescent cells, B-galactosidase activity can also be detected at pH 6, although
the function of SA-B-gal at this pH remains unknown (6).

SA-B-Gal activity can be cytochemically detected using 5-bromo-4-chloro-3-indolyl-B-D-
galactoside (X-gal) as a substrate. Fibroblasts are stained, digitally recorded and SA-B-gal
positive fibroblasts are manually counted and expressed as a percentage of total fibroblasts
(6-8). Subjectivity, i.e. a low inter-rater reproducibility, is the main disadvantage of the
method, and the procedure is highly time consuming. Kurz et al. (10) used a method based
on flow cytometry to quantify SA-B-gal activity in endothelial cells (HUVEC). The flow
cytometric method is not subjective and has a high throughput when compared with the
cytochemical method. Kurz et al. (10) found the flow cytometric method to correlate well with
the cytochemical method when using HUVECs.

Although the use of human fibroblasts was also exemplified in the paper by Kurz et al. (10),
here we further extend the applications of the flow cytometric method in fibroblasts by
performing the experiments under conditions of lysosomal alkalinisation and measuring
stress induced premature senescence (SIPS). In this manuscript, we describe the
optimization of the flow cytometric procedure, for use in human diploid fibroblasts and its
comparison to the conventional cytochemical method. To investigate if the two methods are
equally able to discriminate SA-B-gal activity between subpopulations of fibroblasts, we have
compared fibroblast strains derived from young and very old subjects, both under non-

stressed and stressed conditions.
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Chapter 2

Materials & methods

Fibroblast Cultures

Fibroblast strains were obtained from participants of the Leiden 85-plus Study, a population-
based follow up study in which 599 inhabitants of Leiden, the Netherlands, aged 85 years
took part (11). Skin biopsies were taken as described earlier (12) at the age of 89 or 90
years. In order to have a contrast in chronological age, skin biopsies were also obtained from
young subjects (meanzSD age: 25.5+1.8 years).

Biopsies were taken from the sun unexposed medial side of the upper arm and cultured
under standardized conditions (12) at 37C, 5%CO, and 100% humidity in D-MEM:F-12
supplemented with 10% fetal calf serum (FCS, Gibco, batch no. 40G4932F), 1 mM MEM
sodium pyruvate, 10 mM HEPES, 2 mM Glutamax and antibiotics (100 Units/ml penicillin,
100 pg/ml streptomycin, 2.5 pg/ml amphotericin B). This medium will be referred to as growth
medium. All reagents were obtained from GIBCO, Breda, the Netherlands. When cultures
reached 80% to 90% confluence, fibroblasts were subcultured using a 1:4 split ratio.
Experiments for optimization of the sample preparation were performed with two fibroblast
strains from young subjects. Immunohistochemical double staining for p16 and SA-B-gal was
performed using three randomly chosen strains under non-stressed and stressed conditions
as well as one high passage strain that had undergone 79 population doublings. After
optimization, fibroblast strains from ten young and ten very old subjects, which were

randomly selected from the Leiden 85-plus Study, were compared.

Induction of cellular stress

Fibroblasts were seeded at a density of 2.6x10* fibroblasts per 25-cm?flask and in Permanox
2-chamber slides (Nunc, VWR, Amsterdam, the Netherlands) at 1.0x10* fibroblasts per
chamber (4.2 cm?/chamber). In pilot experiments, fibroblasts were stressed with 0.2 yM - 1
MM rotenone for three days (data not shown). Exposure to 0.6 yM rotenone induced
considerable senescence after three days and this concentration was subsequently used to

stress fibroblast strains from young and very old subjects.
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Flow cytometric method for measuring SA-B-gal activity in human fibroblasts

Four hours after seeding, medium was replaced by growth medium supplemented with 0.6
MM rotenone. Fibroblasts were incubated for 72 hours in rotenone-supplemented medium,

after which they were analyzed. All experiments were repeated.

Lysosomal pH adjustment

Lysosomal pH was increased to pH 6 by adding bafilomycin Al (baf Al) or chloroquine
(10;13) to the growth medium. Nigericin in a buffered solution was used to change the pH of
all intracellular compartments (10;14;15).

Baf Al: Fibroblasts were incubated for one hour in growth medium supplemented with 100
nM baf Al at 37C, 5% CO ,, and one hour in growth medium with 100 nM baf A1 and 33 pM
5-Dodecanoylaminofluorescein-di-B-D-galactopyranoside (C12FDG) prior to analysis.
Chloroquine: Fibroblast were incubated for two hours in growth medium containing 100 or
300 pM chloroquine at 37C, 5% CO ,, and one hour in growth medium with 100 or 300 uM
chloroquine and 33 uM C,,FDG.

Nigericin (10 uM) was added to the culture in the presence of a potassium-rich 2-(N-
morpholino) ethanesulfonic acid (MES) buffer (150 mM KCI, 10 mM NaCl, 1 mM MgCl,, 0.1
mM CaCl,, 10 mM Glucose, 10 mM MES buffer), pH 6, and incubated for 15 minutes at 37<C,
not CO, enriched, after which C,1,FDG was added (33 uM) followed by one hour incubation at
37T, not CO ,-enriched.

Measurement of toxicity pH-modulators

Toxicity of pH modulators was determined by measuring apoptosis and necrosis using the
TACS Annexin V-FITC kit (R&D Systems, Abingdon, United Kingdom) and a FACSCalibur
flow cytometer (BD, Oxford, United Kingdom). Events were gated into quadrants and Annexin
V positive/propidium iodide (PI) negative (Annexin V+/PI-) and Annexin V positive/propidium
iodide (PI1) positive (Annexin V+/Pl+) fibroblasts were analyzed as percentages of the total

fibroblast population.
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Immunohistochemical double staining for pl6 and sen escence-associated  B-
galactosidase

To show that rotenone induces senescence, double staining for pl6 and SA-B-gal was
performed as previously described by Itahana et al. (16). Fibroblasts were seeded in
Permanox 4-chamber slides at 4000 cells/chamber and allowed to attach for four hours. After
treatment with 600 nM rotenone for three days, fibroblasts were fixed with 4%
paraformaldehyde in PBS for 4 minutes and stained for SA-B-gal activity as described in the
subsequent paragraph. After permeabilization for 20 minutes in 0.2% Triton (Sigma, St Louis,
MO, USA) in PBS, samples were blocked with blocking buffer (3% BSA in PBS) for one hour
at room temperature and incubated for two hours with anti-p16 (JC8) antibody (Santa Cruz
Biotechnology Inc., Santa Cruz, USA), diluted 1/100 in blocking buffer. After three washes
with PBS, coverslips were incubated with Alexa Fluor® 488 labeled anti-mouse antibody
(Invitrogen, Breda, The Netherlands) diluted 1:1000 in blocking buffer for one hour. Slides
were mounted with Vectashield Fluorescent Mounting Medium (Vector laboraties,
Burlingame, CA, USA) and photographed with a Leica fluorescence microscope (Leica
Microsystems, Rijswijk, the Netherlands). Per sample, 100 randomly chosen cells were

assessed for SA-B-gal positivity and for p16 positivity.

Flow cytometric measurement of SA-  B-gal activity

C1,FDG is a substrate which, when hydrolyzed by SA-B-gal, becomes fluorescent and
membrane impermeable (10,17). C1,FDG was added to the pH modulation medium/buffer.
Fibroblasts were incubated with this solution for one hour at 37C, 5% CO , (nigericin-buffer
incubation not CO; enriched). After incubation, fibroblasts were trypsinized with trypsin EDTA
(Sigma, St Louis, MO, USA), washed with PBS, resuspended in 200 yl PBS, and analyzed
immediately using a FACSCalibur flow cytometer. Data were analyzed using FACSDiva
software (BD, Oxford, United Kingdom). Cell debris was excluded on basis of light scatter
parameters. C;,FDG was measured on the FL1 detector (500-510 nm wavelength). SA-B-gal
activity was expressed as the FL1 median fluorescence intensity (MdFI, in arbitrary units) of

the fibroblast population.
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Cytochemical staining for SA-  B-gal activity

The cytochemical method was conducted as described by Dimri et al. (6). A Senescence
Cells Histochemical Staining Kit was used (Sigma, St Louis, MO, USA) and fibroblasts were
processed according to the manufacturer’s guidelines. Slides were washed twice with PBS,
counterstained with Mayers-Hematoxylin staining solution (Sigma, St Louis, MO, USA) for 5
minutes at room temperature and washed twice again with PBS. Fibroblasts were then
viewed by phase contrast on a Leica microscope (Leica Microsystems, Rijswijk, the
Netherlands) and recorded at a 100x magnification by a digital color camera. Per sample,
500 randomly selected fibroblasts were photographed and counted. The number of positive,
blue fibroblasts was divided by the total number of counted fibroblasts, resulting in the

percentage of SA-B-gal positive fibroblasts.

Statistical analysis

All analyses were performed with the software package SPSS 14.0 (SPSS Inc., Chicago, IL).
Differences between pH modulators were analyzed by one-tailed Student’s t test. Differences
between non-stressed and stressed fibroblasts as well as differences between fibroblast
strains from young and very old subjects were analyzed by two-tailed Student’s t test. Results
of cytochemical SA-B-gal measurements were divided into tertiles and related to the flow
cytometric results. Differences between tertiles were analyzed by ANOVA. Co-localization of
pl6é and SA-B-gal was described by calculating the specificity (p16-negative fibroblasts as
percentage of SA-B-gal-negative fibroblasts) and sensitivity (pl6-positive fibroblasts as
percentage of SA-B-gal-positive fibroblasts). To determine the correlation between the flow

cytometric and the cytochemical methods, we used Pearson correlation analysis.

Results

Toxicity
Unlike the cytochemical assay, in which cells are fixed with formalin, the flow cytometric
method measures SA-B-gal activity in living cells. Therefore, the toxicity of the pH modulating

agents was examined. Compared with fibroblasts without pH modification, the percentage of
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annexin V+/PI- fibroblasts, reflecting early apoptotic cells, was only significantly increased
after treatment with 300 uM chloroquine (Figure 1A). Rotenone treatment was used as a
positive control for induction of apoptosis, and yielded a significant increase in percentage of
early apoptotic cells (3.2+0.61%). Of the four pH modulating conditions tested, the increases

in percentage of annexin V+/PI- fibroblasts compared with no pH modulation were smallest

A. B
59 Kkk \ 159 o ,
- I 1 ) T 1
& g
= [ = | % [ = |
-
4 T - . N .
= o ! !
: - T
2 3 T
i i
& &
£ +
& - E 59 T T
£ T =
= 1 T o T -
c ) T L) ) T T c ) ) ) ) ) )
N )
& v & & S & ,;,@b & RO &
R 4‘6‘ &" & F & 4)\° ) of" CAPCIS
W\ )
&N & & F & v &€
& & O & &
4 S &* S
@) @) @) (@)

Treatment

Figure 1. Apoptosis and cell death induced by pH modulation. A, Mean percentage of annexin V+/PI-
fibroblasts, reflecting early apoptotic cells. B, Mean percentage of Annexin-V positive/Pl positive
fibroblasts, reflecting cell death. Mean + SEM of repeated experiments in two strains. *p<0.05 **p<0.01
**n<0.001”

for bafilomycin A1 (mean increase + SD: 0.02+0.27%) compared with treatment with nigericin
(0.49+0.63%), 100 pM chloroquine (0.31+0.47%) and 300 pM chloroquine (0.77+0.47%). In
Figure 1B, increases in the percentage of annexin V+/Pl+ fibroblasts, followed a similar trend
as shown in Figure 1A. All pH-modulating agents yielded an increase in the percentage of
annexin V+/Pl+ fibroblasts. This increase was not significant for bafilomycin A1l and nigericin

(1.34+1.35% and 2.29+3.2% respectively). Chloroquine treatment induced a significant
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increase in percentage of annexin V-positive/ Pl-positive fibroblasts (100 uM: 2.92+2.37%,
300 uM: 7.48+2.88%) as did rotenone treatment (1.1310.87%).

C12FDG conversion

To determine if the pH modulators would affect the ability to discriminate between degrees of
SA-B-gal activity, senescence was induced with rotenone and SA-B-gal activity was assessed
using C12FDG. Figure 2 shows representative histograms of both non-stressed and rotenone-
stressed fibroblast strains. Discrimination between non-stressed and stressed fibroblasts was
best when the pH was modulated using Baf A1 (Median Fluorescence Intensity [MdFI] in
arbitrary units, non-stressed: 14751154, stressed: 2405+260, p=0.008). Other pH modulators
also showed changes in MdFI (nigericin: non-stressed: 502+16, stressed: 698+7, p=0.0001;
300 pM chloroquine: 350448 vs. 482428, p=0.012), except for 100 uM chloroquine (997168
AU vs. 866174, p=0.29).

*|Without pH modulation *| Bafilomycin A1 * Nigericin in buffer

% Chloroquine 300 uM

Non-stressed

Event count

--------- Rotenone-stressed

N
7

SA-B-gal activity (Fluorescence Intensity)

Figure 2. Change in SA-B-gal activity measured by the flow cytometric method in fibroblast strains after
induction of stress-induced premature senescence. Histograms are representative examples of SA-B-gal
activity in non-stressed and rotenone-stressed fibroblast strains (n=2, duplicate experiments). Samples

were treated with pH modulating agents prior to analysis. Scales are equal.
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Even though pH modulation appeared not to be essential to SA-B-gal activity quantification
with the flow cytometric method as shown in Figure 2, it is a necessary step for the
cytochemical method. When no pH modulation is applied all cells would stain blue, making it
impossible to distinguish senescent from non-senescent cells. Modulation of the lysosomal
pH was thus applied in further experiments, to better compare the flow cytometric method
with the cytochemical method. Based on toxicity and SA-B-gal activity, we concluded that Baf
Al was the agent of choice for pH modulation and was thus used in all subsequent

experiments.

Rotenone induced senescence increases SA- B-gal activity and p16 expression
Figure 3 displays a representative photograph of fibroblasts positive for both SA-B-gal activity
and pl16. The absence and presence of SA-B-gal activity and p16 expression were assessed

for three fibroblast strains, both under non-stressed and stressed conditions.

A B

Figure 3. SA-B-gal activity and pl6 expression at 3 days after rotenone treatment. A, Phase-contrast
photograph showing a SA-B-gal positive (blue) and a SA-B-gal negative fibroblast. B, Immunofluorescent

photograph showing a p16 positive (green) and a p16 negative fibroblast. Blue: DAPI.

The combined results for these three strains are presented in Table 1. Under non-stressed
conditions, 54% of the fibroblasts were double-negative for SA-B-gal activity and pl6
expression (66%, 47% and 50% for the three strains respectively) whereas under rotenone-
stressed conditions, 43% of the fibroblasts were double-positive (33%, 40% and 55%). High

passage fibroblasts were included in the experiment as positive control (47%). Despite the
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considerable concordance, discordance remained present. Specificity and sensitivity were
calculated to be 78% and 37% respectively for non-stressed fibroblasts and 62% and 73%

respectively for stressed fibroblasts.

Table 1. SA-B-gal activity and p16 expression of three fibroblast strains, under non-stressed

and rotenone stressed conditions and in one strain at high passage.

SA-B-gal negative SA-B-gal positive Total

# cells (%) # cells (%) # cells (%)
Low passage,
non-stressed,
pl6 negative 163 (54) 57 (19) 220 (73)
p16 positive 47 (16) 33(11) 80 (27)
Total 210 (70) 90 (30) 300 (100)
Low passage,
rotenone-stressed
pl6 negative 79 (26) 45 (15) 124 (41)
p16 positive 48 (16) 128 (43) 176 (59)
Total 127 (42) 173 (58) 300 (100)
High passage
pl6 negative 23 (23) 10 (10) 33 (33)
p16 positive 20 (20) 47 (47) 67 (67)
Total 43 (43) 57 (57) 100 (100)

For each strain, 100 cells were counted. High passage strain was stained after 79 population doublings.

Comparison of flow cytometric- and cytochemical met hod

Twenty fibroblast strains, ten fibroblast strains from young and ten from very old subjects,
were used to determine the relation between the flow cytometric and the cytochemical
method. The two methods were performed simultaneously for each fibroblast strain, both
under non-stressed and stressed conditions. Rotenone induced a significant increase in SA-
-gal activity for both methods as shown in Figure 4A and B. Figure 4C and D show the three

tertiles of percentages of SA-B-gal positive fibroblasts detected by the cytochemical method
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plotted against the corresponding SA-B-gal MdFI values determined by the flow cytometric
method.

Under non-stressed conditions (Figure 4C), significant increases in flow cytometric SA-B-gal
activity between tertiles of the cytochemical method were found (trend: p=0.01). When
analyzed continuously, the MdFI correlated significantly with the percentages of SA-B-gal
positive fibroblasts (r*=0.31, p=0.014). Under stressed conditions (Figure 4D) no relation was
found between the flow cytometric method and cytochemical method (trend p=0.82). Even
though both methods detect a significant increase of SA-B-gal activity upon rotenone

treatment, we found no relation between the two methods under stressed conditions.

To clarify which of the two methods is the method of choice, both methods measuring SA-B-
gal activity were used to discriminate fibroblasts from young and old donors. Figure 5A shows
the significant difference in SA-B-gal activity that was found in fibroblasts from young and
very old subjects under non-stressed conditions using the flow cytometric method (MdFI in
arbitrary units, young: 21614643, old: 3125+903, p=0.013). When analyzed with the cytoche-
mical method (Figure 5B), the same difference in SA-B-gal activity in young and very old
subjects was found, though this difference was not statistically significant (young:
18.7+5.84%, old: 28.3+13.65%, p=0.056). Upon induction of senescence with rotenone, the
difference in SA-3-gal activity between young and very old subjects remained by using the
flow cytometric method (MdFI in arbitrary units, 3438+689 vs. 4617+880, p=0.004), but was
absent when the cytochemical method was performed (44.3£10.7% vs. 47.31£16.1%,
p=0.634).
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Figure 4. A/B, SA-B-gal activity measured with the cytochemical and flow cytometric methods under non-
stressed conditions and after stress with rotenone. A, cytochemical method. B, flow cytometric method.
C/D, correlation between SA-B-gal activity measured by the flow cytometric method and cytochemical
method. C, Non-stressed fibroblasts, ANOVA for trend p=0.01. D, rotenone-stressed fibroblasts, ANOVA
for trend p=0.82. N=20 fibroblast strains. MdFI: Median Fluorescence Intensity, bars: mean+SD.
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Figure 5. SA-B-gal activity of fibroblast strains from young and very old subjects measured by: A, the flow
cytometric method and B, the cytochemical method. Bar-charts display SA-B-gal activity of fibroblast
strains from young (Y, n=10) and very old (O, n=10) subjects, in non-stressed and rotenone-stressed

conditions. MdFI: Median Fluorescence Intensity, bars: mean+SD.

Discussion

The cytochemical detection of SA-B-gal activity is a widely used marker for cellular
senescence and was firstly described by Dimri et al. (6). Although the cytochemical method is
widely used, it is subjective, prone to inter-rater variability and time-consuming. Kurz et al.
(10) described a method to measure SA-B-gal activity in HUVECSs by flow cytometry, using a
fluorogenic substrate. Using this method, cells are neither strictly negative nor positive for
SA-B-gal activity but each cell in a population is quantified separately, resulting in more
accurate evaluation of differences in SA-B-gal activity within and between populations of
cells. This method was validated with the conventional cytochemical method as described by
Dimri et al. (6). Because cellular senescence is widely studied in human diploid fibroblasts,

we aimed to optimize the flow cytometric method using this cell type.
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Rotenone was chosen as senescence-inducing agent because it acts on mitochondrial
complex I, leading to increased levels of intracellular Reactive Oxygen Species (ROS) (17),
which is supposed to mimic the physiological process of ROS induced damage that underlies
the aging process (18). Armstong et al. showed the apoptotic effect of rotenone when applied
in high concentrations (19). When used in lower concentrations, we found that rotenone
induces senescence as measured by colocalisation of increased pl6 expression and
increased SA-B-gal activity. As a positive control, we also observed colocalisation of
increased pl6 expression coinciding with increased SA-B-gal activity in high passage
fibroblasts as was previously observed by Itahana et al. (16). In line with these results, Duan
et al. (20) showed that antisense pl6 postponed senescence and decreased SA-B-gal
activity, indicating that SA-B-gal activity is indeed a good marker of senescence. However,
the discordance in SA-B-gal activity and p16 expression as described in Table 1 shows that
increased pl6 expression is not a prerequisite for an increase in SA-B-gal activity and that
SA-B-gal activity does not always depend on pl16 expression. Although various markers have
been described that identify senescent cells, the current consensus is that none of these
markers is specific for senescence only (21). One of the hallmarks of senescence is growth
arrest, which can be mediated by two main pathways: the p53/p21 and the pl6/pRB
pathways. Although pl6 is expressed by many senescent cells, it is not exclusive for
senescence (16;22), which is a possible explanation for the SA-B-gal negative/pl6 positive
fibroblasts observed in our experiments. The SA-B-gal positive/p16 negative fibroblasts could
well be the result of senescence induced by pathways other than pl16, for example p53.
Additionally, examples of senescence have been described that are independent of p16 and
p53 (23;24).

Both the flow cytometric and the cytochemical method showed significant increases in SA-B-
gal activity after exposure to stress. Under non-stressed conditions, both methods were able
to detect a difference between fibroblast strains derived from young subjects compared with
strains from very old subjects. When these fibroblast strains were exposed to stress, only the
flow cytometric method was able to identify differences in SA-B-gal activity between
fibroblasts from young and very old subjects. This could be due to the marked differences

between the two methods, the most notable being that, using the cytochemical method, SA-
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B-gal activity of individual fibroblasts is assessed dichotomously, whereas the flow cytometric
method measures SA-B-gal activity in the fibroblasts on a continuous fluorescence scale. It
may thus be well conceivable that two samples measured cytochemically might yield similar
percentages of SA-B-gal positive fibroblasts while the intensity of the stained fibroblasts is
different between the samples. This difference between samples would be detected by the
flow cytometric method since every fibroblast is measured on a continuous scale. Another
important difference is that the cytochemical method is performed on fixed fibroblasts
whereas flow cytometry is applied to living fibroblasts. Enzyme activity depends on a proper
configuration of the protein involved. It is likely that in fixed fibroblasts, enzyme activity will be
affected by protein cross-linking and it may thus be hypothesized that measuring SA-B-gal

activity with the flow cytometric method in living fibroblasts may better reflect biology.

Since the flow cytometric method described relies on living fibroblasts, we tested the pH
modulators for toxicity. We found that Baf Al was not toxic for fibroblasts whereas
chloroquine and nigericin were. Kurz et al. (10) show that the SA-B-activity is indeed
lysosomal, so we preferred to selectively change lysosomal pH (Baf A1 and chloroquine), as
opposed to cytosolic pH (nigericin buffer). Since Baf Al was virtually non-toxic, whereas

chloroquine was not, Baf A1 was our pH-modulator of choice.

Our results suggest that under most conditions, both methods show changes in SA-B-gal
activity, but we found the flow cytometric method superior to discriminate between
populations of fibroblasts, showing different levels of induced SA-B-gal activity being
associated with senescence. Taking into account that the flow cytometric is also less labor-
intensive and more time- and cost-effective than the cytochemical method, we strongly

recommend flow cytometry for measuring SA-B-gal activity in cultured fibroblasts.

34



Flow cytometric method for measuring SA-B-gal activity in human fibroblasts

References

(1)

)

(3)

(4)

()

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

Hayflick L, Moorhead PS. Serial Cultivation of Human Diploid Cell Strains. Exp Cell Res
1961;25(3):585-621.

Toussaint O, Dumont P, Remacle J, Dierick JF, Pascal T, Frippiat C et al. Stress-induced
premature senescence or stress-induced senescence-like phenotype: one in vivo reality, two
possible definitions? ScientificWorldJournal 2002;2:230-47.:230-247.

Toussaint O, Medrano EE, von Zglinicki T. Cellular and molecular mechanisms of stress-
induced premature senescence (SIPS) of human diploid fibroblasts and melanocytes. Exp
Gerontol 2000;35(8):927-945.

von Zglinicki T, Saretzki G, Ladhoff J, d'Adda di Fagagna F, Jackson SP. Human cell
senescence as a DNA damage response. Mech Ageing Dev 2005;126(1):111-117.

Bassaneze V, Miyakawa AA, Krieger JE. A quantitative chemiluminescent method for studying
replicative and stress-induced premature senescence in cell cultures. Anal Biochem
2008;372(2):198-203.

Dimri GP, Lee XH, Basile G, Acosta M, Scott C, Roskelley C et al. A Biomarker That Identifies
Senescent Human-Cells in Culture and in Aging Skin In-Vivo. P Natl Acad Sci USA
1995;92(20):9363-9367.

Maier AB, Westendorp RG, van Heemst D. Beta-galactosidase activity as a biomarker of
replicative senescence during the course of human fibroblast cultures. Ann N Y Acad Sci
2007;1100:323-332.

Severino J, Allen RG, Balin S, Balin A, Cristofalo VJ. Is beta-galactosidase staining a marker of
senescence in vitro and in vivo? Exp Cell Res 2000;257(1):162-171.

Gossrau RZ, Lojda Z, Stoward PJ. Glycosidase. In: Pearse AGE, Stoward PJ, editors.
Histochemistry: theoretical and Applied. Edinburgh: Churcill Livingstone; 1991.

Kurz DJ, Decary S, Hong Y, Erusalimsky JD. Senescence-associated beta-galactosidase
reflects an increase in lysosomal mass during replicative ageing of human endothelial cells. J
Cell Sci 2000;113(20):3613-3622.

von Faber M, Bootsma-van der Wiel A, van Exel E, Gussekloo J, Lagaay AM, van Dongen E et
al. Successful aging in the oldest old: Who can be characterized as successfully aged? Arch
Intern Med 2001;161(22):2694-2700.

Maier AB, le Cessie S, Koning-Treurniet C, Blom J, Westendorp RG, van Heemst D.
Persistence of high-replicative capacity in cultured fibroblasts from nonagenarians. Aging Cell
2007;6(1):27-33.

Yoshimori T, Yamamoto A, Moriyama Y, Futai M, Tashiro Y. Bafilomycin Al, a specific inhibitor
of vacuolar-type H(+)-ATPase, inhibits acidification and protein degradation in lysosomes of
cultured cells. J Biol Chem 1991;266(26):17707-17712.

35



Chapter 2

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

36

Escobales N, Longo E, Cragoe EJ, Jr., Danthuluri NR, Brock TA. Osmotic activation of Na(+)-
H+ exchange in human endothelial cells. Am J Physiol 1990;259(4 Pt 1):C640-C646.

Negulescu PA, Machen TE. Intracellular ion activities and membrane transport in parietal cells
measured with fluorescent dyes. Methods Enzymol 1990;192:38-81.

ltahana K, Zou Y, Itahana Y, Martinez JL, Beausejour C, Jacobs JJ et al. Control of the
replicative life span of human fibroblasts by p16 and the polycomb protein Bmi-1. Mol Cell Biol
2003;23(1):389-401.

Li N, Ragheb K, Lawler G, Sturgis J, Rajwa B, Melendez JA et al. Mitochondrial complex |
inhibitor rotenone induces apoptosis through enhancing mitochondrial reactive oxygen species
production. J Biol Chem 2003;278(10):8516-8525.

Harman D. Aging: a theory based on free radical and radiation chemistry. J Gerontol
1956;11(3):298-300.

Armstrong JS, Hornung B, Lecane P, Jones DP, Knox SJ. Rotenone-induced G2/M cell cycle
arrest and apoptosis in a human B lymphoma cell line PW. Biochem Biophys Res Commun
2001;289(5):973-978.

Duan J, Zhang Z, Tong T. Senescence delay of human diploid fibroblast induced by anti-sense
pl6INK4a expression. J Biol Chem 2001;276(51):48325-48331.

Campisi J, d'Adda di Fagagna F. Cellular senescence: when bad things happen to good cells.
Nat Rev Mol Cell Biol 2007;8(9):729-740.

Beausejour CM, Krtolica A, Galimi F, Narita M, Lowe SW, Yaswen P et al. Reversal of human
cellular senescence: roles of the p53 and p16 pathways. EMBO J 2003;22(16):4212-4222.

Michaloglou C, Vredeveld LC, Soengas MS, Denoyelle C, Kuilman T, van der Horst CM et al.
BRAFE600-associated senescence-like cell cycle arrest of human naevi. Nature
2005;436(7051):720-724.

Olsen CL, Gardie B, Yaswen P, Stampfer MR. Raf-1-induced growth arrest in human mammary
epithelial cells is pl6-independent and is overcome in immortal cells during conversion.
Oncogene 2002;21(41):6328-6339.









