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Cell senescence in rat kidneys in vivo increases with growth
and age despite lack of telomere shortening

ANETTE MELK, WIPAWEE KiTTIKOWIT, IRWINDEEP SANDHU, KIERAN M. HALLORAN,
PauL Grivv, BERNHARD MLW. ScamipT, and PHiLip F. HALLORAN

Department of Medicine, Division of Nephrology and Immunology, University of Alberta, Edmonton, Alberta, Canada;
Department of Laboratory Medicine and Pathology, University of Alberta, Edmonton, Alberta, Canada; Department of
Pediatrics, University of California, San Diego, California; and Department of Medicine IV/Nephrology, University of

Erlangen-Niirnberg, Germany

Cell senescence in rat kidneys in vivo increases with growth
and age despite lack of telomere shortening.

Background. Somatic cells in vitro have a finite life expec-
tancy before entering a state of senescence, but it is unclear
whether this state occurs in vivo in kidney development, growth,
and aging. We previously showed that human kidney cortex
displays telomere shortening with age. In this study, we com-
pared the structural and functional changes in rat kidney with
age to phenomena associated with cellular senescence in vitro.

Methods. We assessed the changes in Fischer 344 rat kidneys
from age 1 to 9 months to define growth and development and
from age 9 to 24 months to define aging.

Results. Rat kidney telomeres were approximately 35 to 40
kb long and did not shorten significantly. Expression of mRNA
for p16™%* a characteristic senescence gene in vitro, was unde-
tectable in most young rats but rose 27 fold during growth and
a further 72-fold during aging. p16™* protein was localized
to the nucleus and increased with age. p16™ mRNA also
increased in other tissues. Lipofuscin and senescence-associated
-galactosidase increased in epithelium with growth and aging
and their occurrence was significantly associated with each
other. Lipofuscin was particularly found in atrophic nephrons.

Conclusion. We conclude that cell senescence occurs in both
growth and aging in rat kidney and may contribute to the
age-related pathology. These changes are not due to telomere
shortening, but may reflect cumulative environmental stress.

Renal aging and the phenotype of age, which is termed
renal senescence, are important clinical issues [1, 2]. Re-
nal senescence is associated with many health problems,
increased renal cancer, a high incidence of end stage
renal disease, and poor performance of renal transplants
from the elderly. Kidney aging is associated with func-
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tional and anatomic changes [3-7]. The cellular and mo-
lecular basis of renal aging remains largely unknown,
but environmental stress and genomic changes such as
loss of telomeres are believed to contribute [8, 9]. One
possible explanation of the phenotypic changes of renal
aging is that critical cells reach their finite limits and de-
velop changes analogous to the limits reached by somatic
cells in culture. Cultured mammalian somatic cells such
as fibroblasts, after a finite number of population dou-
blings, eventually reach a state in which they irreversibly
cease replication and manifest abnormalities [10]. This
state has been called replicative senescence for human cells
and stasis for murine cells [11], but herein will be referred
to as cell senescence. Mouse and human fibroblasts in vitro
show major differences in how the state of senescence
is reached [11]. Human cells manifest loss of telomeres,
and their state of senescence can be bypassed by transfec-
tion of telomerase, which greatly extends their replica-
tive capacity. In contrast, mouse fibroblasts show even
more limited proliferative capacity in vitro, but their long
telomeres are not limiting and the senescent state is pro-
duced by environmental stress (“culture shock”) [11-15].
However, mouse and human cells at arrest manifest simi-
lar changes, including expression of a cell cycle regulator
pl16™% and organelle changes such as senescence-associ-
ated B-galactosidase (SA-B-GAL) and lipofuscin [16-19].
Cell senescence could also occur during renal develop-
ment and growth as well as during aging.

Aging events in rat kidneys are of interest in themselves
and for comparison to the processes of human kidney
senescence. There is a wide variability in the effects of
aging on the rat kidney. In particular, strains differ in the
development of proteinuria that is associated with glomeru-
lar changes, typically focal and segmental sclerosis [20],
and the environment influences the phenotype within
strains. Rat kidneys, unlike human kidneys, manifest no
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loss of renal mass and little or no loss of function with
age unless they have concomitant kidney disease [21, 22].
In this study we explored whether characteristic fea-
tures of senescence in cultured cells develop in the rat
kidney with development and aging. Senescent cells in
vitro are resistant to apoptosis, and could persist in their
abnormal state and thus contribute to pathology in com-
plex tissues and organs, interfering with organ homeosta-
sis. Our purpose was to seek evidence for or against
the concept that cell senescence as defined in culture is
actually a phenomenon in vivo, and that it may contrib-
ute to the phenotype of renal aging. This in turn would
assist in generating testable models of renal aging.

METHODS
Kidneys

Rat samples were derived from 32 Fischer 344 rats of
three age groups (1 month, N = 11; 9 months, N = 10;
and 24 months, N = 11). One-month-old rats were de-
rived from the University of Alberta animal colony and
9- and 24-month-old rats from the NIA colony were
purchased from Harlan (Indianapolis, IN, USA) (9- and
24-month-old age group). All animals were housed bar-
rier maintained and specific pathogen free. The animals
were killed within 1 week after arrival in our colony.

Rats were anesthetized and blood was drawn for mea-
surement of serum creatinine, urea, and electrolytes. Then
a midline incision was performed and kidneys, spleen, and
heart were quickly removed. Brains were harvested last.
All tissue samples were immediately snap-frozen in liquid
nitrogen and stored at —70°C. In addition, tissue was em-
bedded in 22-oxacalcitriol (OCT) for frozen sections and
fixed with paraformaldehyde for paraffin-embedded sec-
tions. All experiments were performed according to the
University of Alberta Animal Policy and Welfare Com-
mittee’s animal care protocols.

Pathology and lipofuscin assessment

Paraffin wax sections were cut at 2 wm and stained with
hematoxylin and eosin, periodic acid-Schiff and Masson
trichrome for histopathologic assessment by one pathol-
ogist (W.K.). Two independent observers performed lipo-
fuscin counts using high power field. Both assessments
were done blinded.

Sirius Red staining

Unstained paraffin embedded sections were baked at
60°C for one hour. Slides were soaked in xylene for 24
hours followed by acetone for 24 hours to reduce paraffin
contamination. Then slides were taken through xylene
and graded ethanols into distilled water and stained over-
night in saturated picric acid with 0.1% Sirius Red F3BA
(Aldrich Chemicals, Oakville, Ontario, Canada). Slides
were washed in hydrochloric acid (0.01 N) and rapidly
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dehydrated and mounted. Sirius Red staining was only
performed on a subgroup of 12 rats (1 month, N = 5; 9
months, N = 2; and 24 months, N = 5).

Image analysis was performed by a technician blinded
to the source of the sample. The slides were examined
with a Nikon E600 microscope, and a Hitachi analog 3
charged coupling device (CCD) camera was used to cap-
ture gray scale 256 bit images that were archived as
tagged-image file format (TIFF) files. A background im-
age was initially obtained and background correction
was performed in real time while the images were being
acquired using the X40 objective. Images of the kidney
cortex were obtained in a serpentine fashion starting at
one end of the tissue and working toward the other.
Large glomeruli, vessels larger than the size of adjacent
tubules and the medulla were not included in the image
acquisition. Image analysis was performed using an auto-
mated macro (available from P.G.) specially written for
the software package NIH Image. Automated analysis
of the images was performed with operator supervision.
Data is expressed as cortical fractional interstitial fibrosis
volume (Viyrin), @ value of 1 would reflect 100% fibrosis.

Terminal restriction fragments (TRF)

To obtain high molecular weight DNA without degra-
dation, the tissue was disrupted by freeze grinding. DNA
was then isolated by proteinase K digestion and phenol/
chloroform extraction. Concentration was measured at
optical density (OD),5. DNA samples were digested with
the restriction enzymes Hinf T and Rsa I (Boehringer
Mannheim, Germany) to produce terminal restriction
fragments (TRFs). Each digested sample (1.5 pg) was
resolved on a 1.0% agarose gel by pulse field gel electro-
phoresis (buffer temperature 14°C, voltage gradient 6.0
V/em, switching interval 1 to 30 seconds, 12 hours). Gel
was probed directly as described previously [23] with
minor modifications [24]. Hybridization was done at 42°C
overnight with a 5’ end-labeled ¥P-(TTAGGG); oligo-
nucleotide telomere probe in a buffer containing 6 X
standard sodium citrate (SSC), 5 X Denhardt’s solution,
50 mmol/L NaH,PO, (pH 7.4), 0.1 mg/mL salmon sperm
DNA, 0.1% sodium dodecyl sulfate (SDS). Following
stringency washes at reverse transcription (RT) in 0.2 X
SSC,0.1% SDS, the autoradiography signal was digitized
in a phosphoimage scanner (Fuji) using ImageGauge Soft-
ware. All lanes were subdivided into intervals of 1 mm.
The mean size of the TRFs was estimated using the for-
mula 3(Odi X Li)/%(ODi), where ODi is the density read-
ing from interval i and Li is the size in kilobase pairs of
the interval relative to the markers [25]. Mean TRF
length was determined on the basis of the intensity of the
signal, where the intervals averaged were those intervals,
which were higher than 1% of the total signal in that lane.
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Real-time reverse transcription-polymerase chain
reaction (RT-PCR)

Total RNA was extracted from tissue samples ac-
cording to a modification of the method described by
Chirgwin et al [26]. Tissues were homogenized with a
polytron in 4 mol/L guanidinium isothiocyanate, and the
RNA was pelleted through a 5.7 mol/L CsCl, cushion.
RNA was isolated by phenol/chloroform extraction. Con-
centrations were determined by absorbance at 260 nm.
Transcription into cDNA was done using Moloney mu-
rine leukemia virus (MMLYV) reverse transcriptase and
random primers (Life Technologies, Burlington, Ontario,
Canada). The principle of real-time quantitative PCR
has been described by Heid et al [27]. cDNA (0.75 L)
was amplified in an ABI PRISM 7700 Sequence Detector
(Applied Biosystems, Foster City, CA, USA). All sam-
ples were done in duplicates. Sequence specific primers
and probe for p16™k% (forward primer 5'-ACG AGG
TGC GGG CAC TG-3'; reverse primer 5'-TTG ACG
TTG CCCATC ATC ATC-3'; probe 5'-FAM-CCG AAC
ACTTTC GGT CGT ACC CCG ATA-TAMRA-3") and
transforming growth factor-g1 (TGF-B1) (forward primer
5'-GGCTACCATGCCAACTTCTGTCT-3";reverse
primer 5'-CCG GGT TGT GTT GGT TGT AGA-3';
probe 5'-FAM-CAC ACA GTA CAG CAA GGT CCT
TGC CCT-TAMRA-3") were designed using Primer Ex-
press Software (Applied Biosystems). Predeveloped assay
reagents for 18S ribosomal RNA (18S RNA) were pur-
chased (Applied Biosystems). The number of PCR cycles
that are needed to reach the fluorescence threshold is
called threshold cycle (Ct). The Ct value for each sample
is proportional to the log of the initial amount of input
cDNA. After calculation of the mean Ct value for the
duplicates, the Ct values for all samples were normalized
to 18S RNA by subtraction (Ct for p16™** minus Ct for
18S RNA), called ACt. Relative quantification of gene
expression was calculated as 2. A mixture of equal
amounts of different rat spleen cDNA was used as an
internal control and was run with each experiment. The
mean ACt value for this sample was 21.7 and the variation
coefficient for all experiments was 2.01%.

Immunohistochemistry for p16™

Immunoperoxidase staining for p16™** was performed
using 2 pm sections of paraffin-embedded tissue. Briefly,
sections were deparaffinized and hydrated. The sections
were immersed in 3% H,0, methanol to inactivate en-
dogenous peroxidase. Slides were blocked with 20% nor-
mal goat serum. Tissue sections were then incubated for 1
hour at RT with the primary antibody (mouse monoclonal
antibody, Clone F-12, Santa Cruz Biotechnolgies, Santa
Cruz, CA, USA) and rinsed with phosphate-buffered
slaline (PBS). Following 30 minutes of incubation with
the Envision monoclonal system (Dako, Mississauga,
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Ontario, Canada), sections were washed again in PBS.
Visualization was performed using the diaminobenzidine
(DAB) substrate kit (Dako, Ontario). The slides were
counterstained with hematoxylin and mounted. Analysis
was done by counting 5 high power field by a blinded
observer. Percentage of positive nuclei was assessed for
tubules, glomeruli, and interstitium.

Western blot analysis

Tissue was homogenized in radioimmunoprecipitation
assay (RIPA) buffer containing the protease inhibitors
phenylmethylsulfonylfluoride (100 pwg/mL), aprotinin (100
pg/mL), and sodium orthovanadate (1 mmol/L). Homog-
enates were centrifuged and supernatants were snap-
frozen and stored at —80°C. Protein concentrations were
determined using the BioRad Lowry protein assay (Bio-
Rad Labs, Hercules, CA, USA). Samples (50 pg) were
loaded and proteins were separated by 11.5% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) followed by electrophoretic transfer to a nitro-
cellulose membrane. Retinoblastoma was detected using
arabbit polyclonal antibody against total retinoblastoma
(C-15, Santa Cruz Biotechnology) that showed two sepa-
rate bands for phosphorylated and hypophosphorylated
retinoblastoma. This was followed by peroxidase-conju-
gated goat antirabbit immunoglobulin G (IgG) (Jackson
Immuno Research Laboratories, West Grove, PA, USA)
and enhanced chemiluminescence (SuperSignal®, Pierce,
IL, USA).

Senescence-associated (SA) (-galactosidase
(B-GAL) staining

Frozen sections were cut at 4 pm and kept at —20°C
until further processed. Staining was done according to
Dimri et al [28], including modifications by Chkhotua et
al [29]. Briefly, slides were brought to RT and fixed with
2% formaldehyde/0.2% glutaraldehyde in PBS. Slides
were then incubated for 14 hours at 37°C in a humidified
chamber with SA-B-gal staining solution [2 mg/mL X gal
in dimethylformamide, 40 m mol/L citric acid/sodium phos-
phate (dibasic), pH 6, 5 mmol/L potassium ferrocyanide,
5 mmol/L potassium ferricyanide, 150 mmol/L. sodium
chloride, and 20 mmol/L. magnesium chloride]. Controls
were stained for lysosomal -gal using the same SA-3-
gal staining solution adjusted to pH 4. Following staining,
slides were counterstained with eosin, dehydrated, and
mounted.

Quantification of the SA-B-GAL staining was accom-
plished by Image-Pro Plus Software. A set of slides with-
out counterstain was produced and photographed. The
image was opened in Image-Pro Plus and staining density
for the whole section was calculated. The mean staining
density of two independent experiments was taken for
further calculations and statistical analysis.
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Table 1. Kidney function and weight
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Table 2. Pathology of rat kidney

M = SD

Groups 1 month 9 months 24 months
Creatinine umol/L 204£6.2 42.2 +10.6 58.0=16.9
Urea mmol/L 75*x12 8.6+0.9 6.6x1.1
Sodium mmol/L 124.6+9.8 1422+133 1343 +11.2
Chloride mmol/L 812=x7.1 92.8+8.9 92089
Kidney weight mg 723+70 1157 = 107° 1403 = 141°
Body weight g 15221 409 + 54 41949
Kidney/body weight

ratio [10°] 49x0.8 29*04 34+04°

*1-month-old and 9-month-old group differ P < 0.05
*9-month-old and 24-month-old group differ P < 0.05

Terminal deoxnucleotidyl transferase-mediated uridine
triphosphate (UTP) nick end labeling (TUNEL)

Paraffin-embedded sections were deparaffinized and
hydrated. The sections were immersed in 1% H,O, to
inactivate endogenous peroxidase. The sections were
treated with proteinase K (20 pg/mL in PBS) for 10 min
at RT and rinsed in PBS. Sections were incubated with
terminal deoxnucleotidyl transferase (TDT) buffer (30
mmol/L Tris-HCI, pH 7.2, 1 mmol/L CoCl,, and 140
mmol/L sodium cacodylate) for 30 minutes at RT. The
TDT buffer was then replaced with TDT buffer con-
taining 0.025 nmol/pL biotin-16-dUTP (Roche, Laval,
Quebec, Canada) and 0.25 U/ul TDT (Roche, Laval) and
incubated for 1 hour at 37°C in a humidified chamber.
Slides were rinsed in PBS. Nonspecific staining was blocked
by immersing the slides in 2% bovine serum albumin
(BSA) in PBS. The slides were then incubated with the
avidin-biotin complex (Vector Laboratories, Burlingame,
CA, USA) for 30 minutes. The reaction was visualized
using the DAB substrate kit (Vector Laboratories). The
slides were counterstained with alcian blue, dehydrated,
and mounted. For negative controls TDT was omitted.
Kidney sections treated with 1000 ng/mL DNAase I (Sigma
Chemical Co., St. Louis, MO, USA) were used as positive
controls. Analysis was done by counting all positive nu-
clei per kidney section.

Statistical analysis

Data analyses were performed using SPSS (Version
11.0). Means among three groups of rats were compared
using Kruskal-Wallis nonparametric tests, and Mann-
Whitney tests with Bonferroni correction were used for
multiple pair-wise comparisons. The Fisher exact test was
used to test for differences in proportions, 1-month-old
with 9-month-old, 9-month-old with 24-month-old rats.

RESULTS
Renal changes with growth and aging

Because environment, subline genetic differences
[30, 31], and specific renal diseases can alter the pheno-

M = SD
1 month 9 months 24 months

Groups N=6 N=6 N=17
Glomeruli number

per section 213+15.6 214+23.7 254 +20.1°
Total sclerotic

glomeruli % 0 02+04 24+0.9°
Partial sclerotic

glomeruli % 0 0.1+0.2 2.0£2.2°
Glomerulitis (0-3) 0 0 0
Glomerulopathy (0-3) 0 0 0
Fusion to Bowman’s

capsula % 0 0 04+0.8
Widened Bowman’s

space % 0 0.6£0.5° 26+1.9
Epithelial

proliferation % 0 0 0.1*+0.1
Hyaline droplets % 0 0 0.5+0.5°
Hyaline arteriole % 0 0 04+04
Casts in cortex number 0 1.7=1.4° 14.9+11.4°
Casts in medulla® 0 0.8+£0.4° 1.6+0.8
Tubular atrophy? 0 0.7+0.8 8.0+9.0°
Dilated tubules* 0 02+04 3.7+5.6
Mononuclear

infiltrate® 0 22+1.9° 6.0*+6.0
Arteriolar hyaline

thickening 0 0 0.6+0.8
Vascular fibrous

intimal thickening 0 0 0
Cells per tubular cross-

section number 45+03 41+0.8 35+04

21-month-old and 9-month-old group differ P < 0.05

®9-month-old and 24-month-old group differ P < 0.05

¢Number of cross-sections that show casts in medulla: 1 = <50 cross-sections,
2 = 50-100 cross-sections, 3 = >100 cross-sections

¢Number of groups per kidney section that showed tubular atrophy or dilated
tubules

¢Number of areas that showed mononuclear infiltrate

type of growth and aging in kidney [20], it was essential
that we characterize the extent of the previously reported
changes [20, 30-33] at each age in our rats to permit
correlation with our indicators of cellular senescence. We
arbitrarily termed the 1 to 9 months interval “growth” and
the 9 to 24 months interval “aging.” Creatinine increased
significantly during growth (9 months versus 1 month)
but not during aging (24 months versus 9 months); urea
and electrolytes showed no changes (Table 1). We con-
firmed that our rats displayed this pattern. Both kidney
and body weight from age 1 month to age 9 months
increased by 60% and 169 %, respectively. Kidney weight
increased by a further 21% from 9-month-old to 24-
month-old rats, but body weight did not change. The
kidney-to-body-weight ratio decreased during growth
and increased during aging. The protein/DNA ratio was
stable for all three ages (15.2 = 2.0 in 1-month-old vs.
15.3 = 1.5 in 24-month-old rats).

We evaluated the histologic changes of growth and
aging using a pathology scoring system incorporating
features of the Banff classification for transplant pathol-
ogy [34] and previous reports [20] (Table 2). None of the
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Fig. 1. Effects in three different age groups. (A) Fraction of cortical
interstitial fibrosis in rat kidneys of three different age groups. Intersti-
tial fibrosis increased significantly with growth, the further increase with
age was not statistically significant. (B) Transforming growth factor-f1
(TGF-B1) mRNA expression was highly variable in young and old rats.
The increase with age was not statistically significant.

1-month-old rats had features suggesting renal diseases
beyond the changes of aging. By 9 months the percentage
of glomeruli with widened Bowman’s space and the num-
ber of casts in cortex and medulla increased, and occa-
sional foci of mononuclear infiltrate appeared. Some rats
at 9 months manifested occasional totally sclerotic (two
of six) or partially (segmental) sclerotic glomeruli (one
of six), tubular atrophy (three of six), and dilated tubules
(one of six). By 24 months of age, all kidneys showed
histologic features of aging, including total and partial
(segmental) sclerosis (although only 4.4% of glomeruli
were affected), hyaline droplets, tubular atrophy, inter-
stitial fibrosis, and arteriolar hyalinosis. No rats showed
arterial fibrous intimal thickening. The number of cells
per tubular cross-section did not change with age.

Cortical fibrosis was quantitated by Sirius Red staining
(Fig. 1A) and increased significantly with growth (Vg
0.01 £ 0.005 at 1 month vs. 0.024 = 0.003 at 9 months;
P < 0.05). The further increase with aging (Vg 0.033 =
0.010 at 24 months) did not reach statistical significance.
Because of the increase in fibrosis, we measured the
amount of TGF-B1 mRNA (Fig. 1B). TGF-1 expression
was highest in the 24-month-old rats (13 = 16.1) but
the differences between age groups were not statistically
significant.

Mean TRF length in rat kidney samples

Figure 2A shows a typical TRF length gel obtained
by pulse-field gel electrophoresis. The mean * SD for
mean TRF length (kb) was 38.5 = 1.0 for 1-month-old
rats, 40.6 = 4.8 for 9-month-old rats, and 35.1 = 6.0
for 24-month-old rat kidneys (Fig. 2B). There was no
significant change in TRF length with growth or aging
(P = 0.49). The mean TRF length in rat samples was
above 30 kb, similar to what has been shown for Mus
musculus strains [35] and much longer than in human
kidney (about 12 Kb) [36].
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Fig. 2. Mean telomere restriction fragment (TRF) length in rat kidneys
of three different age groups. (A) Representative TRF gel. (B) Mean
TRF length = SD of mean TRF length for the three different age
groups. High-molecular-weight DN A was isolated, resolved by pulse-
field gel electrophoresis. Hybridization with a telomere specific ¥P-
labeled oligonucleotide was performed and mean TRF length was calcu-
lated based on the signal intensity for each lane. Size (kb) is indicated.
Abbreviations are: MW, molecular weight marker; J, Jurkat cell line;
UN, undigested DNA sample not digested with HinfI and Rsa I. Kruskal-
Wallis test was performed for the comparison of all three groups.

pl6™ 4 mRNA expression in rat kidney, spleen, brain,
and heart samples

plo™4 mRNA was absent in most 1-month-old kid-
neys but increased 27-fold with growth and a further 72-
fold with aging (Fig. 3A). The p16™** mRNA levels were
undetectable in 10 out of 11 samples in 1-month-old rats
and very low (1.75 X 107?) in the remaining one rat. Nine-
month-old rats had detectable levels in all 10 animals.
Highest levels were found in the group of 24-month-old
rats. Mean values (=SD) for p16™%* expression normal-
ized to 18S RNA in kidney were 1.6 X 10710 (£5.29 X
10719 for 1-month-old rats, 43.8 X 1071 (+£29.2 X 10~1%)
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for 24-month-old rats. The latter group showed consider-
able variability in p16™* Jevels.

Increases in p16™&“ were seen for three other tissues
investigated (Fig. 3) (spleen, P < 0.001; brain, P < 0.05;
heart, P < 0.05). Interestingly, p16™ was expressed in
both spleen and heart even in the 1-month-old group,
whereas p16™%* was not detected in any of the brain
tissues for the 1-month-old rats. This was the case for
most of the kidneys, but the brain showed no significant
increase between 9-month-old and 24-month-old rats.

P16™%* protein expression in rat kidneys

We were able to corroborate the mRNA results by
immunoperoxidase staining for p16™%*, Representative
tubular sections are shown in Figure 4. Young rat kid-
neys, which lacked or had very low p16™# levels showed
no or occasional staining of single nuclei (mean of posi-
tive nuclei in tubules 4 %; in glomeruli 4 %; and in intersti-
tium 1%). The increase with aging was highly significant
for all investigated compartments. The mean of positive
nuclei in 9-month-old versus 24 month-old-rats was 5%
versus 46% in tubules (P < 0.001), 6% versus 38% in
glomeruli (P < 0.001), and 1% versus 18% in interstitium
(P < 0.0001). Very rarely single lymphocytes within a
mononuclear infiltration stained.

By Western blot, we did not find any differences in
the amount of retinoblastoma, a downstream target of
pl6™K% between young and old rats.

SA-B-GAL was described in senescent human fibro-
blast cultures [28], but not in quiescent or terminally
differentiated cells, and in vivo in skin cells from old
humans. SA-B-GAL has been recommended as an indi-
cator of cell senescence in vitro [37] and in vivo [38, 39].
We assessed SA-B-GAL staining for rat specimens of dif-
ferent ages (for representative pictures, see Fig. 5). SA-
B-GAL staining was found only in tubular cells, not in
glomeruli or vessels. As can be seen in Figure 5C, a
patchy pattern was observed in 24-month-old rats, sug-
gesting those SA-B-GAL stained tubules belonged to
the same nephron. SA-B-GAL staining was quantitated
by a photo imaging technique for which a whole cross-
section of the kidney was photographed. Mean staining
densities (arbitrary units) were 0.003 (= 0.002) for
1-month-old rats, 0.008 (= 0.003) for 9-month-old rats,
and 0.020 (%= 0.007) for 24-month-old rats (P < 0.005).
Thus SA-B-GAL increased during growth but further
increased during aging.

TUNEL

To assess the amount of apoptotic cells TUNEL stain-
ing was performed. Apoptotic cells were overall rare,
but increased continuously with age. Young rats had an
average of one positive nucleus per kidney cross-section,
9-month-old rats had six positive nuclei, and in 24-
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Fig. 4. Representative p16™** staining in rat kidney tubular sections
from a (A) 1-month-old, and (B) 24-month-old rat. Inmunoperoxidase
staining was performed on paraffin sections with a monoclonal antibody
against p16™* and hematoxylin counterstain. Nuclear p16™%* staining
was not or very rarely found in young, but was present in all old rat
kidneys.

month-old rats we found 12 positive nuclei. Positive nu-
clei were almost always found in tubules, interstitial cells
showed some positive nuclei, and only one old rat had
a positive nucleus in its glomerulus.

Lipofuscin

Lipofuscin is an intracellular, age-related, fluorescent,
cytoplasmic, granular pigment found mainly in second-
ary lysosomes of postmitotic cells [40]. We assessed lipo-
fuscin in proximal, nonproximal, and atrophic tubules
for four different areas in the kidney: superficial cortex,
mid-cortex, juxtamedullary cortex, and medulla. Lipofuscin
was usually absent at 1 month: only one of the six 1-month-
old rats displayed any lipofuscin, confined to occasional
tubules of the juxtamedullary cortex and medulla. Lipo-
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fuscin was present in every kidney of the 9-month-old
and 24-month-old animals (Table 3), confined to tubular
cells, mainly proximal tubules. Highest amounts were
found in atrophic tubular cells. Thus like SA-B-GAL
lipofuscin increased in growth and in aging.

Lipofuscin appeared in proximal tubules in all four
areas of the 9-month-old group, whereas nonproximal
tubules were only affected in one out of six rats. The
24-month-old kidneys displayed a further increase in li-
pofuscin in proximal tubules in all areas and in nonproxi-
mal tubules in superficial and mid cortex. Lipofuscin was
present in up to 50% of atrophic tubules in the 24-month-
old kidneys.

In both the 9-month-old and the 24-month-old kidneys
lipofuscin was significantly associated with SA-B-GAL
staining (Table 4).

DISCUSSION

To explore the relationship between cellular senes-
cence and the phenotypic changes of aging, we studied
whether features that characterize senescent cells in vitro
can be detected in vivo in a well-studied model of renal
aging, the Fischer 344 rat kidney. We found that rat kid-
neys had long telomeres that did not shorten with age,
unlike telomeres in human renal cortex, which were much
shorter and shortened further with age [36]. The cyclin-
dependent kinase inhibitor p16™%4 a marker of senes-
cence for murine and human cells in culture [16, 17, 41],
increased strikingly both with growth and aging and
emerges as a unique marker for somatic cell senescence
in growth and aging in the kidney. Lipofuscin and SA-B-
GAL staining, markers of senescence in vitro, increased
in tubular epithelium with age, with lipofuscin appearing
first in the medulla and juxtamedullary cortex. Thus in
rat kidney, the epithelial cells manifest cell senescence
changes independent of telomere shortening, which may
contribute to the renal aging phenotype. Since these
changes in culture are indicative of environmental stress,
our findings indicate that renal senescence in the rat is
caused at least in part by environmental stress-induced
cellular changes similar to those in senescent cells in
vitro, but that telomere attrition does not play a role.

The long telomeres that failed to shorten with age in
rat kidneys are consistent with the recent realization that
mouse cells in culture have long telomeres that do not
shorten with cycling [11]. However, this is the first dem-
onstration of this principle in vivo. In culture, mouse cells
do not use telomere shortening as a cell cycle counting
mechanism, but nevertheless still reach senescence after
fewer cycles than human cells [11, 12, 42]. Thus, rodent
cells are much more sensitive to environmental stress
than human cells in vitro and possibly in vivo [42]. Mouse
fibroblasts rely more on the p53 pathway to limit their
proliferative capacity in vitro, and inactivation of p53
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Fig. 5. Representative SA-B-GAL staining in rat kidney tissue from a
1-month-old (A), 9-month-old (B), 24-month-old rat (C). Frozen sections
were fixed with 2% formaldehyde/0.2% glutaraldehyde and incubated
for 14 hours at 37°C with SA-B-GAL staining solution. Counterstaining
was performed with eosin. SA-B-GAL staining was only found in tu-
bules. Glomeruli and vessels were not affected. SA-B-GAL staining
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Table 3. Lipofuscin distribution (%) in tubular epithelium
of rat kidney

M = SD
Groups 1 month 9 months 24 months
Superficial cortex
Proximal tubules 0 0.6*+0.8 5.6+3.3°
Nonproximal tubules 0 0 0.6 +=0.5"
Atrophic tubules — — 293+159
(atrophic tubules [%]) N/A N/A 2.0
Mid cortex
Proximal tubules 0 22+1.1° 87+52
Nonproximal tubules 0 0 0.8+0.8"
Atrophic tubules — — 243+14.1
(atrophic tubules [%]) N/A N/A 2.3
Juxtamedullary cortex
Proximal tubules 0.04+0.1 33+15  10.8+5.8°
Nonproximal tubules 0 02+04 0.6+0.8
Atrophic tubules — — 332+138
(atrophic tubules [%]) N/A N/A 34
Medulla
Proximal tubules 0.1+0.3 58*£1.9° 13.7x10.1
Nonproximal tubules 0 0.1x0.3 0.8+0.8
Atrophic tubules — — 49.8+9.0
(atrophic tubules [%]) N/A N/A 2.3
Total
Proximal tubules 0.04 0.1 33+0.7 10.0 £6.0°
Nonproximal tubules 0 0.1x0.1 0.7+0.3°
Atrophic tubules — — 43.9+11.0
(atrophic tubules [%]) N/A N/A 14

“1-month-old and 9-month-old group differ P < 0.05
*9-month-old and 24-month-old group differ P < 0.05

Table 4. Association of lipofuscin with SA-B-GAL staining in
tubular epithelium

SA-B-GAL SA-B-GAL
Tubules with staining staining
lipofuscin positive negative P value®
9-month-old rats 73.7% 26.3% <0.001
24-month-old rats 70.0% 30.0% <0.001

22 X 2 table with Yates correction

and/or retinoblastoma/p16™&* are sufficient to bypass
senescence [43-45]. In human cells, inactivation of these
pathways prolongs the lifespan of the cell but does not
lead to immortalization because the telomere replication
counter is operative. These differences may reflect the
necessity for long-lived species to have better protection
against environmental stress and oncogenesis.

Our findings are compatible with a role for p16™* in
the cell senescence phenotype in vivo in rat kidney. In
mouse fibroblasts in vitro, p16™%4 is strongly associated
with senescence, and may specifically reflect cumulative
injury from environmental stress. In the present studies,

was rarely found in kidneys from 1-month-old rats. Increased staining
was found in 9-month-old kidneys, and 24-month-old specimens showed
a patchy pattern of intense staining.



2142

specimens from kidney, brain, heart, and spleen showed
a striking increase in p16™* with age. Interestingly, all
rats tested showed some p16™ expression in heart and
spleen at 1 month of age, whereas no expression was
found in 10 out of 11 kidneys or in brain. The increase
in p16™“ in brain was found between 1 and 9 months
during the growth and development period. For kidney,
however, p16™ increased in the growth-related and
the aging-related phase.

Lipofuscin and SA-B-GAL, which are characteristic
of senescent cells, are a manifestation of age-induced
cellular deterioration and could cause in some aspects
of the phenotype of aging. Lipofuscin accumulated in
proximal tubules and particularly in atrophic tubules,
suggesting that these segments manifest more age-re-
lated stress and that the tubules with lipofuscin are prone
to atrophy. Alternatively the lipofuscin in atrophic tu-
bules may be a reflection of atrophy, rather than a cause.
Staining for SA-B-GAL was significantly associated with
lipofuscin, but more tubules displayed SA-B-GAL than
lipofuscin, suggesting that staining for SA-B-GAL could
be an earlier or more prevalent manifestation of senes-
cence. Lipofuscin accumulates with age in many organs,
most strikingly in heart and brain. Lipofuscin is derived
from oxidized proteins and lipids and forms in secondary
lysosomes due their nondegradability [40]. SA-B-GAL
activity has been attributed to a rise in the level of the
lysosomal form of this enzyme [46, 47], as a consequence
of an increase in lysosomal mass in senescent cells
[47, 48]. Lipofuscin and SA-B-GAL may thus both be
independent manifestations of impaired homeostasis of
cell organelles with age, with SA-B-GAL being an earlier
or more widespread marker than lipofuscin.

While distinguishing age-related disease from aging is
difficult and often becomes a semantic argument, we
believe that the molecular changes described here are
related to cumulative effects of environmental stress dur-
ing growth, development, and aging, and not due to
disease. Our rats showed changes typical of aging in all
rat strains, although milder than often described. Some
rats have a high frequency of apparent age-related renal
changes, which can vary with the environmental condi-
tion [33]. However, in our 24-month-old rats only 4.4%
of glomeruli showed signs of sclerosis and the percentage
of atrophic tubules did not exceed 3.4%. Partial segmen-
tal sclerosis occurred in 2% of glomeruli. We are aware
that the measurement of creatinine, which is a composite
of renal function and muscle mass, is not always a reliable
indicator for renal function, especially in the elderly
when muscle mass is reduced. However, muscle mass
remains stable in Fischer 344 rats until the age of 27
months [49]. Glomerular filtration rates in Fischer 344
rats have been previously reported to be stable with
age, despite some glomeruli showing spontaneous focal
glomerulosclerosis [50, 51] Fischer 344 rats do not de-
velop hypertension [52, 53]. Based on the literature, our
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histopathologic assessment and the stable creatinine lev-
els, we believe that our old Fischer 344 rats had stable
glomerular filtration rates.

The increase in kidney weight in old rats probably
reflects the net balance of a complex mixture of hypertro-
phy, growth, fibrosis, atrophy, and apoptosis. The con-
stant protein/DNA ratio argues against pure hypertro-
phy. However, the number of tubular cells per tubular
cross-section did not increase with age, arguing against
pure hyperplasia. Fibrosis that was threefold higher in
old than in young rats could contribute to the renal
weight increase. An additional factor could be increased
water content of older kidneys as reported earlier [51],
although we found no overt edema on histopathology.
This increase in weight occurs despite an increase in
the number of apoptotic cells. Together, these findings
suggest that the renal aging phenotype is heterogeneous,
which is a general characteristic of aging systems.

We propose that renal aging in rats reflects the cumula-
tive effects of environmental stress, leading to cell cycle
arrest similar to mouse fibroblasts in culture despite their
long telomeres. The changes of aging are already present
in rat kidneys by 9 months, and progress considerably
over the next 15 months: SA-B-GAL, lipofuscin, and
pl6™&4 and the morphologic changes. Our studies indi-
cate that the tubular epithelium deteriorates as key cells
needed to replace damaged cells develop organelle and
other changes. At one level homeostasis is maintained.
Organ mass and function are preserved. Nevertheless,
at another level homeostasis is not capable of replacing
the cells damaged by presumably oxidant-related stress.
Thus accumulation of senescent cells may reflect both
environmental stress and limited replacement. The ap-
pearance and persistence of damaged cells then compro-
mises homeostatic mechanisms, leading to age-related
pathology. Although kidney mass and function can be
maintained because of high replicative potential of the
nonsenescent cells, the accumulation of the senescent
cells reaches critical limits in some nephrons, triggering
nephron shutdown by a regulatory mechanism.
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