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Abstract

Renal senescence has many implications for nephrology, including 

normal aging, increased incidence in end stage renal disease, poorer graft 

survival and increased cancer rates. The phenotype of renal senescence is 

characterized by the loss of function, cells, and nephron mass. I 

hypothesized that the loss of functioning cells and units in aging and 

diseased kidneys could follow molecular pathways described for cellular 

senescence. Cellular senescence had been studied extensively in human 

fibroblasts and mouse embryonic fibroblasts in vitro, but had not been 

studied in organs in vivo.

I studied whether molecular changes and pathways involved in 

cellular senescence in vitro occurred in aged kidneys in vivo and assessed 

their relative contribution in different species, in particular human and 

rodent (rat and mouse). I found that human kidney cortex displayed 

telomere shortening and increased p16INK4a expression with age. Rodent 

kidneys showed increases in p16INK4a expression without telomere 

shortening resembling the species differences described for fibroblasts in 

culture. Lipofuscin and senescence-associated (3-galactosidase that are 

manifestations of age-induced cellular deterioration had their greatest 

relationship with age in rat kidneys.

Since p16INK4a was consistently associated with kidney aging in all
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species, I investigated the importance of p16INK4a in transplantation, where 

aged kidneys are subjected to stresses such as ischemia-reperfusion and 

rejection. I found that acute injuries induced p16INK4a mRNA and protein 

expression in transplants from old mice. Transplantation also resulted in a 

faster development of features of tubular atrophy and deterioration. Human 

biopsies showing allograft nephropathy had increased p16INK4a expression 

when compared to biopsies at time of transplantation.

This data suggests that some changes that accompany cellular 

senescence in vitro occur in kidneys with age and could contribute to the 

phenotype of renal aging and perhaps certain disease states. My findings 

would indicate that cells in the kidney that show senescent features are not 

necessarily malfunctioning but might be harmful if the old kidney is exposed 

to certain injuries. In this case such cells might contribute to the decreased 

capability of organ repair leading to signs of deterioration and atrophy which 

will result in organ malfunction.
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RCC Renal cell carcinoma
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ROS Reactive oxygen species
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RT-PCR Reverse transcription-polymerase chain reaction
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Chapter 1 

Introduction

Portions of this chapter have been published.

Anette Melk, and Philip F. Halloran: Cell senescence and its implications for 

nephrology. Journal of the American Society of Nephrology 2001; 12: 385- 

393. Used with permission of Lippincott Williams & Wilkins.
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1.1 Introduction

Age-associated changes of the kidney are important not only 

because normal aging alters renal function but also because of the high 

frequency of end stage renal disease (ESRD) in the elderly (USRDS and 

ERA-EDTA Registry Reports 2000). Old kidneys perform poorly when 

transplanted, and donor age is a major determinant of graft survival (1). It 

has been proposed that interactions between aging and diseases may 

contribute to these problems. Understanding the mechanisms of declining 

organ function with age may be instructive concerning the mechanisms of 

decline in disease states, since stress might accelerate aging changes. 

Kidney aging is also of interest as a general model for organ aging because 

renal function can be assessed with relative ease in clinical practice, and 

has been quantified in longitudinal studies (2). The molecular basis of aging 

changes in organs is not known but organ aging may reflect aspects of 

cellular senescence which we understand better now than a few years ago.

1.2 Terms and definitions

The term “age” reflects the time that has elapsed since birth. The 

term “renal senescence” is used to describe the structural and functional 

phenotype associated with aged kidneys. “Cellular senescence” describes a 

phenotype of permanent and irreversible growth arrest shown by 

mammalian cells in culture. Originally described in human fibroblasts by
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Hayflick (3), this term was synonymously used with “replicative 

senescence”. However in recent years, the concept of cellular senescence 

has been expanded to include other forms of permanent, irreversible cell 

cycle arrest. The reason for this extension partly comes from the 

observation that mouse embryonic fibroblasts in culture do not use 

replicative senescence to cease replication, but share other senescence 

features with human fibroblasts such as altered morphology, greater 

heterogeneity, expression of senescence associated (3-galactosidase (SA- 

p-GAL) and accumulation of lipofuscin granules. This had been referred to 

as “premature senescence” or “stress induced senescence” and most 

recently as “stimulation and stress-induced senescent-like” arrest (STASIS) 

(4).

It is important to realize that “cellular senescence” or “replicative 

senescence” refers to an in vitro phenotype of cultured somatic cells that 

have reached their finite limit for growth or replication. This state may or 

may not exist for similar cells in vivo. Also, in vitro studies of aged cells (i.e. 

derived from an old donor) should be distinguished from senescent cells 

(i.e. cells that have developed the in vitro senescence phenotype).

1.3 Molecular events in replicative senescence in vitro

The molecular basis of the in vitro cellular senescence phenotype 

probably differs between cell types and between species e.g. humans
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versus mice (5). Hayflick and Moorhead recognized that cultured human 

somatic cells in vitro displayed a limitation in their number of cycles (3). This 

number of cycles was called their Hayflick number. It is lower in cells from 

older donors and unaffected by pausing. Thus human somatic cells have a 

mechanism for counting the number of times that they have divided, a 

“mitotic clock”. They stop irreversibly when this cycle number is reached, 

and manifest the state of replicative senescence.

1.3.1 Telomere Shortening

In human cells, shortening of telomeres is critical to replicative 

senescence (6). Telomeres are DNA repeats (TTAGGG) at the ends of 

chromosomes that shorten in dividing normal cells. Telomeres prevent 

chromosome ends from being confused with DNA breaks and probably 

have other functions in tethering and sorting chromosomes. The ends of 

telomeres must be replicated by the enzyme telomerase, a 

ribonucleoprotein expressed in germline and in immortal cell populations 

that maintains telomere length constant (7;8). In 1973, Olovnikov proposed 

the telomere theory: namely that somatic cells were limited because they 

cannot fully replicate their telomeres (9) (Figure 1.1). The Hayflick limit was 

validated by the demonstration that human fibroblasts in culture lack 

telomerase, shorten their telomeres with each cycle, and develop replicative 

senescence when telomere length becomes critical (6). The critical
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experiment was the demonstration that transfection of telomerase into 

cultured human cells extends their life span and replication remarkably (10), 

thus bypassing the Hayflick limit.

Telomeric DNA diminishes by about 50 to 100 bp in dividing normal 

somatic cells at each cell doubling. The loss of telomeres can trigger the 

response to DNA breaks, which results in an organised cellular state, the 

senescence phenotype (M1 in figure 1.1). Cells driven to continue dividing 

by abnormal stimuli develop massive genomic instability or crisis (M2). 

Germline cells and immortal cell populations like most cancer cell lines 

possess mechanisms, which are either telomerase activation or an 

alternative mechanism, to preserve their telomere length indefinitely despite 

cell division thus protecting their genome.

The problem with short telomeres may be that they are not “capped” 

i.e. their ends are not protected in a specialized complex of proteins, which 

prevent the ends from being recognized as DNA breaks. A “two-state 

model” of telomere capping has been described (11 ;12). The model 

suggests that telomeres in cells in early culture are functionally capped and 

cycle. With increasing cycle number a fraction of cells becomes uncapped, 

releasing a signal to activate the DNA damage response. The fraction of 

uncapped telomeres increases as telomeres shorten, which results in cell 

cycle arrest. Telomere capping is probably achieved by a combination of 

mutually reinforcing factors, such as DNA-protein complex on terminal
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repeats (telomere binding proteins) and active telomerase.

The state of replicative senescence in human skin fibroblasts 

includes cessation in replication, altered patterns of gene expression, and 

resistance to apoptosis. Senescent fibroblasts remain viable with ongoing 

RNA and protein synthesis. However, senescent cells cannot be stimulated 

to enter the S phase of the cell cycle by any combination of growth factors 

or physiological mitogens. Senescent human fibroblasts show an enlarged 

and flat morphology, and accumulate lipofuscin pigment and senescence 

associated SA-p-GAL activity.

The important alterations in gene expression are probably in the 

genes controlling the cell cycle (see below). Other changes in gene 

expression include increased expression of the genes encoding Alzheimer’s 

beta-amyloid precursor protein, certain metalloproteinases, such as MMP1, 

and genes whose products contribute to the extracellular matrix, interferon 

responses, and inflammation. If tissue senescence in vivo is associated 

with similar changes, it is conceivable that the products of senescent cells 

could influence not only the cell loss but also the matrix changes and focal 

inflammation in aged tissues.

The key feature of the senescence phenotype in vitro is irreversible 

cessation of cell cycling. In human cells, telomere shortening is the crucial 

event triggering cell cycle arrest. Telomere length for human cells has been 

compared to the gasoline supply of car: it is definitely limiting, but is
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certainly not the only mechanism for stopping (13). Other stresses may also 

induce some aspects of senescence in human cells, and even more so in 

mouse cells as discussed below. Nevertheless in human somatic cells in 

vitro critical telomere shortening is the trigger for senescence and is 

responsible for the Hayflick limit.

1.3.2 Mechanisms of cell cycle arrest in senescent cells

Senescence-associated growth arrest is mediated by expression of 

cell cycle inhibitory genes and by downregulation of positive acting cell 

cycle regulators. At the center of the machinery for cell cycling are the 

cyclin dependent kinases (CDKs), which receive and integrate regulatory 

signals. CDKs are activated in a two step manner. Step 1 is engagement of 

the regulators, the cyclins, which cause conformational changes that 

partially activate the kinase activity. Step 2 is the phosphorylation of a key 

threonine, leading to full activation. CDK inhibitors (CKIs) prevent or reverse 

activation of CDKs (Figure 1.2). There are two main families of CKIs: the 

INK4 (INK4a for ‘inhibitor of CDK4’) CKIs (e.g.p16INK4a) and the CIP/KIP 

CKIs (e.g. P21WAF1/C1P1).

The protector of the genome, p53, responds to telomere shortening 

and controls the G1 arrest checkpoint. In response to DNA injury, p53 

levels increase by a post-transcriptional mechanism. This results in the 

transcriptional activation of p21WAF1/CIP1, a Cip1 CKI, which can mediate G1
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arrest (14). Inactivation of p53 is the most common genetic event in human 

cancer and p53 deficiency prevents telomere loss from inducing cell cycle 

arrest (15).

The retinoblastoma-susceptibility tumor suppressor protein (Rb) is a 

major regulator of cell cycling and the critical substrate of the CDK4 and 

CDK6. Rb negatively controls passage from G1 into S phase by 

sequestering transcription factors, such as E2F, that are required for the 

G1/S transition. The ability of Rb to bind transcription factors is abolished by 

phosphorylation (16). CDK 4 and CDK6 phosphorylate Rb and thus activate 

E2F and the cell cycle. Extension of lifespan beyond the Hayflick Limit can 

be achieved by viral oncoprotein-induced inactivation of p53 and Rb, 

indicating that these tumor suppressor pathways are critical mediators of 

the telomere shortening checkpoint response.

P16'NK4a causes G1 cell cycle arrest by specific inhibition of CDK4 

and CDK6, preventing Rb hyperphosphorylation and S phase entry (17;18). 

pigiNK4a jS strong|y associated with senescence: as mouse or human cells 

in vitro approach senescence they express p16INK4a. The gene for p16INK4a 

is unusual in that it contains an alternative reading frame that allows it to 

encode both p16INK4a and another factor, p19ARF (or its human equivalent 

p14ARF) (19-22). Telomerase activity alone is insufficient to immortalize 

some human epithelial cells, inactivation of Rb and p16INK4a is the second 

crucial step (23). Some oncogenes induce senescence in non-transformed
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human cells via p16INK4a. For example, Ras-induced senescence depends 

on the expression of p16lNK4a and p53 (24), and Raf can induce senescence 

in cells that lack p53 function, probably via p16INK4a alone.

1.3.3 Senescence may occur by fundamentally different mechanisms in

man compared to mice

Both human fibroblasts and mouse embryonic fibroblasts can 

manifest a senescence phenotype after cycling in vitro. However, the 

senescence state is mediated by telomere shortening in human cells but 

not in mouse cells (5;25) (Figure 1.3). The senescent state in mouse cells 

resembles that in human cells at the Hayflick limit, including expression of 

p16'NK4a. But growth arrest in mouse embryo fibroblasts occurs after fewer 

cycles and without appreciable telomere attrition, probably because 

accumulated damage from culture conditions (“culture shock”) triggers the 

p53 response. Thus “senescence of cultured cells results from two sources 

of signals, either of which can induce the expression of a common set of 

inhibitors of the cell division cycle” (25). One set of triggers is extrinsic and 

stems from stresses from the environment. Culture stresses such as 

oxidant injury may simulate the stresses of life in vivo over a longer time 

frame. The second set of triggers is intrinsic and depends upon the 

machinery that monitors the integrity of telomeres (a "mitotic clock"). 

Humans have a mitotic clock, and mice do not. Differences in the
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proliferative capacity of cultured mouse and human cells reflect the extent 

to which they respond to these signaling pathways. Rat cells may be like 

mouse cells, since they also have very long telomeres.

1.3.4 Molecular changes in cultured aged cells

Recent studies demonstrated that fibroblast lines from older humans 

(aged fibroblasts) displayed mitotic misregulation (26). The investigators 

took dermal fibroblast cell lines from young, middle-age and old individuals, 

and from people with Hutchinson-Gilford progeria. Using DNA microarrays 

of 6,000 genes, they identified 61 transcripts that were upregulated or 

downregulated at least twofold in old, middle-aged versus young. 

Surprisingly, many transcripts regulate the G2/M stage of the cell cycle, 

suggesting that aging alters expression of genes involved in cell division. 

The authors suggest that aging “may occur gradually and in mosaic 

patterns" (26). Such observations have limitations in sampling, and by 

definition select only replicating cells, thus limiting the conclusions (27).

1.4 The molecular basis of the senescence phenotype in vivo

The theories of aging emphasize cumulative damage in post-mitotic 

cells and exhaustion of the finite capacity for replication in cells with mitotic 

potential. Reactive oxygen species (ROS) that are generated by cellular 

respiration cause cumulative damage to lipids, proteins and DNA (28).
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Genomic instability can result in changes in mitochondrial DNA and in loss 

of telomeric DNA. Some have postulated that the aging phenotype reflects 

an underlying genetic program like development, but this seems less likely 

than the role of cumulative damage and finite repair. Studies of the genetics 

of aging suggest that most of aging is driven by environmental factors (29). 

Because aging is accompanied by a loss of cells, dysregulation of 

programmed cell death could play a role in aging. Alternatively, net loss of 

cells could reflect finite ability to replace cells rather than excess loss. 

Moreover, in some cell types senescence in vitro causes loss of their ability 

to undergo apoptosis as well as other abnormal features, suggesting that 

accumulation of senescent cells could contribute to aging and age related 

diseases. Interdependence of organs through humoral factors could 

contribute to aging: for example, through loss of hormone functions.

Several biomarkers of aging can be found in vivo. These include the 

accumulation of lipofuscin, advanced glycation end products (AGEs), and 

SA-p-GAL. Lipofuscin, a yellow brown pigment, probably reflects 

accumulation of damaged organelles, and also occurs in senescent cells in 

vitro (30). Some of these features also occur in premature aging 

phenotypes, called segmental progerias. The molecular basis of the 

progerias is becoming more evident, but it is not clear whether the 

mechanisms mutated in progerias are critical in normal aging.

The hypotheses proposed for cellular and organism senescence
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include either damage to intra- or extracellular molecules or programmed or 

epigenetic changes in gene expression. The tissue function and phenotype 

will reflect accumulation of damaged and/or senescent cells, loss of cells, 

loss of ability to respond by replication due to senescence in mitotic or stem 

cells, by changes in matrix, or disordered function of blood supply, 

inflammation, immunity and endocrine control. Post-mitotic (permanently 

non-dividing) and mitotic (proliferation-competent) cells age by different 

mechanisms. Post-mitotic cells that have ceased to replicate cannot 

undergo replicative senescence. Aging could be caused by changes in 

gene expression in mitotic cells, whereas in post-mitotic cells damage might 

play a more important role. Cells in the kidney replicate at a slow rate: 

Studies of the expression of cycle associated markers suggest that the 

tubular epithelial cells had a higher proliferation index than the glomerular 

cells, with the highest proliferation rate being in capillary endothelial cells 

(31). Nevertheless old kidneys retain considerable replicative potential, and 

can recover from acute injury such as acute tubular necrosis.

Because “most if not all epithelia contain stem cells” (32), stem cells 

may exist in kidney epithelium. The key senescence changes that limit 

replication may occur in the stem cells. Then the somatic cells, which would 

undergo turnover, may persist and manifest abnormalities, which 

accumulates because these cells cannot be replaced. The tissue phenotype 

would include the lack of replacement of damaged cells due to senescence
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in the stem cells or at least in proliferation-competent cells, and the 

changes in matrix and blood vessels.

1.4.1 Evidence concerning telomere shortening in vivo

A recent study (33) has associated shorter telomere length in blood 

cells with poorer survival. It has been shown that bone marrow 

transplantation accelerates telomere attrition probably due to increasing 

replication (34;35). And that this can be prevented by expression of 

telomerase (36). Telomere length has also been studied in solid organs and 

telomere shortening has been associated with aging (37-41). Differences 

were found in the shortest telomeres and in the variation of telomere length 

between the fetal tissue and tissues derived from older individuals (37;39- 

41). Telomere length was shorter and more variable for old tissues studied, 

with the greatest differences observed in blood cells.

1.4.2 Evidence for the importance of cell cycle regulators in vivo 

Studies on cell cycle regulatory proteins in renal glomerular disease

suggest not only a role in proliferation but also in hypertrophy and 

differentiation of rodent renal cells. P21WAF1/CIP1 induction could be shown 

after experimental glomerulonephritis and after DNA damage in cisplatin- 

induced acute renal injury, transient ischemic injury, or ureteral obstruction 

(42;43). P21WAF1/CIP1 protects by preventing DNA-damaged cells to enter
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the cell cycle. However, a more recent study found that in p21WAF1/CIP1 

knockout mice do not develop glomerular sclerosis and chronic renal failure 

after partial renal ablation (44). Thus in the absence of p21WAF1/CIP1 repair 

leads to hyperplasia instead of hypertrophy.

1.4.3 Role of oxidant injury in the senescence phenotype in vivo

The oxidative stress hypothesis proposes that changes associated 

with aging are a consequence of random oxidative damage to 

biomolecules: nucleic acids, membranes, and proteins. Caenorhabditis 

elegans and Drosophila transgenic for genes encoding antioxidants have 

an extended lifespan (45;46). Oxidative damage to the mitochondria 

increased the rate of deleterious ROS and modifications of nucleosides, 

mutations and deletions. Thus oxidant injury may promote oxidant injury: 

damage to mitochondrial DNA may lead to a derangement of mitochondrial 

respiratory activity leading to ROS. The majority of comparative studies 

have detected the highest mitochondrial DNA deletion levels in 

nonreplicating, high energy demanding tissues, such as skeletal and 

cardiac muscle and brain (47). The number of cells affected is usually much 

lower (less than 1 % of total mitochondrial DNA) than in studies of hereditary 

diseases in which more than 50-80% of the genome is mutated (48). In 

addition, the extent to which mitochondrial DNA deletions contribute to age- 

associated declines in the activities of the electron transport system

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



complexes I to IV remains unclear.

1.4.4 Accumulation of oxidative end products and advanced glycation end 

products (AGEs) in vivo

Lipofuscin accumulates in postmitotic cells, located in small 

granules in secondary lysosomes and consists mostly of cross-linked lipid 

and protein residues formed during lipid peroxidation (49). Lipofuscin 

accumulates in cultured human and rat cells and accumulation is enhanced 

under increasing oxygen pressure (30;50). Antioxidants inhibit lipofuscin 

formation (51). Although oxidative damage to organelles seems responsible 

for depositing lipofuscin in lysosomes of senescent mammals, it is not clear 

whether it is a biomarker or a mechanism of aging. Two explanations for the 

increase of lipofuscin with age have been suggested. The first theory is 

based on the fact that lipofuscin is not totally eliminated and accumulates in 

postmitotic cells over time. The second suggests that lipofuscin 

accumulation reflects a derangement of autophagocytosis associated with 

decline in intralysosomal degradation, as more lysosomal volume is 

occupied by indigestible material (52).

Some extracellular proteins undergo oxidative modification and have 

a long half-life since they are rarely recycled. The modifications are initiated 

by the reaction of reducing sugars with free amino groups (glycation). 

Further nonoxidative and oxidative processes result in stable, cross-linked
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AGEs. The abundance of AGEs is an excellent biomarker of age. 

Pentosidine, one such ‘glycoxidation product’ accumulates as a function of 

age and is much higher in long-lived than in short-lived species (53). 

Humans suffering from Werner’s syndrome, a disease characterized by 

premature senescence, have more extensive protein oxidation. Fibroblasts 

from Werner’s patients of all ages have levels of protein carbonyls 

equivalent to that in 80-year-old control individuals (54).

Patients with chronic renal failure, diabetes or in advancing age 

show a progressive accumulation of AGEs. The development of AGEs is 

proportional to long-term blood glucose levels in diabetic patients. However, 

glomerular changes occur with the exposure to AGEs even in the absence 

of coexisting hyperglycemia. The aging changes in the kidney reflect 

accumulation of AGEs in renal tissues resulting in altered release of growth 

factors and cytokines and accumulation of oxidants and lipids (55). 

Although the accumulation of AGEs may contribute to deterioration in renal 

function with age, it is not a sufficient explanation for the reduced capacity 

to respond to stress in the elderly. Moreover, there is little in common 

between the renal phenotypes of diabetes and aging.

1.4.5 Do senescent cells exist in vivo?

Attempts have been made to show that the senescent cells occur in 

vivo. (3-GAL activity in senescent cells has been shown by enzyme
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histochemical staining at a pH optimum of 6.0. SA-p-GAL activity was 

increases in human skin with replicative and physiological age, reflecting an 

accumulation of senescent fibroblasts and keratinocytes in vivo (56). SA-p- 

GAL activity has been widely used as an in vivo senescence marker. SA-p- 

GAL activity was shown in retinal pigment epithelium and hepatocytes in 

vivo.

1.4.6 Relationship of cellular senescence to cancer and to tissue 

senescence

The cellular senescence mechanism may be a fundamental 

protection against cancer but could also contribute to cancer formation. 

Telomere shortening and senescence prevent unlimited growth and thus 

arrest most mutated cells that have begun to proliferate abnormally. On the 

other hand, the genomic instability of senescent cells with telomere 

shortening could promote malignant transformation (57). In aging, some 

cells persist in damaged form, some drop out completely, and others may 

remain as senescent cells. Senescent cells could also contribute to the rise 

in cancer by altering the tissue microenvironment.

The potential importance of the persistence of senescent cells in 

vivo might be that they compromise the function and integrity of the tissue. 

Ordinarily, the organized tissue is the unit of function, not the cell. By 

disrupting the tissue organization, replicative senescence might disrupt
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function. For example, in the case of dermai fibroblasts there is a switch 

from a matrix-producing to a matrix-degrading phenotype (58). Thus 

senescent cells could contribute to the matrix changes of aging.

1.5 Does cellular senescence contribute to the phenotype of renal 

senescence?

The aging human kidney has four features that require explanation: 

the phenotype of “normal” renal senescence, the high incidence of ESRD, a 

high frequency of cancer, and poor performance after renal transplantation, 

particularly cadaveric transplantation.

It is important to specify species when discussing kidney aging. The 

aging changes of the rat and other laboratory animals (59) differ from those 

of long-lived species including humans. For example, the characteristic 

arterial changes of senescence do not develop in species that live less than 

12 years (60). A rigorous distinction between observations in humans and 

experimental animals is particularly important given the recent evidence 

that the cellular senescence mechanisms of mice and humans are 

fundamentally different.

The phenotype of renal senescence in humans is associated with 

loss of mass, particularly in the cortex, and cellular loss (61), an increase in 

heterogeneity, and the appearance of focal abnormalities. Cellular loss 

leads to an underestimate of potential role of senescence mechanisms
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because the affected cells disappear. The principal histologic features of 

renal senescence are deterioration of the arteries (hyalinosis and fibrous 

intimal thickening of arteries and hyalinosis of arterioles), global sclerosis of 

glomeruli (not focal sclerosis) with reduplication of Bowman’s capsule, focal 

tubular atrophy with lipofuscin pigment, interstitial fibrosis, and patchy 

inflammation (Figure 1.4). The functional phenotype includes a rise in renal 

vascular resistance, a decline in glomerular filtration rate (GFR), and a rise 

in filtration fraction. It is not clear how these changes are related i.e. 

whether glomerular sclerosis, tubular atrophy, and interstitial fibrosis are 

primary or secondary events. Features not found in human renal 

senescence include heavy proteinuria, hematuria, development of ESRD, 

focal sclerosis, and infarction due to arterial occlusion.

The effect of aging of kidney in an unselected human population can 

be described by a variety of equations such as the Cockcroft-Gault equation 

(62) and the MDRD equation (63). These equations describe an unselected 

functional phenotype of renal senescence, which reflects the normal 

changes with loss of mass and function and those changes driven by age- 

related diseases, such as hypertension and heart failure. Although studies 

in selected populations ((64) and Baltimore Longitudinal Study of Aging (2)), 

excluding all renal diseases, hypertension and heart failure, demonstrated a 

mean loss of GFR of 0.75 ml/min per year (2), they also found that one (2) 

to two (64) third of the elderly had perfectly normal glomerular filtration

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



rates.

The senescence phenotype in an unselected population reflects the 

effect of aging and age-related diseases. Renal aging is regulated by 

genetic factors, intrinsic stresses, and extrinsic environmental factors. 

Hypertension and heart failure accelerate renal senescence (64). Thus a 

general model of renal senescence must include the potential for 

acceleration by abnormal stresses. Thus, at some point a senescent 

nephron is irreversibly shut down, but what abnormality triggers this event is 

not clear: vascular, glomerular, tubular or other changes. It seems possible 

that a physiologic shutdown mechanism is triggered, directly or indirectly, 

by molecular changes of senescence in the limiting cell type, as sensed by 

a regulatory mechanism in the nephron.

The incidence of ESRD is 50 to 100 fold higher in those above age 

65 compared to people less than 20 (USRDS and ERA-EDTA Registry 

Reports 2000). This propensity can be attributed in part by the high 

incidence of diseases causing ESRD in the elderly and the time 

dependency of their effects. It is also possible that the processes of renal 

senescence include a decreased ability of the aged nephrons to cope with 

disease stress, i.e. an interaction between disease stress and intrinsic 

senescence processes.

The poor performance of transplant kidneys from older donors, 

particularly cadaveric donors, may be a special case of this. Terasaki and
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colleagues emphasize “the greatest adverse impact on function in cadaver 

kidney transplants is donor age”. The older kidney displays increased 

probability of delayed graft function, acute rejection, chronic allograft 

nephropathy (also known as “chronic rejection”), strikingly impaired GFR, 

and an increased probability of early and late failure. Some of these 

features are attributable to the features of the older cadaver donors, which 

include an increased frequency of intracerebrai hemorrhage and 

hypertension. There is much less effect of donor age in live donor 

transplantation, which may reflect selection plus the lack of the special 

stresses of cadaver donation (65). Cellular senescence may contribute to 

the diminished ability of aged nephrons to cope with the stresses of the 

brain death, preservation, and inflammation after cadaver transplantation. 

As a result the limiting cells in many aged nephrons reach senescence 

limits and the nephron irreversibly shuts down.

1.6 Perspective

In summary, the phenotype of renal senescence is attributable to 

both a decline in the number of functioning nephrons, and inherent 

limitations of age on the residual nephrons as revealed by a disease stress. 

This does not violate the intact nephron principle: it only states that an aged 

nephron has an inherent limitation due to the finite characteristics of its 

limiting cells. Many clinical nephrology problems in the elderly (and perhaps
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in diseases with high proliferative requirements) could involve an interaction 

between cellular senescence and disease stresses. This may contribute to 

the norma! renal senescence phenotype, the acceleration of this phenotype 

by hypertension and heart failure, the high frequency of ESRD in the 

elderly, and the massive nephron dropout after the stresses of cadaver 

donation. The relationship between cellular senescence and cancer is 

already well established e.g. by virtue of the very high frequency of 

abnormalities of p53, p16INK4a, and Rb and the universal re-expression of 

telomere replication mechanisms in cancer.

Are cellular senescence mechanisms good or bad? Cellular 

senescence is a protection against cancer, but it can also lead to genomic 

instability. Thus some cancers may arise in senescent cells. Perhaps the 

nephron shutdown mechanism in the normal elderly is fundamentally good, 

abrogating the possibility of serious malfunction by nephrons whose cells 

have passed certain limits. However, senescent cells may accumulate and 

potentially disrupt the functioning parenchyma or extracellular matrix, and 

evoke inflammation.

One of the appeals of studying mechanisms of cellular senescence 

in nephrology is the potential for predicting or intervening. Identifying those 

at risk of ESRD could be followed by strategies to reduce the stresses. It is 

possible that bypassing of cell senescence mechanisms by drugs or gene 

therapy could extend the life of old kidneys faced with abnormal stresses

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



such as cadaveric donation or renal disease. This may have to be balanced 

against the potential to increase renal cancer. The role of cell cycle 

regulatory proteins and senescence mechanisms in chronic stresses such 

as glomerular diseases, proteinuria, hypertension, and polycystic disease 

should be explored, even independent of the problem of aging.
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Figure 1.1: Telomere Hypothesis. Telomerase is active in germ line cells, 
maintaining long stable telomeres, but is repressed in most normal somatic cells, 
resulting in telomere loss in dividing cells. At M1, the Hayflick limit, there is a 
presumed critical telomere loss in one or perhaps a few chromosomes signaling 
irreversible cell cycle arrest. This would correspond to the phenotype of replicative 
senescence. Transformation events may allow somatic cells to bypass M1 without 
activating telomerase. When chromosomes become critically short on a large 
number of telomeres, cells are genomic unstable and enter crisis (M2). Rare 
clones that activate telomerase escape M2, stabilize their genome, and acquire 
indefinite growth capacity.
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Figure 1.2: The ARF/p53 and p16/retinoblastoma (Rb) pathways. P53 is 
upregulated by DNA damage, telomere shortening and/or telomere uncapping. 
P53 is targeted by MDM2 (or the human equivalent HDM2) for ubiquination and 
degradation. P19ARF (or the human equivalent p14ARF) binds to MDM2 (or HDM2) 
and prevents ubiquination o f p53, thereby stabilizing p53. The stabilization o f p53 
allows either induction of genes important for apoptosis (e.g. Bax) or can result in 
growth arrest mediated through its main transactivational target p21WAF1/CIP1. 
Increases in p16INK4a caused by environmental stresses (possible oxidative stress) 
will lead to the activation of the p16/RB pathway. P16INK4a interferes with D-type 
cyclins binding to the kinases CDK4 and 6 decreasing their activity. This results in 
less hyperphosphoryiated retinoblastoma protein and thus interferes with the 
progression through the G1/S checkpoint. Hypophosphorylated Rb binds to and 
their represses transcription factor E2F. E2F is important for transactivation of 
many genes important for mitosis and thereby G1/S progression.
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Figure 1.3: Differences in cellular senescence between human and mouse 
fibroblasts. The cartoon indicates the differences between the two forms o f cellular 
senescence: “replicative senescence” and “STASIS”. In human fibroblasts, short, 
dysfunctional telomeres will trigger a DNA damage response by activation o f p53 
and possible p16INK4a (also p16 a does not seem to be essential for “replicative 
senescence” based on in vitro data). P53 leads to cell cycle arrest via its main 
transactivational target p21CIP1/WAF1. The increases seen in p16INK4a could be 
caused by environmental stresses (possibly oxidative stress) leading to the 
activation of the “p16/Rb pathway” . In mouse fibroblasts, replication in the 
presence of continuous telomerase expression does not result in short telomeres. 
Increases in p16INK4a or p19ARF result in activation of the “p16/Rb pathway” or the 
“ARF/p53 pathway”, respectively. Based on data from knockout experiments, it 
seems that mouse embryonic fibroblasts rely more on the ARF/p53 than on the 
p16/Rb pathway. The discussion whether stress can lead to telomere shortening 
reflecting STASIS rather than replicative senescence remains controversial. 
However, the data on this seems to be more substantiated for human fibroblasts.
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Figure 1.4: Histology of renal senescence. (A) Arteriohyalinosis; (B) Fibrous 
intimal thickening; (C) Glomerulosclerosis; (D) Tubular atrophy; (E) Lipofuscin 
pigment; (F) Interstitial fibrosis. (All pictures are a courtesy o f Marjan Afrouzian).
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Chapter 2

Telomere Shortening in Human Kidneys with Age
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2.1 In troduction

T he  k idney  deve lops  ch a rac te ris tic  p hys io lo g ic  and pa tho log ic  

changes  w ith  age  te rm ed  “se ne sce nce ” (1 -3 ). G lo m e ru la r filtra tion  rate 

(G F R ) d ec lines  by a bo u t 0 .75  m l/m in  per ye a r o ve r age  40  (2), w he reas 

renal va scu la r re s is tance  rises and the  filtra tion  frac tion  increases. The 

dec line  in func tion  is va riab le  and som e hea lthy  in d iv id ua ls  p reserve  the ir 

G F R  inde fin ite ly  (4) w h ile  hype rtens ion  and h ea rt fa ilu re  acce le ra te  

se ne sce n t changes  (2). P a tho log ic  changes inc lude  a 20 -25%  loss o f 

vo lum e, pa rticu la rly  in cortex, fib rous  in tim a l th icken in g  (F IT ) o f a rteries, 

loss o f g lom eru li due  to g loba l sc le ros is , (pe rhaps re flec ting  occ lus ion  o f the  

a ffe ren t a rte rio le ) and pa tchy  tu b u la r a trophy  and  in te rs titia l fib ros is . 

H is to log ic  s tud ies  on a u topsy  k idneys ind ica te  th a t ag ing  is assoc ia ted  w ith  

a loss o f ce lls  and an increase  in the  s ize  o f the  nuc le i (5).

R enal se ne sce nce  has m any im p lica tions fo r neph ro logy , inc lud ing  

norm al ag ing , excess  acu te  renal in ju ry, increased  end s tage  renal d isease , 

decreased  tra n sp la n t surv iva l, and increased  cance r. T he  usua l changes o f 

norm al ag ing  a re  re levan t to  d rug  dos ing  and re n de r ind iv idua ls  m ore 

suscep tib le  to  dehyd ra tion . T he  o ld e r popu la tion  has a h igh  fre q u e n cy  o f 

acute  rena l fa ilu re , re flec ting  reduced renal rese rve , increased 

com orb id ities , and poss ib ly  increased  suscep tib ility  to  a cu te  insu lts . The  

e lderly  a re  a lso  up to  100 tim es  m ore like ly  to  deve lo p  end s tage  renal 

fa ilu re  than  the  young  (6). A s  recen tly  rev iew ed (7), d o n o r age  has becom e
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the  m ain ide n tifia b le  in fluence  on long te rm  g ra ft su rv iva l (8 -11), and the 

pa tho logy  o f ch ro n ic  a llo g ra ft neph ropa thy  (C A N ) overlaps the  changes  o f 

ag ing  (12; 13). K idney  tra nsp la n ts  from  o ld e r dono rs  have  h ighe r base line  

se rum  c rea tin ine , m o re  de layed  graft func tion , and  reduced  long-te rm  

surv iva l. T h e  e ffe c t o f don o r age in renal tra nsp la n ta tio n  m ay be an 

exam p le  o f the  reduced  ab ility  o f aged  k idneys  to  to le ra te  and re co ve r from  

in ju ries  and  s tress . H ype rtens ion  and h ea rt fa ilu re  acce le ra te  the  changes 

o f renal se ne sce nce  (1 ;14). R enal ca nce r is age re la ted , and the  p rob lem  o f 

m a lignan t tra ns fo rm a tio n  is in tim a te ly  re la ted  to  ce ll senescence  

m e chan ism s (15).

In 1985 K aysen and M yers po in ted  ou t th a t "the  m echan ism s and 

the  full b iochem ica l and phys io log ic  co nse q ue n ces  o f rena l senescence  

rem ain  to  be fu lly  e lu c ida te d ” (16), a s ta te m e n t th a t rem a ins  true. The 

m o lecu la r bas is  o f se ne sce n t changes in vivo is no t know n, and m any 

theo ries  o f ag ing  have  been p roposed, inc lud ing  o x ida tive  dam age, 

gen o m ic  in s tab ility  (inc lud ing  te lom ere  loss), gen e tic  p rog ram m ing , and cell 

dea th  (17). H ow ever, cons ide rab le  p rog ress  has been m ade  in de te rm in ing  

the  m ech an ism s o f senescence  in vitro. P rim ary  cu ltu res  o f som a tic  cells 

com p le te  a fin ite  n um be r o f cyc les (the "H ay flick  lim it" (18)), w h ich  re flects 

the  age o f the  ce ll d on o r and the ir p ro life ra tive  h is to ry . A s the y  approach  

th is  lim it, th e y  cease  to  rep lica te  and e n te r a s ta te  o f rep lica tive  

senescence . R ep lica tive  senescence  in vitro is due  a t leas t in part to
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telomere shortening because it can be bypassed by transfection with the 

enzyme telomerase (19). Telomeres are DNA repeats of the sequence 

(TTAGGG)n which protect the ends of chromosomes, and are generated 

mainly by the enzyme telomerase. Because telomerase is not expressed in 

most somatic cells, telomeres shorten with increasing age, reflecting the 

number of cycles that the cell has completed. The telomere hypothesis of 

cell aging suggests that telomere shortening in the absence of telomerase 

is the mitotic clock for replicative senescence in normal somatic cells 

(20;21). As shortening becomes critical for a telomere on a particular 

chromosome, that chromosome becomes unstable and the cell stops 

dividing. Studies on human blood cells and blood vessels suggest that 

chronic stresses requiring a higher replication rate increase telomere 

shortening in vivo in humans (22;23). Studies of expression of markers for 

mitosis suggest that the kidney is subjected to ongoing replicative stress, 

e.g. in endothelial cells (24).

I investigated telomere length in kidneys derived from 

nephrectomies and autopsy specimens from individuals of different ages. I 

found that telomeres in human kidney cortex shorten with age, and that the 

shortening is faster in cortex than in medulla. These observations suggest 

that telomere length may reflect either developmental changes or aging. 

While the causes and significance of telomere shortening in various renal 

cell populations will likely prove to be complex, these data are compatible

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



with a role for telomere shortening and replicative senescence in some of 

the phenomena that characterize renal aging.

2.2 Materials and Methods

2.2.1 Terminal restriction fragments (TRF)

Samples were taken of kidney tissues derived from total 

nephrectomies or from autopsies. Whenever possible I collected cortex and 

medulla separately. All samples were snap frozen in liquid nitrogen and 

were stored at -80° C. To obtain high molecular weight DNA without 

degradation, I disrupted the tissue by freeze grinding. DNA was then 

isolated by proteinase K digestion and phenol/chloroform extraction. DNA 

samples were digested with the restriction enzymes Hinf I and Rsa I 

(Boehringer Mannheim, Germany) to produce TRFs. Aliquots of undigested 

and digested DNA were resolved by 0.5% agarose gel electrophoresis 

(70V, 2h) and examined by ethidium bromide staining for the absence of 

unspecific degradation and complete digestion, respectively. 1.5 pg of each 

digested sample was resolved by 0.7% agarose gel electrophoresis (40V, 

40h). DNA was Southern blotted onto a nitrocellulose membrane (Hybond- 

C Extra, Amersham) and probed as described previously (20;25) with minor 

modifications. The membranes were hybridized at 42° C overnight with a 5’- 

end-labelled 32P-(TTAGGG)s oligonucleotide telomere probe in a buffer 

containing 25% formamide, 5X Denhardt’s solution, 5X SSPE, 0.1% SDS
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and 100 pg/ml denatured salmon sperm DNA. Following a 15 min 

stringency wash at 42° C in 0.2X SSC, 0.1% SDS, the autoradiography 

signal was digitized in a phosphoimage scanner (Fuji) using ImageGauge 

Software. All lanes were subdivided into intervals of approximately 1-2 mm. 

The mean size of the TRFs was estimated using the formula 

S(ODixLi)/E(ODi), where ODi is the density reading from interval i and Li is 

the size in kbp of the interval relative to the markers (20). Mean TRF length 

was determined over the range of 2.3 to 23.1 kbp markers (broad range) 

and also on the basis of the intensity of the signal (narrow range), where 

the intervals averaged were those intervals that were higher than 1% of the 

total signal in that lane. The median and mode values were also derived on 

the basis of the narrow range determination.

2.2.2 GFR

Creatinine clearance ( C lc r e a )  was predicted from serum creatinine 

( S c r e a )  in adult males where C I C re a =  (140-age [years]) * (wt kg)/(72 * S c re a  

[mg/100 ml]) and in adult females with a correction factor of -15%  (26).

2.3 Results

2.3.1 Demographic data

Table 2.1 lists the clinical data of the individuals from whom the 

kidneys were derived. 17 normal samples were derived from autopsies
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(N=1) or nephrectomies from patients with either renal cell carcinoma 

(N=11), oncocytoma (N=2), Wilms tumor (N=1), transitional cell carcinoma 

(N=1), or severe renal artery atherosclerosis (N=1). Normal renal tissue 

remote from the tumor was chosen for analysis. I will refer to these samples 

as ‘normal’ kidneys when the histology was within the limits of changes 

expected for age. Three samples from the nephrectomies for renal tumors 

showed a small number of tumor cells representing a small minority of the 

cells present. Seven samples were derived from nephrectomies with 

histologic abnormalities such as pyelonephritis, hydronephrosis, 

atherosclerosis, and nephrosclerosis. I will refer to those kidneys as 

‘abnormal’ kidneys. However, patients generally did not have marked renal 

insufficiency, as shown in table 2.1, and the serum creatinine values were 

markedly abnormal only in the one month old infant with acute renal failure, 

the 9 year old with adult type polycystic kidney disease (APCKD) and the 

74 year old with chronic interstitial nephritis.

2.3.2 Telomere length in kidney cortex and medulla

TRFs in renal cortex shortened with age (Figure 2.1). From these 

blots I plotted regression relationships of various measurements of the TRF 

distribution against age (Figures 2.2-2.4). I analyzed the mean (Figure 2.2), 

median (Figure 2.3), and mode (Figure 2.3) of a narrowly defined TRF 

distribution ("narrow range"), and the mean of a more broadly defined
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distribution ("broad range"; Figure 2.4). All of these measurements showed 

a significant TRF shortening with increasing age in renal cortex. Based on 

the mean (narrow range; Figure 2.2), the slope of the regression is 0.0293 

kbp per year, i.e. 29 bp per year (0.24%). Nevertheless the outliers argue 

against a simple predictable annual loss. This regression analysis was not 

significantly altered if samples with histologic abnormalities were excluded: 

the regression was still significant (data not shown). To avoid selection bias 

all samples were included in the subsequent analyses. The Y intercept of 

these regression relationships provides an estimate of the TRF length at 

birth: 12.4 ± 0.64 kbp by the narrow range, and 11.2 ± 0.34 kbp by the 

broad range.

I grouped the mean cortex TRF lengths for kidneys of different ages 

to see if loss was accelerated in some age ranges. For this purpose the 29- 

year kidney with pyelonephritis and short TRF of 8.8 kbp was isolated as it 

was the only observation between 10 and 40. The groups showed mean 

TRF lengths as follows: age 0.1 to 9 years, 12.2 kbp; age 42-50 years, 11.5 

kbp; age 51-58 years, 11.5 kbp; age 62-68 years, 10.6 kbp; age >71 years, 

10.1 kbp. These data do not suggest acceleration in one age group. 

However, when the 17 kidneys older than 40 years were examined by 

regression the slope suggests TRF shortening of 82 bp per year 

(R2=0.3985; p=0.0066), indicating that there is telomere shortening in 

cortex in the age range where senescence develops.
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Medulla samples available on 20 specimens showed slightly shorter 

mean TRF length in young children (Figures 2.6-2.10). The estimated TRF 

lengths in medulla at birth (Y intercepts) were 10.7 ± 0.61 kbp (narrow 

range) and 10.1 ± 0.32 kbp (broad range), both significantly less than in 

cortex (p<0.05). However, the medulla showed less of a tendency to TRF 

shortening with age. The estimates of the slopes of the mean (Figure 2.7), 

median (Figure 2.8), and mode (Figure 2.9) of the narrow range and of the 

mean of the broad molecular weight range (Figure 2.10) are shown. Mean 

TRF length in medulla declined slightly as a function of age by 0.0129 kbp 

(narrow range) and 0.0091 kbp (broad range) per year (not significant). 

Hereafter, the “narrow range” mean is used.

2.3.3 Comparing cortex versus medulla in paired samples

I compared the TRF length in cortex versus medulla for paired 

samples (N=20) on which clear cortex-medulla distinctions could be made 

(Table 2.2). The mean TRF length in the cortex was longer (10.8 ± 1.6 kbp) 

than in medulla (10.1 ± 1.2 kbp) (p<0.001). In kidneys under age 10 (N=3) 

the TRF length in the cortex (12.2 ± 1.2 kbp) was about 1.7 kbp longer than 

in medulla (10.5 ± 0.74 kbp) (p=0.012). In kidneys age 50 and below (N=8) 

the TRF length in cortex was 11.4 ± 1.5 kbp versus 10.4 ± 0.91 kbp in 

medulla (p=0.007). For kidneys above age 50 (N=12) the mean TRF length 

in cortex was 10.3 ± 1.5 kbp versus 9.9 ± 1.2 kbp in medulla (p=0.014).

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Above age 60 (N=8) the mean TRF length was 9.9 ± 1.5 kbp for cortex 

versus 9.7 ± 1.4 kbp for medulla (p=0.11), only about 0.2 kbp difference. 

Thus increasing age was associated with more TRF shortening in cortex 

than medulla, tending to eliminate the differences between cortex and 

medulla (Figure 2.11).

2.3.4 GFR versus telomere length

The relationship of TRF length to GFR was assessed because both 

of these measurements decline with age. The calculated GFR declined with 

age (Figure 2.12) as expected, by about 1.3% per year from the third 

decade. This is a higher rate than in a normal population and presumably 

reflects the selection for renal diseases. There was a weak positive 

relationship between calculated GFR and TRF length in cortex, which was 

not significant (Figure 2.13).

2.4 Discussion

This report documents that telomere DNA is lost with age in kidney, 

and that rate of loss in cortex is greater than in medulla. The TRFs were 

longer in cortex than medulla in young kidneys but the difference lessened 

with age due to greater telomere loss in cortex. Thus the present data 

suggest that telomere shortening may be a phenomenon of both 

development and aging. Whether the extent of telomere loss in older
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kidneys would affect the ability of the kidney to sustain function against 

normal wear and tear or abnormal stresses is not known. However, given 

the heterogeneity of renal cell populations, and of telomere length on 

individual chromosomes, the present results raise the possibility that critical 

telomere shortening could become a limiting factor in some renal cell 

populations and could contribute to some of the features of the senescent 

kidney.

Certain caveats surround studies of telomere length. First, most 

studies (like these) are conducted on surgical specimens and must be 

confirmed on unselected normal tissues when the availability of tissue 

permits. Second, the critical measurements of telomere changes should be 

made in the population of renal cells that are likely to be limiting such as 

intimal cells in small arteries (22). Third, in presenting the regression 

between TRFs and age one cannot imply that these are truly linear. In 24 

samples I cannot determine the shape of this relationship accurately (e.g. 

accelerated early or late telomere loss.) Fourth, population changes could 

be mistaken for telomere shortening if a cell population with longer TRFs 

was being replaced or infiltrated with a population with shorter TRFs. On 

the other hand if cells with short telomeres disappeared then telomere 

shortening would be underestimated. Finally, the TRF determination is the 

gold standard method but has limitations. Specifically, because TRFs are 

composed of telomeres plus 4-5 kbp of subtelomeric repeats (27), it is
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conceivable that differences in the subtelomeric repeats between cell 

populations could contribute to differences in TRF length e.g. between 

cortex and medulla.

While telomere shortening with age has not previously been studied 

in kidney, it is known in other tissues, e.g. blood cells. The rate of loss of 

telomere DNA in cortex is less than that reported for human lymphocytes, 

where the rate of telomere loss is about 41 bp per year (28). Thus in renal 

cortex telomere DNA declines at a rate intermediate between highly 

proliferative cells as lymphocytes and less proliferative tissues such as 

brain or muscle, in which TRF shortening is not detected (29;30). A recent 

study (31) assessed TRF length in blood and skin cells from humans of 

different ages, and from 15 other tissues from the fetus and 8 other tissues 

from the 72-year-old male. Significant differences (p<0.001) were found in 

the shortest TRF size and in the variation of TRF length between the 20- 

week fetus and the 72-year-old male. The 72-year-old male showed the 

shorter and more variable TRFs for all tissues studied, but the greatest 

differences were observed in blood cells (e.g. average TRF length was 12.2 

kbp in the fetus and 7.2 kbp in the 72-year-old male).

Although telomere regulation is complex, the principal cause of 

telomere loss is likely to be replication. Cell division in fibroblasts lacking 

telomerase shortens TRFs by about 75 bp in vivo and 48 bp in vitro per 

population doubling (27). The observed telomere shortening in cortex with
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age may reflect the generation of renal cells through development and the 

replacement of cells lost through normal wear and tear or injury. Thus 

telomere shortening reflects the replicative history of the tissue. There are 

also mechanisms of telomere shortening independent of proliferation. 

Fibroblasts in vitro show telomere shortening when exposed to high oxygen 

concentrations, even when their proliferation is inhibited, suggesting that 

free radical-mediated damage may shorten telomeres independent of 

replication (32) and may be prevented by anti oxidant strategies (33). 

Hemodynamic stress may cause telomere shortening in arteries, but 

whether the mechanism is dependent on proliferation is not known (22).

Telomere shortening may be accelerated by disease stresses, either 

by proliferative or other mechanisms, and could represent a mechanism of 

disease progression. For example, in active ulcerative colitis, mucosal cells 

of the affected colon show rapid turnover, and TRF length of the colonic 

mucosa of patients with colitis was shorter than that of the controls and of 

uninvolved mucosa (34). Thus telomere shortening in the colonic mucosa 

may contribute to the chronic pathology of ulcerative colitis. Similarly the 

stem cells of bone marrow transplant recipients show accelerated telomere 

shortening in the recipient compared to the donors (23). Thus cycles of 

injury and repair in disease states may cause critical telomere shortening 

and eventually establish limits to tissue survival. In the present study we did 

not find differences between tissues with histologic abnormalities and
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normal tissues. However, we have not sampled progressive and end stage 

renal diseases adequately to answer this question.

The significance of telomere shortening in kidney over the range 

described is not clear. In vitro, telomere length predicts replicative capacity 

and the propensity to develop replicative senescence (27). Telomere 

shortening for a cell becomes critical when even one telomere reaches its 

threshold, because the effects of telomere shortening are dominant. Cell 

replication ceases and the cell expresses a new pattern of gene expression 

characteristic of replicative senescence (35). The mean TRF length in 

senescent fibroblasts is about 7 to 8 kbp but shows variation between 

clones. It is difficult to extrapolate from cultured fibroblasts to whole organs 

in vivo. In order to determine whether critical telomere shortening in the 

kidney contributes to renal senescence, more information would be needed. 

First, one should establish the rate of replication in renal cells at different 

ages and in disease states. Second, one should get estimates of telomere 

shortening in individual cell types e.g. intimal cells in arteries, mesangial 

cells. Third, one should determine whether lesser degrees of telomere 

shortening can induce functional changes without replicative senescence. 

Finally one needs to rule out the possibility that cells with short telomeres 

rapidly disappear, underestimating telomere shortening.

It is probable that molecular explanations will be found for normal 

renal aging, for the excess of end stage disease in the elderly, for the poor
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performance of kidney transplants from old donors, and for the sensitivity of 

older kidneys to acute injuries. The development of new animal models and 

new technologies for studying human biopsy material would aid the 

identification of these mechanisms. Most common rat and mouse strains 

have very long telomeres, limiting their value in addressing the telomere 

regulation (36). Moreover the changes in rat and mouse kidneys with age 

(37) differ from those in long-lived species such as the human. For example 

spontaneous fibrous intimal thickening in arteries is characteristic of long 

lived but not short-lived mammals (38;39). New mouse models such as the 

telomerase knockout mouse (40), or Mus spretus (36) which has telomeres 

resembling humans in length, should establish the significance of telomere 

shortening. Ultimately we must study human kidneys to determine the 

mechanisms and significance of telomere shortening and other candidate 

molecular changes of senescence. The TRF method requires more DNA 

than is available from needle biopsy specimens, hampering our ability to 

answer such questions directly. We need methods to measure telomere 

changes and other candidate mechanisms of senescence in microscopic 

renal components (e.g. arteries, glomeruli) and individual cells (e.g. 

endothelial cells) likely to be limiting in aging, in diseases, and in 

transplants.
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Table 2.1: Demographic data on the 24 individuals from whom the kidneys were 
derived.

Age
(years)

Gender History
of DM

History 
of HTN

BP Crea
(pmol/L)

Urea Clinical
diagnosis

Histology of 
renal
parenchyma

0.1 M No No 58/30 143 20.7 Multiorgan
failure

Normal

0.8 M No Yes 119/84 48 4.4 Renal
dysplasia,
secondary
inflammation

Renal
dysplasia,
interstitial
nephritis*

4 F No No 99/57 56 3.7 Chronic PN, 
reflux

Acute on 
chronic PN*

4 F No No 80/50 50 3.1 Wilms tumor Normal
5 M No No 114/66 85 N/A HN secondary 

to obstruction 
at uretopelvic 
junction

HN*

9 F No No 105/70 682 33.8 APCKD Multiple cysts*

29 F No No 128/80 81 N/A Acute PN Infiltrate, TA*
42 M No Yes 132/80 165 N/A RCC II, 

Oncocytoma I
Normal

47 M No No 112/66 123 8.8 RCC III Normal
50 M No No 150/96 114 N/A RCC II Normal
50 M No No 118/70 123 N/A RCC III Normal
51 F No No 118/70 82 3.4 HN HN*
55 M No Yes 150/80 108 5 Oncocytoma II Normal
57 M No No 120/70 109 4.3 RCC ll Normal
57 F No No 170/90 83 N/A RCC II! Normal
58 M No No 120/70 117 5.8 RCC Mild age 

changes IF, TA
62 M No Yes 122/62 136 N/A RCC III Mild age 

changes IF, TA
67 M No No 120/68 99 7.6 RCC II, CLL Lymphoma

infiltrate
68 F No Yes 140/84 137 5.5 Severe renal 

artery athero
sclerosis

Age changes 
IF, TA, FIT

71 M No No 120/80 126 N/A RCC III Normal
74 F No No 135/105 113 4.4 Papillary TCC IF, TA, FIT; 

compatible with 
age

74 F No Yes 150/80 189 N/A HN, PN Chronic
interstitial
nephritis*

79 F no No 140/84 112 N/A RCC I Moderate TA, 
IF, FIT

88 F no Yes 180/88 96 N/A RCC II Focal
inflammation, IF

DM, diabetes mellitus; HTN, hypertension: BP, blood pressure; Crea, Creatinine; N/A, not 
assessed; RCC, renal cell carcinoma; TCC, transitional cell carcinoma; HN, 
hydronephrosis; PN, pyelonephritis; APCKD, adult type polycystic kidney disease; CLL, 
chronic lymphocytic leukemia; IF, interstitial fibrosis; TA, tubular atrophy; FIT, fibrous 
intimal thickening.
*“Abnormal” with histology outside the limits of changes expected for age.
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Table 2.2: Telomere length in paired cortical and medullary sam ples with age.

Telomere Length (kbp) 
(mean ± SD)

Age Cortex Medulla P value
All paired samples (N=20) 10.77 ± 1.62 10.06 ± 1.16 0.0004
Under age 10(N=3) 12.16 ± 1.16 10.47 ±0 .47 0.0120
Under 50 years (N=8) 11.43 + 1.50 10.38 + 0.91 0.0070
50 years and over (N=12) 10.33 + 1.53 9.85 ±1 .23 0.0144
Over 60 years (N=8) 9.93 ± 1.46 9.65 ±1 .38 0.1144
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Figure 2.1: Telomere length in human renal cortex samples. Genomic DNA from 
cortex samples derived from different donors of indicated ages was prepared as 
described and resolved by agarose gel electrophoresis. Telomere restriction 
fragments were detected with a 32P-labelled telomeric oligonucleotide. Size [kbp] is 
indicated. M=molecular weight marker, R=Raji cells.
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Figure 2.2: Regression of telomere length measurements in renal cortex by 
Southern blotting against age. Panels represent the mean of a narrowly defined 
telomere distribution (“narrow range”). Unfilled symbols represent “abnormal” 
kidney samples with histological changes outside the limits of changes expected 
for age.
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Figure 2.3: Regression o f telomere length measurements in renal cortex by 
Southern blotting against age. Panels represent the median o f a narrowly defined 
telomere distribution (“narrow range”). Unfilled symbols represent “abnormal” 
kidney samples with histological changes outside the limits o f changes expected 
for age.
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F igure  2.4: Regression of telomere length measurements in renal cortex by 
Southern blotting against age. Panels represent the mode o f a narrowly defined 
telomere distribution (“narrow range”). Unfilled symbols represent “abnormal” 
kidney samples with histological changes outside the limits o f changes expected 
for age.
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Figure 2.5: Regression o f telomere length measurements in renal cortex by 
Southern blotting against age. Panels represent the median of a more broadly 
defined telomere distribution (“broad range”). Unfilled symbols represent 
“abnormal” kidney samples with histological changes outside the limits o f changes 
expected fo r age.
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F igure  2.6: Telomere length in human renal medulla samples. Genomic DNA from 
medulla samples derived from different donors of indicated ages was prepared as 
described and resolved by agarose gel electrophoresis. Telomere restriction 
fragments were detected with a 32P-labelled telomeric oligonucleotide. Size [kbp] is 
indicated. M=molecular weight markers, R=Raji cells, J=Jurkat cells.
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Figure 2.7: Regression o f telomere length measurements in renal medulla by 
Southern blotting against age. Panels represent the mean o f a narrowly defined 
telomere distribution (“narrow range”). Unfilled symbols represent “abnormal” 
kidney samples with histological changes outside the limits o f changes expected 
for age.
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Figure 2.8: Regression of telomere length measurements in renal medulla by 
Southern blotting against age. Panels represent the median o f a narrowly defined 
telomere distribution (“narrow range”). Unfilled symbols represent “abnormal” 
kidney samples with histological changes outside the limits o f changes expected 
for age.
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Figure 2.9: Regression of telomere length measurements in renal medulla by 
Southern blotting against age. Panels represent the mode o f a narrowly defined 
telomere distribution (“narrow range”). Unfilled symbols represent “abnormal” 
kidney samples with histological changes outside the limits of changes expected 
for age.
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Figure 2.10: Regression of telomere length measurements in renal medulla by 
Southern blotting against age. Panels represent the median of a more broadly 
defined telomere distribution (“broad range”). Unfilled symbols represent 
“abnormal” kidney samples with histological changes outside the limits of changes 
expected for age.
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Figure 2.11: Regression of the difference between cortical and medullary telomere 
lengths against age. Telomere length in paired renal cortex and medulla samples 
were determined by Southern blotting as described. The difference between cortex 
and medulla telomere lengths from 20 different donors is plotted against age.
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Figure 2.12: The regression between GRF and age. GFR was calculated using 
the Cockcroft-Gault equation in those patients over the age of 20 from whom 
kidney biopsies were taken. Unfilled symbols represent “abnormal” kidney samples 
with histological changes outside the limits of changes expected for age.
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Figure 2.13: The regression between GFR and telomere length by Southern 
blotting. GFR was calculated using the Cockcroft-Gault equation in those patients 
over the age of 20 from whom kidney biopsies were taken. Unfilled symbols 
represent “abnormal” kidney samples with histological changes outside the limits 
of changes expected for age.
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Chapter 3

Cell Senescence in Rat Kidneys in vivo Increases 

with Growth and Age 

Despite Lack of Telomere Shortening

A version of this chapter has been published.
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senescence in rat kidneys in vivo increases with growth and age despite 

lack of telomere shortening. Kidney international 2003; 63: 2134-2143. 

Portions of this publication that were contributed by co-authors are not 

included unless noted. Used with permission of Blackwell Publishing.
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3.1 Introduction

Renal aging and the phenotype of age, which is termed renal 

senescence, are important clinical issues (1;2). Renal 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 functional and 

anatomical changes (3-7). The cellular and molecular 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 develop changes analogous to the limits reached 

by somatic cells in culture. Cultured mammalian somatic cells such as 

fibroblasts, after a finite number of population doublings, 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 here 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 

transfection of telomerase, which greatly extends their replicative 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
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produced by environmental stress (“culture shock”) (11-15). However, 

mouse and human cells at arrest manifest similar changes, including 

expression of a cell cycle regulator p16INK4a and organelle changes such as 

senescence associated p-galactosidase (SA-p-GAL) and lipofuscin (16-19). 

Cell senescence could also occur during renal development 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 glomerular 

changes, typically focal and segmental sclerosis (20), and the environment 

influences the phenotype within strains. Rat kidneys, unlike human kidneys, 

manifest no loss of renal mass and little or no loss of function with age 

unless they have concomitant kidney disease (21 ;22).

In this study I explored whether characteristic features 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 complex 

tissues and organs, interfering with organ homeostasis. My 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 contribute to the 

phenotype of renal aging. This in turn would assist in generating testable
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models of renal aging.

3.2 Materials and Methods

3.2.1 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 derived from the University of Alberta animal colony and 9- 

and 24-month old rats from the NIA colony were purchased from Harlan 

(Indianapolis, IN) (9- and 24-month group). All animals were housed barrier 

maintained and specific pathogen free. The animals were killed within one 

week after arrival in our colony.

Rats were anesthetized and blood was drawn for measurement 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 embedded in 

OCT for frozen sections and fixed with paraformaldehyde for paraffin 

embedded sections. All experiments were performed according to the 

University of Alberta Animal Policy and Welfare Committee’s animal care 

protocols.
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3.2.2 Pathology and lipofuscin assessment

Paraffin wax sections were cut at 2 pm and stained with hematoxylin 

and eosin, Periodic Acid Schiff (PAS) and Mason-Trichrome for 

histopathoiogical assessment by a renal pathologist (Wipawee Kittikowit) 

Lipofuscin counts were performed in high power fields (HPFs) by Wipawee 

Kittikowit and myself.

3.2.3 Sirius Red staining

Unstained paraffin embedded sections were baked at 60°C for one 

hour. Slides were soaked in xylene for 24 hrs followed by acetone for 24 hrs 

to reduce paraffin contamination. Then slides were taken through xylene 

and graded ethanols into distilled water and stained overnight in saturated 

picric acid with 0.1% Sirius Red F3BA (Aldrich Chemicals). Slides were 

washed in hydrochloric acid (0.01 N) and rapidly dehydrated and mounted. 

Sirius Red staining was only performed on a subgroup of 12 rats (1 month: 

n=5, 9 months: n=2, 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 CCD camera was used to capture gray scale 256 bit 

images that were archived as TIFF files. A background image was initially 

obtained and background correction was performed in real time while the 

images were being acquired using the 40X objective. Images of the kidney
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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 automated macro 

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 (VintFib), a value of 1 would 

reflect 100% fibrosis. (Sirius Red staining and analysis was done by Paul 

Grimm.)

3.2.4 Terminal restriction fragments (TRF)

To obtain high molecular weight DNA without degradation, the 

tissue was disrupted by freeze grinding. DNA was then isolated by 

proteinase K digestion and phenol/chloroform extraction. Concentration was 

measured at OD260- DNA samples were digested with the restriction 

enzymes Hinf I and Rsa I (Boehringer Mannheim, Germany) to produce 

TRFs. 1.5 pg of each digested sample was resolved on a 1.0 % agarose gel 

by pulse field gel electrophoresis (buffer temperature 14°C, voltage gradient 

6.0 V/cm, switching interval 1-30 sec., 12h). Gel was probed directly as 

described previously (23) with minor modifications (24). Hybridization was 

done at 42° C overnight with a 5-end-labelled 32P-(TTAGGG)s 

oligonucleotide telomere probe in a buffer containing 6x SSC, 5x
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Denhardt’s solution, 50mM NaH2P04 (pH 7.4), 0.1 mg/ml salmon sperm 

DNA, 0.1 % SDS. Following stringency washes at RT in 0.2X SSC, 0.1% 

SDS, the autoradiography signal was digitized in a phosphoimage scanner 

(Fuji) using ImageGauge Software. All lanes were subdivided into intervals 

of 1 mm. The mean size of the TRFs was estimated using the formula 

S(ODixLi)/S(ODi), where ODi is the density reading from interval i and Li is 

the size in kbp 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. (Irwindeep Sandhu did some TRF gels as part of his 

summer student project).

3.2.5 Reverse transcription (RT) and real-time polymerase chain reaction

(PCR)

Total RNA was extracted from tissue samples according to a 

modification of the method described by Chirgwin et al. (26). Tissues were 

homogenized with a polytron in 4 M guanidinium isothiocyanate, and the 

RNA was pelleted through a 5.7M CsCh cushion. RNA was isolated by 

phenol/chloroform extraction. Concentrations were determined by 

absorbance at 260 nm. Transcription into cDNA was done using MMLV 

reverse transcriptase and random primers (Life Technologies, Burlington, 

Ontario). The principle of real-time quantitative PCR has been described by
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Heid et al. (27). cDNA (0.75 fil) was amplified in an ABI PRISM 7700 

Sequence Detector (Applied Biosystems, Foster City, CA). All samples 

were done in duplicates. Sequence specific primers and probe for p16INK4a 

(forward primer: 5’-ACG AGG TGC GGG CAC TG-3’; reverse primer: 5’- 

TTG ACG TTG CCC ATC ATC ATC-3’; probe: 5-FAM-CCG AAC ACT T IC  

GGT CGT ACC CCG ATA-TAMRA-3’) and TGF-p1 (forward primer: 5’- 

GGC TAC CAT GCC AAC TTC TGT CT-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 Express 

Software (Applied Biosystems, Foster City, CA). Pre-developed assay 

reagents for 18S ribosomal RNA (18S RNA) were purchased (Applied 

Biosystems, Foster City, CA). 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 

p16INK4a minus Ct for 18S RNA), called ACt. Relative quantification of gene 

expression was calculated as 2'ACt, 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 %.
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3.2.6 Immunohistochemistry for p16INK4a

Immunoperoxidase staining for p16INK4a was performed using 2 pm 

sections of paraffin embedded tissue. Briefly, sections were deparaffinized 

and hydrated. The sections were immersed in 3% H2O2 methanol to 

inactivate endogenous peroxidase. Slides were blocked with 20% normal 

goat serum. Tissue sections were then incubated for 1 hr at RT with the 

primary antibody (mouse monoclonal antibody, Clone F-12, Santa Cruz, 

CA) and rinsed with PBS. Following 30 minutes of incubation with the 

Envision monoclonal system (Dako, Ontario), sections were washed again 

in PBS. Visualization was performed using the DAB substrate kit (Dako, 

Ontario). The slides were counterstained with hematoxylin and mounted. 

Analysis was done by counting 5 HPF. Percentage of positive nuclei was 

assessed for tubules, glomeruli and interstitium.

3.2.7. Western blot analysis

Tissue was homogenized in RIPA buffer containing the protease 

inhibitors phenylmethylsulfonylfluoride (HOOpg/ml), aprotinin (100pg/rrtl) and 

sodium orthovanadate (1mM). Homogenates were centrifuged and 

supernatants were snap frozen and stored at -8 0  °C. Protein 

concentrations were determined using the BioRad Lowry protein assay 

(BioRad Labs, Hercules, CA). 50 pg per sample were loaded and proteins 

were separated by 11.5% sodium dodecyl sulfate polyacrylamide gel
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electrophoresis (SDS-PAGE) followed by electrophoretic transfer to a 

nitrocellulose membrane. Retinoblastoma protein was detected using a 

rabbit polyclonal antibody against total retinoblastoma protein (0 1 5 , Santa 

Cruz Biotechnology, Santa Cruz, CA) that showed two separate bands for 

phosphorylated and hypophosphorylated retinoblastoma. This was followed 

by peroxidase-conjugated goat anti rabbit IgG (Jackson Immuno Research 

Laboratories, West Grove, PA) and enhanced chemiluminescence 

(SuperSignal®, Pierce, IL).

3.2.8 Senescence associated (SA) p-galactosidase (P -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-p-GAL 

staining solution (2mg/ml X-gal in dimethylformamide, 40mM citric 

acid/sodium phosphate (dibasic), pH 6, 5mM potassium ferrocyanide, 5mM 

potassium ferricyanide, 150mM sodium chloride, 20mM magnesium 

chloride). Controls were stained for lysosomal p-GAL using the same SA-p- 

GAL staining solution adjusted to pH 4. Following staining, slides were 

counterstained with eosin, dehydrated and mounted.

Quantification of the SA-p-GAL staining was accomplished by
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Image-Pro Plus Software. A set of slides without 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.

3.2.9. Terminal deoxnucleotidyl transferase mediated dUTP Nick End

Labeling (TUNEL)

Paraffin embedded sections were deparaffinized and hydrated. The 

sections were immersed in 1 % H2O2 to inactivate endogenous peroxidase. 

The sections were treated with proteinase K (20pg/ml in PBS) for 10 min at 

RT and rinsed in PBS. Sections were incubated with terminal 

deoxnucleotidyl transferase (TDT) buffer (30 mM Tris-HCI, pH 7.2, 1 mM 

C0CI2, 140 mM sodium cacodylate) for 30 min at RT. Then the TDT buffer 

was replaced with TDT buffer containing 0.025 nmoles/pi biotin-16-dUTP 

(Roche, Laval, Quebec) and 0.25U/jil TDT (Roche, Laval, Quebec) and 

incubated for 1 hr at 37 °C in a humidified chamber. Slides were rinsed in 

PBS. Non-specific staining was blocked by immersing the slides in 2% BSA 

in PBS. The slides were then incubated with the avidin-biotin complex 

(Vector Laboratories, Burlingame, CA) for 30 minutes. The reaction was 

visualized using the DAB substrate kit (Vector Laboratories, Burlingame, 

CA). The slides were counterstained with alcian blue, dehydrated and
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mounted. For negative controls TDT was omitted. Kidney sections treated 

with 1000 ng/ml DNAase I (Sigma Chemical Co, St. Louis, MO) were used 

as positive controls. Analysis was done by counting all positive nuclei per 

kidney section.

3.2.10 Statistical Analysis

Data analyses were performed using SPSS. 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 with 9-months, 9-month with 24-months 

old rats.

3.3 Results

3.3.1 Renal changes with growth and aging

Because environment, subline genetic differences (30;31), and 

specific renal diseases can alter the phenotype of growth and aging in 

kidney (20), it was essential that to characterize the extent of the previously 

reported changes (20;30-33) at each age in the rats, to permit correlation 

with the indicators of cellular senescence. I 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
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during aging (24 months versus 9 months); urea and electrolytes showed 

no changes (table 3.1). I confirmed that my 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 months to 24 months 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 vs. 15.3±1.5 in 24 months old rats).

The histologic changes of growth and aging were evaluated using a 

pathology scoring system incorporating features of the Banff classification 

for transplant pathology (34) and previous reports (20) (table 3.2). None of 

the 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 number of casts in cortex and medulla increased, 

and occasional foci of mononuclear infiltrate appeared. Some rats at 9 

months manifest occasional totally sclerotic (2 of 6) or partially (segmental) 

sclerotic glomeruli (1 of 6), tubular atrophy (3 of 6) and dilated tubules (1 of 

6). By 24 months 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, interstitial fibrosis, and arteriolar 

hyalinosis. No rats showed arterial fibrous intimal thickening. The number of 

cells per tubular cross-section did not change with age.
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Cortical fibrosis was quantitated by Sirius Red staining (figure 3.1) 

and increased significantly with growth (VintFib 0.01+0.005 at 1 month vs. 

0.024±Q.003 at 9 months; p<0.05). The further increase with aging (VintFib 

Q.033±0.010 at 24 months) did not reach statistical significance. Because of 

the increase in fibrosis, we measured the amount of TGF-pi mRNA (figure 

3.2). TGF-J31 expression was highest in the 24-months old rats (13±16.1) 

but the differences between age groups were not statistically significant.

3.3.2 Mean TRF length in rat kidney samples

Figure 3.3 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, 40.6 ± 4.8 for 9 months and 35.1 ± 6.0 for 24 months old rat 

kidneys (figure 3.4). 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 M. musculus strains (35) and 

much longer than in human kidney (about 12Kb) (36).

3.3.3 P16INK4a mRNA expression in rat kidney, spleen, brain and heart 

samples

P16INK4a mRNA was absent in most 1 month old kidneys but 

increased 27 fold with growth and a further 72 fold with aging (figure 3.5). 

The p16INK4a mRNA levels were undetectable in 10 out of 11 samples in 1
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month old rats and very low (1.75x1(T9) in the remaining one rat. Nine 

months old rats had detectable levels in all 10 animals. Highest levels were 

found in the group of 24 months old rats. Mean values (±SD) for p16INK4a 

expression normalized to 18S RNA in kidney were 1.6x1 O'10 (±5.29x1 O'10) 

for 1 month, 43.8x1 O'10 (±29.2x10‘1°) for 9 month, and 3160x10‘1° 

(±8850x1 O'10) for 24 months old rats. The latter group showed considerable 

variability in p16INK4a levels.

Increases in p16INK4a were seen for three other tissues investigated 

(spleen p<0.001, figure 3.6; brain p<0.05, figure 3.7; heart p<0.05, figure 

3.8). Interestingly, p16INK4a was expressed in both spleen and heart even in 

the 1 month old group, whereas p1 ©INK4a 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 and 24 

months old rats.

3.3.4 P16INK4a protein expression in rat kidneys

I was able to corroborate the mRNA results by immunoperoxidase 

staining for p16INK4a. Representative tubular sections are shown in figure

3.9. Young rat kidneys, which lacked or had very low p16INK4a levels 

showed no or occasional staining of single nuclei (mean of positive nuclei in 

tubules 4%; in glomeruli 4%; in interstitium 1 %). The increase with aging 

was highly significant for all investigated compartments. The mean of
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positive nuclei in 9 months versus 24 months 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 p16lNK4a, between young and old 

rats.

3.3.5. SA-p-GAL

SA-p-GAL was described in senescent human fibroblast cultures 

(28), but not in quiescent or terminally differentiated cells, and in vivo in skin 

cells from old humans. SA-p-GAL has been recommended as an indicator 

of cell senescence in vitro (37) and in vivo (38;39). I assessed SA-p-GAL 

staining for rat specimens of different ages (for representative pictures see 

figure 3.10). SA-p-GAL staining was found only in tubular cells, not in 

glomeruli or vessels. As can be seen in figure 3.11, a patchy pattern was 

observed in 24 months old rats, suggesting those SA-p-GAL stained 

tubules belonged to the same nephron. SA-p-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, 0.008 (± 0.003) for 9 months old and 0.020 (± 0.007)
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for 24 months old rats (p<0.005). Thus SA-p-GAL increased during growth 

but further increased during aging.

3.3.6 TUNEL

To assess the amount of apoptotic cells TUNEL staining was 

performed. Apoptotic cells were overall rare, but increased continuously 

with age. Young rats had an average of 1 positive nucleus per kidney cross 

section, 9 months old rats had 6 positive nuclei and in 24 months old rats 

we found 12 positive nuclei. Positive nuclei were almost always found in 

tubules, interstitial cells showed some positive nuclei, and only one old rat 

had a positive nucleus in its glomerulus.

3.3.7. Lipofuscin

Lipofuscin is an intracellular, age-related, fluorescent, cytoplasmic, 

granular pigment found mainly in secondary lysosomes of post-mitotic cells 

(40). We assessed lipofuscin in proximal, non-proximal 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. 

Lipofuscin was present in every kidney of the 9 and 24 months old animals 

(table 3.3), confined to tubular cells, mainly proximal tubules. Highest
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amounts were found in atrophic tubular cells. Thus like SA-p-GAL lipofuscin 

increased in growth and in aging.

Lipofuscin appeared in proximal tubules in all four areas of the 9 

months group, whereas non-proximal tubules were only affected in one out 

of six rats. The 24 months old kidneys displayed a further increase in 

lipofuscin in proximal tubules in all areas and in non-proximal tubules in 

superficial and mid cortex. Lipofuscin was present in up to 50% of atrophic 

tubules in the 24 months kidneys.

In both the 9 months old and the 24 months old kidneys lipofuscin 

was significantly associated with SA-p-GAL staining (table 3.4).

3.4 Discussion

To explore the relationship between cellular senescence and the 

phenotypic changes of aging, I 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. I found that rat kidneys 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 p16INK4a, a marker of senescence 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-p-GAL

88

permission of the copyright owner. Further reproduction prohibited without permission.



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 

demonstration 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 and/or retinoblastoma/p16INK4a 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
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for long-lived species to have better protection against environmental stress 

and oncogenesis.

My findings are compatible with a role for p16 INK4a in the cell 

senescence phenotype in vivo in rat kidney. In mouse fibroblasts in vitro, 

p16INK4a is strongly associated with senescence, and may specifically reflect 

cumulative injury from environmental stress. In the present studies, 

specimens from kidney, brain, heart and spleen showed a striking increase 

in p16INK4a with age. Interestingly, all rats tested showed some p16INK4a 

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 p16INK4a in 

brain was found between 1 and 9 months during the growth and 

development period. For kidney, however, p16INK4a increased in the growth- 

related and the aging-related phase.

Lipofuscin and SA-p-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-related stress and that the tubules with 

lipofuscin are prone to atrophy. Alternatively the lipofuscin in atrophic 

tubules may be a reflection of atrophy, rather than a cause. Staining for SA- 

p-GAL was significantly associated with lipofuscin, but more tubules 

displayed SA-p-GAL than lipofuscin, suggesting that staining for SA-p-GAL
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could be an earlier or more prevalent manifestation of senescence. 

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 non-degradability (40). SA-p-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-p-GAL may thus both be 

independent manifestations of impaired homeostasis of cell organelles with 

age, with SA-p-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, I believe that the molecular changes 

described here are related to cumulative effects of environmental stress 

during growth, development, and aging, and not due to disease. My 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 condition (33). However, in 

my 24 months rats only 4.4 % of glomeruli showed signs of sclerosis and 

the percentage of atrophic tubules did not exceed 3.4 %. Partial segmental 

sclerosis occurred in 2 % of glomeruli. I am 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
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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) 

and (51) Fischer 344 rats do not develop hypertension (52;53). Based on 

the literature, our histopathological assessment and the stable creatinine 

levels, I believe that these 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 hypertrophy, growth, fibrosis, atrophy, and 

apoptosis. The constant protein/DNA ratio argues against pure hypertrophy. 

However, the number of tubular cells per tubular cross-section did not 

increase with age, arguing against pure hyperplasia. Fibrosis that was three 

fold 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.

I propose that renal aging in rats reflects the cumulative effects of 

environmental stress, leading to cell cycle arrest similar to mouse
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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-p-GAL, iipofuscin, and p16INK4a, and the 

morphologic changes. My studies indicate 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 appearance and 

persistence of damaged cells then compromises homeostatic mechanisms, 

leading to age-related pathology. Although kidney mass and function can 

be maintained because of high replicative potential of the non senescent 

cells, the accumulation of the senescent cells reaches critical limits in some 

nephrons, triggering nephron shutdown by a regulatory mechanism.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5 Tables

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.1: Kidney function and weight.

Groups
1-month

M ± S D
9-month 24-month

Creatinine (pmoi/L) 20.4 ± 6.2 42.2 ± 10.6a 58.0 ± 16.9
Urea (mmol/L) 7.5 ± 1 .2 8.6 ± 0 .9 6.6 ±1.1
Sodium (mmol/L) 124.6 ± 9 .8 142.2 ± 1 3 .3 134.3 ±11.2
Chloride (mmol/L) 81.2 ±7 .1 92.8 ± 8.9 92.0 ± 8 .9
Kidney weight (mg) 723 ± 70 1157 ± 107a 1403 ± 141b
Body weight (g) 152 ±21 4 0 9 ± 54a 419 ± 4 9
Kidney/body weight ratio
[103]

4.9 ± 0 .8 2.9 ± 0.4a 3.4 ± 0.4b

a1 month and 9 month old group differ P < 0.05 
b9 month and 24 month old group differ P < 0.05
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Table 3.2: Pathology of rat kidneys.

Groups
1 month 

N = 6

M ± S D  
9 month 

N = 6
24 month 

N = 7

Glomeruli (# per section) 213 ±15 .6 214 ± 2 3 .7 254 ± 20.1b
Total sclerotic glomeruli (%) 0 0.2 ± 0 .4 2.4 ± 0.9b
Partial sclerotic glomeruli (%) 0 0.1 ± 0 .2 2.0 ± 2.2b
Glomerulitis (0-3) 0 0 0
Glomerulopathy (0-3) 0 0 0
Fusion to Bowman’s capsula (%) 0 0 0.4 ± 0 .8
Widened Bowman’s space (%) 0 0.6 ± 0.5a 2.6 ± 1 .9
Epithelial proliferation (%) 0 0 0.1 ±0.1
Hyaline droplets (%) 0 0 0.5 ± 0.5b
Hyaline arteriole (%) 0 0 0.4 ± 0.4
Casts in cortex (#) 0 1.7 ±  1.4a 14.9 ±  11.4b
Casts in medulla0 0 0.8 ± 0.4a 1.6 ± 0.8
Tubular atrophyd 0 0.7 ± 0 .8 8.0 ± 9.0b
Dilated tubulesd 0 0.2 ± 0.4 3.7 ±  5.6b
Mononuclear infiltrate® 0 2.2 ± 1.9a 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 (#) 4.5 ± 0 .3 4.1 ± 0 .8 3.5 ± 0 .4

a1 month and 9 month old group differ P < 0.05 
b9 month and 24 month old group differ P < 0.05
cNumber of cross-sections that show casts in medulla: 1 = < 50 cross-sections, 2 = 50-100 
cross-sections, 3 = > 100 cross-sections
dNumber of groups per kidney section that showed tubular atrophy or dilated tubules 
eNumber of areas that showed mononuclear infiltrate
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Table 3.3: Lipofuscin distribution [%] in tubular epithelium of rat kidney.

Groups
1 month

M ± SD 
9 month 24 month

Superficial cortex
Proximal tubules 0 0.6 ± 0.8a 5.6 ± 3.3
Non-proximal tubules 0 0 0.6 ± 0.5b
Atrophic tubules - - 29.3 ± 15.9
(atrophic tubules [%]) N/A N/A 2.0

Mid cortex
Proximal tubules 0 2.2 ± 1,1a 8.7 ± 5 .2
Non-proximal tubules 0 0 0.8 ± 0 .8 b
Atrophic tubules - - 24.3 ±14.1
(atrophic tubules [%]) N/A N/A 2.3

Juxtamedullary cortex
Proximal tubules 0.04 ±0.1 3.3 ± 1.5a 10.8 ± 5.8
Non-proximal tubules 0 0.2 ± 0 .4 0.6 ± 0.8
Atrophic tubules - - 33.2 ± 13.8
(atrophic tubules [%]) N/A N/A 3.4

Medulla
Proximal tubules 0.1 ± 0 .3 5.8 ± 1.9a 13.7 ±10.1
Non-proximal tubules 0 0.1 ± 0 .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 3.3 ± 0 .7 10.0 ± 6.0b
Non-proximal tubules 0 0.1 ±0 .1 0.7 ± 0.3b
Atrophic tubules - - 43.9 ± 11.0
(atrophic tubules [%]) N/A N/A 1.4

a1 month and 9 month old group differ P < 0.05 
b9 month and 24 month old group differ P < 0.05
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Table 3.4: Association of lipofuscin with SA-p-GAL staining in tubular epithelium.

Tubules SA-p-GAL SA-p-GAL P value3
with lipofuscin: staining staining

positive negative

9 months old rats 73.7 % 26.3 % <0.001

24 months old rats 70.0 % 30.0 % < 0.001

a2x2 table with Yates correction.
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3.6 Figures
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Figure 3.1: Fraction o f cortical interstitial fibrosis in rat kidneys o f three different 
age groups. Interstitial fibrosis increased significantly with growth, the further 
increase with age was not statistically significant.
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Figure 3.2: TGF-pi mRNA in rat kidneys o f three different age groups. TGF-p1 
mRNA expression was highly variable in young and old rats. The increase with 
age was not statistically significant. RNA was isolated and reverse transcribed. 
Quantitative PCR was performed using sequence-specific primer and probe for 
TG F-p i on an ABI 7700 Sequence Detection System. All values were normalized 
to HPRT.
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F igure  3.3: Representative TRF gel. High molecular weight DMA was isolated, 
resolved by pulse field gel electrophoresis. Hybridization with a telomere specific 
32P-Iabeled oligonucleotide was performed and mean TRF length was calculated 
based on the signal intensity for each lane. Size (kb) is indicated. MW, molecular 
weight marker; J, Jurkat cell line; UN, undigested, DNA sample not digested with 
Hinfl and Rsa I.
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Figure 3.4: Mean telomere restriction fragment (TRF) length ± SD of mean TRF 
length in rat kidneys o f three different age groups. High molecular weight DNA was 
isolated, resolved by pulse field gel electrophoresis. Hybridization with a telomere 
specific 32P-labeled oligonucleotide was performed and mean TRF length was 
calculated based on the signal intensity (see Materials and Methods).
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Figure 3.5: P16INK4a mRNA expression in rat kidneys o f three different age groups. 
RNA was isolated and reverse transcribed. Quantitative PCR was performed using 
sequence-specific primer and probe for p16INK4a on an ABI 7700 Sequence 
Detection System. All values were normalized to 18S RNA.
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F igure  3.6: P16INK4a mRNA expression in rat spleens of three different age groups. 
RNA was isolated and reverse transcribed. Quantitative PCR was performed using 
sequence-specific primer and probe for p16INK4a on an ABI 7700 Sequence 
Detection System. All values were normalized to 18S RNA.
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Figure 3.7: P16INK4a mRNA expression in rat brains of three different age groups. 
RNA was isolated and reverse transcribed. Quantitative PCR was performed using 
sequence-specific primer and probe for p16INK4a on an ABI 7700 Sequence 
Detection System. All values were normalized to 18S RNA.
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Figure 3.8: P16INK4a mRNA expression in rat hearts of three different age groups. 
RNA was isolated and reverse transcribed. Quantitative PCR was performed using 
sequence-specific primer and probe for p16INK4a on an ABI 7700 Sequence 
Detection System. All values were normalized to 18S RNA.
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Figure 3.9: Representative p16INK4a staining in rat kidney tubular sections from a 
(A) 1 month, and (B) 24 months old rat. Immunoperoxidase staining was 
performed on paraffin sections with a monoclonal antibody against p16INK4a and 
hematoxylin counterstain. Nuclear p16INK4a staining was not or very rarely found in 
young, but was present in all old rat kidneys.
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Figure 3.10: Representative SA-p-GAL staining in rat kidney tissue from a (A) 1 
month, (B) 9 months and (C) 24 months old rat. Frozen sections were fixed with 
2% formaldehyde/0.2% glutaraldehyde and incubated for 14 hours at 37°C with 
SA-p-GAL staining solution. Counterstaining was performed with eosin. SA-p-GAL 
staining was only found in tubules. Glomeruli and vessels were not affected. SA-p- 
GAL staining was rarely found in kidneys from 1-month old rats. Increased staining 
was found in 9-months old kidneys. 24-month old specimens showed a patchy 
pattern of intense staining.
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Chapter 4

The Strong Association of Cell Cycle Regulator p16INK4a 

Expression with Renal Senescence in Mouse Kidney

A version of this chapter will be submitted for publication.

Anette Melk, Oki Takeuchi, Bernhard M.W. Schmidt, Penny Turner, David 

Rayner, and Philip F. Halloran: The strong association of cell cycle 

regulator p16INK4a expression with renal aging in mouse kidney.

Portions of this publication that were contributed by co-authors are not 

included unless noted.
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4.1 Introduction

Renal aging is an area of increasing importance because of the high 

incidence of renal dysfunction and end stage renal disease in the elderly 

(1;2). The molecular basis of aging remains largely unknown, but one 

aspect may be changes in somatic cells over time. Limitations on somatic 

cell survival have been extensively studied in vitro in human fibroblasts and 

mouse embryonic fibroblasts (MEFs) (3). Hayflick observed that human 

fibroblasts reach a finite lifespan (“Hayflick limit”) at which they stop 

replicating and enter a state called replicative senescence (4). Replicative 

senescence is due to telomeres reaching a critical length (5;6), perhaps 

because short telomeres are likely to be ‘uncapped’ and unprotected (7;8). 

MEFs also cease cycling, but after fewer cycles and independent of 

telomere length (9; 10). The phenotype of MEFs that have ceased cycling is 

termed “stimulation and stress-induced senescent-like arrest” (STASIS) and 

is caused by environmental stresses (“culture shock”) (11). Nevertheless 

murine and human fibroblasts in vitro, despite differences in mechanisms of 

reaching arrest (9; 10), share many features at arrest, including altered 

morphology, greater heterogeneity (12;13), expression of senescence- 

associated (3-galactosidase (SA-p-GAL) (14) and accumulation of lipofuscin 

granules (15). Gene expression changes in senescent cells include 

overexpression of cyclin-dependent kinase inhibitors (p16INK4a, p21WAF1, 

p19ARF) (16-18), p53 (18-20), TGF-p (21;22), and metallothioneins (MT) (23)
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and decreased expression of PCNA (24) and certain heat shock proteins 

(Hsp 70, 90) (25;26). In addition, senescence-like changes can be stress- 

induced by oxidative stress (H2O2, hyperoxia) (27-29) or DNA damage (UV, 

y-irradiation) (30).

Given these human-mouse cell differences and the role of the 

mouse as a model for diseases (31), it is of interest to understand aging in 

mouse kidney. Unlike the human kidney, which loses mass with age 

(32;33), murine kidney continuously grows (34). Proteinuria is present in 

young mice (35) and their kidneys show mesangial IgG staining but without 

evidence of renal disease (36). Despite sporadic cases of 

glomerulonephritis (37) or hydronephrosis (38), spontaneous renal disease 

in most laboratory mouse strains is uncommon. Kidneys of aged mice show 

surprisingly little pathology: they do not develop focal glomerulosclerosis 

like many rat strains (39) and there is no tubular atrophy, interstitial fibrosis 

or fibrous intimal thickening (40).

The critical question is whether the changes characteristic of 

senescent cells in culture occur in vivo in aging kidneys. I previously 

showed that human kidneys manifest telomere shortening in the cortex with 

age (chapter 2) (41). In the present experiments I evaluated senescence 

changes in kidneys of Balb/c mice of different ages. I studied telomere 

length and expression of genes associated with telomere regulatory 

function and the telomere capping process (7;42): Tert, the reverse
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transcriptase subunit of telomerase; and TRF1 and TRF2, telomere binding 

proteins. I also selected candidate senescence genes previously reported 

to be altered in cellular senescence. I studied renal expression of these 

selected genes in aging compared to development and maturation and 

compared the change in the kidney with those in heart and brain. Candidate 

genes were involved in replicative senescence (p16INK4a, p19ARF, TGF-p1, 

PCNA) or stress-induced senescence (GADD45, Hsp70, HIC-5, MT1 and 

MTS). I also included a gene associated with an aging phenotype in vivo in 

rat liver and kidney (SMP30) (43).

4.2 Materials and Methods

4.2.1 Mice

Mouse samples were derived from 30 Balb/c mice of four age 

groups (newborn, n=8, 1 month, n=8, 3 months, n=6 and 18 months, n=8). 

All mice were derived from the University of Alberta animal colony. Mice 

were killed by cervical dislocation and a midline incision was performed and 

kidneys 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, kidney tissue was fixed with paraformaldehyde for 

paraffin embedded sections. All experiments were performed according to 

the University of Alberta Animal Policy and Welfare Committee’s animal 

care protocols.
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4.2.2 Reverse transcription (RT) and real-time polymerase chain reaction

(PCR)

Total RNA was extracted using the RNeasy kit (QIAGEN, Santa 

Clarita, CA) after initial homogenization. RT was performed using random 

hexamer primers and Maloney murine leukemia virus (MMLV, Life 

Technologies, Burlington, Ontario) as previously described (44). 

Quantitative Real-time PCR to detect gene expression was performed on 

an ABIPrism SDS 7700 TaqMan (Applied Biosystems, Foster City, CA) 

using sequence specific primers and probe for p16INK4a, p19ARF, GADD45, 

PCNA, Hsp70, HIC-5, TGF-p, SMP-30, MT1 and MTS (table 1). I designed 

all the primers and probes using Primer Express software (Applied 

Biosystems, Foster City, CA). All samples were measured in duplicate. 

Relative quantification of gene expression was performed using the 

Relative Standard Curve method as described in the User Bulletin #2 

(Applied Biosystems, Foster City, CA). Briefly, 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 logarithm2 of 

the initial amount of input cDNA. The calibrator used consisted of cDNA 

derived from different tissues and age groups. Standard curves were 

prepared by serial dilutions of the calibrator for both the gene of interest and 

the housekeeping gene HPRT. Dilutions were arbitrarily numbered 3, 1.5, 

0.75, 0.375 and 0.1875. The Ct values for all samples were then assigned
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an arbitrary value based on the standard curves. The arbitrary values for 

gene of interest and for HPRT were divided in order to normalize to HPRT. 

Then the mean value for the duplicates was calculated. All values are given 

as a gene of interest to HPRT ratio.

4.2.3 Histopathology assessment

H&E and PAS staining were done using 4 pm sections of paraffin 

embedded tissue. Together with a renal pathologist (David Rayner) I 

assessed the kidneys for morphological changes within the glomerular, 

tubular and interstitial compartment.

4.2.4 Senescence associated (SA) p-galactosidase (p-GAL) staining 

Frozen sections were cut at 4 pm and kept at -2Q°C until further

processed. Staining was done as previously described (chapter 3) (45). 

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-p-GAL staining solution (2mg/nnt X-gal in 

dimethylformamide, 40mM citric acid/sodium phosphate (dibasic), pH 6, 

5nnM potassium ferrocyanide, 5mM potassium ferricyanide, 150mM sodium 

chloride, 2QmM magnesium chloride). Controls were stained for lysosomal 

p-GAL using the same SA-p-GAL staining solution adjusted to pH 4. 

Following staining, slides were counterstained with eosin, dehydrated and
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mounted.

Quantification of the SA-p-GAL staining was accomplished by 

Image-Pro Plus Software. A set of slides without 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.

4.2.5 Immunohistochemistry for p16INK4a

Immunoperoxidase staining for p16INK4a was performed using 4 pm 

sections of paraffin embedded tissue. Briefly, sections were deparaffinized 

and hydrated. The sections were immersed in 3% H2O2 methanol to 

inactivate endogenous peroxidase. Slides were blocked with 20% normal 

goat serum. Tissue sections were then incubated for 1 hr at RT with the 

primary antibody (mouse monoclonal antibody, Clone F-12, Santa Cruz, 

CA) and rinsed with PBS. Following 30 minutes of incubation with the 

Envision monoclonal system (Dako, Ontario), sections were washed again 

in PBS. Visualization was performed using the DAB substrate kit (Dako, 

Ontario). The slides were counterstained with hematoxylin and mounted. 

Analysis was done by counting 5 HPF for either cortex or medulla. 

Percentage of positive nuclei was assessed for tubules, glomeruli and 

interstitium. Staining of arteries and arterioles was assessed throughout the
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whole section. Each vessel was graded on a scale from 0 to 3, with 0 being 

no staining, 1 up to 30% stained nuclei, 2 between 30 and 60% stained 

nuclei and 3 more than 60% stained nuclei. The mean score was then 

calculated for each section.

4.2.6 Terminal restriction fragments (TRF)

TRF were measured as described previously (chapter 2 and 3) 

(41 ;45). To obtain high molecular weight DNA without degradation, the 

tissue was disrupted by freeze grinding. DNA was then isolated by 

proteinase K digestion and phenol/chloroform extraction. DNA samples 

were digested with the restriction enzymes Hinf I and Rsa I (Boehringer 

Mannheim, Germany) to produce TRFs. 1.5 pig of each digested sample 

was resolved on a 1.0 % agarose gel by pulse field gel electrophoresis 

(buffer temperature 14°C, voltage gradient 6.0 V/cm, switching interval 1-30 

sec., 12h). Gel was probed directly and hybridization was done at 42° C 

overnight with a 5’-end-labelled 32P-(TTAGGG)5 oligonucleotide telomere 

probe in a buffer containing 6x SSC, 5x Denhardt’s solution, 50mM 

NaH2P 04 (pH 7.4), 0.1 mg/ml salmon sperm DNA, 0.1 % SDS. Following 

stringency washes at RT in 0.2X SSC, 0.1% SDS, the autoradiography 

signal was digitized in a phosphoimage scanner (Fuji) using ImageGauge 

Software. Ail lanes were subdivided into intervals of 1 mm. The mean size 

of the TRFs was estimated using the formula S(ODixLi)/E(ODi), where ODi
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is the density reading from interval I and Li is the size in kbp of the interval 

relative to the markers (6). Mean TRF length was determined on the basis 

of the intensity of the signal, where the intervals averaged were higher than 

1% of the total signal in that lane. (Irwindeep Sandhu did some TRF gels as 

part of his summer student project).

4.2.7 Statistical analysis

Data analyses were performed using SPSS software. Means among 

four groups of mice were compared using ANOVA, and T-tests with 

Bonferroni correction were used for multiple pair-wise comparisons. All 

values are given as mean ± standard deviation (SD).

4.3 Results

For the presentation of my results I designated three developmental 

periods. I designated “development” as the period from birth to 1 month; 

“Maturation” as the period from 1 to 3 months; and “Aging”: as the period 

from 3 to 18 months. Changes that affect the whole period will be referred 

to as “changes with time”.

4.3.1 Morphologic changes

Representative PAS kidney sections of 1, 3 and 18 months old mice 

are shown in figure 4.1. The investigated kidneys showed no glomerular
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disease, tubulointerstitial changes or hydronephrosis. As previously 

reported, the morphologic changes of aging in mouse kidneys were very 

mild. In the 18 months old kidneys, fibrous intimal thickening of arteries was 

not observed, and hyalinosis of arterioles was rare. The 18 months kidneys 

showed slight mesangial hyperplasia (figure 4.1 C) and occasional hyaline 

casts. Lipofuscin granules were rare. SA-p-GAL staining was present in all 

three age groups (1, 3, 18 months). Mean staining densities were 0.169 

(±0.004) for 1 month, 0.194 (±0.033) for 3 months and 0.221 (±0.003) for 18 

months. Thus SA-p-GAL staining increased slightly over time but the 

increase was not significant.

Both the kidney weight and bodyweight increased continuously with 

age, with little change in the kidney/bodyweight ratio (table 4.2). The 

increases in weight were greatest during development.

4.3.2 Telomere length and expression of telomere regulating genes

I measured telomere length as telomeric restriction fragments (TRF) 

by pulse field gel electrophoresis (figure 4.2). TRF length (kb) was 47.3 ±

1.2 for 1 month, 45.2 ± 2.6 for 3 months and 44.6 ± 1.6 for 18 months old 

kidneys (figure 4.3). There was a slight but significant decrease in TRF 

length with time (p<0.05). The mean TRF length in kidneys was 45.7 kb, 

similar to a previous report for M. musculus kidneys (46) and much longer 

than in human kidney (about 12Kb) (41). I did not measure telomere length
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in newborn mice because of the small amount of kidney tissue available.

I studied mRNA expression of the reverse transcriptase subunit of 

telomerase, Tert, as well as the telomere binding proteins TRF1 and TRF2. 

Tert (figure 4.4) and TRF1 (figure 4.5) expression were highest in newborn 

mice and decreased significantly during development, but persisted 

throughout life. TRF2 (figure 4.6) expression levels did not change 

significantly through life.

4.3.3 P16INK4a mRNA and protein expression

pigiNK4a expression (figure 4.7) was very low at birth

(0.006±0.003) and increased steadily with time (1 month: 0.019±0.013, 3 

months: 0.068±0.044) and in particular with aging. The highest value was in 

18 months old mice (0.593±0.187). This was almost 100-fold higher than 

the value in newborn and 10-fold higher than the value in 3 months old mice

(p<0.001).

I corroborated the mRNA results by immunoperoxidase staining for 

p16iNK4a ( f jg U re s  4,8). The results are expressed as the percentage of 

p16'NK4a positive nuclei for tubular (figures 4.9 and 4.10), glomerular (figure 

4.11) and interstitial cells (figures 4.12 and 4.13) in both cortex and medulla 

and as a score for arteries and arterioles (figure 4.14). Kidneys from 1 

month old mice showed only rare staining of single nuclei which increased 

modestly by 3 months. However, the major increase occurred with aging,
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and was significant for nuclei in tubules in cortex and medulla as well as in 

arteries and arterioles. Staining of nuclei in tubular cells was seen in all 

segments of the nephron, including the macula densa in the 18 months old 

kidneys.

4.3.4 Expression of p19ARF and other candidate senescence genes

I studied other candidate senescence genes and found four 

significant age-related expression patterns in the kidney. P19ARF showed a 

“U” shaped pattern (figure 4.15) with its highest relative expression in 

newborn mice, a sharp fall during development and a rise in aging. MT 1 

(figure 4.16) also showed a “U” shaped pattern like p19ARF but the increase 

with aging was not significant. Changes in MTS (figure 4.17) were reciprocal 

to MT1: lowest at birth, peaking at 1 month, and decreasing thereafter. The 

changes in Hsp70 (figure 4.18) expression over time were small: a peak at 

1 month, with a significant increase during development. Three genes 

(TGF-p, PCNA, HIC-5; figures 4.19-4.21) showed highest relative 

expression in newborn mice and significant fall with development. TGF-p 

and PCNA then showed low stable expression over time, whereas HIC-5 

showed significant decrease with maturation. SMP30 (figure 4.22) and 

GADD45 (figure 4.23) showed relatively little change over time, although 

SMP30 expression increased between 1 and 18 months. Thus no other 

candidate gene displayed the marked increase over time and particularly
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with aging that was observed with p16INK4a.

4.3.5 Comparison of kidney with other organs

Differential p i6 SNK4a m RNA expression in mouse brain and heart: I 

measured p16INK4a mRNA patterns over time in brain and heart. I show the 

fold change versus newborn, versus the preceding group, as well as the 

organ to kidney ratio (table 4.3). P16INK4a mRNA expression brain and heart 

resembled the pattern observed in the kidney, with lowest values at birth 

and continuous increase in each age interval towards highest expression at 

18 months. For brain and heart the major increase in p16INK4a expression 

occurred during development, whereas for kidney the major increase 

occurred in aging. When relative expression was compared, the highest 

overall values for the p16INK4a were seen in heart followed by brain and 

kidney.

Differential gene expression o f candidate genes in mouse brain and  

heart: To assess relative changes in gene expression in other organs 

compared to kidney, I measured the expression levels for candidate genes 

in brain and heart (tables 4.4-4.12). The changes in gene expression in 

brain occurred mainly in development, and no gene showed a significant 

change during aging. Like brain, the changes in gene expression in heart 

were concentrated in development. The exceptions were p19ARF, which

showed a significant increase with aging, and GADD45, which decreased.
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Table 4.13 summarizes the predicted changes based on the literature and 

actual changes in the different organs. In conclusion, in vivo changes that 

corresponded to what had been suggested from in vitro studies were only 

seen for p16INK4a in all organs studied and for p19ARF in kidney and heart 

but not in brain.

4.4 Discussion

I investigated whether mouse kidney aging in vivo shows features of 

cellular senescence, including morphologic changes (histology, lipofuscin), 

biochemical changes (SA-p-GAL), telomere shortening, and altered gene 

expression. Histological and biochemical changes were minor with little 

increase in SA-p-GAL and lipofuscin at 18 months. Similar to my previous 

findings in rat (chapter 3) (45), telomeres in mouse kidney were very long 

compared to telomeres in human kidneys (chapter 2) (41) and decreased 

only slightly with age. Tert and the telomere binding protein TRF1 but not 

TRF2 were highest in neonates but showed little change during maturation 

and aging. The most striking change in gene expression with development 

and aging was a progressive increase in expression the cell cycle regulator 

p16INK4a, both at the mRNA and protein level. P16INK4a was expressed in 

nuclei of cells in tubules, glomeruli, vessels, and interstitium. Other 

investigated genes tended to have their highest expression during 

development rather than aging, with exception of p19ARF that had high
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expression in newborns and increased with age. The expression patterns 

for the candidate genes in kidney were also seen in brain and heart, in 

particular for p16lNK4a. One difference was that p19ARF in brain showed 

highest expression in newborns and decreased, whereas in heart the 

highest expression of p19ARF was seen at 18 months. Thus although mouse 

kidney at 18 months lacked most features of senescent cells in culture, it 

manifested a striking increase in one characteristic of cellular senescence - 

a progressive increase in p16iNK4a that was also seen in other organs.

The long telomeres, continued Tert expression, and lack of critical 

telomere shortening with aging in mouse kidneys support the conclusion 

that mouse cells in vivo, like MEFs in vitro, do not use telomere shortening 

as a replication counter (9; 10). Human kidneys have shorter telomeres 

(about 12 kbp) and in cortex show telomere shortening through life (chapter 

2) (41), probably because most human somatic tissues lack telomerase. 

Telomerase synthesizes telomeric DNA and is expressed in many somatic 

mouse tissues and cultured cells (47). The fact that mouse and rat kidneys 

have telomeres that remain long (chapter 3) (45) even in aging must be 

taken into account when comparing mouse and rat models to human 

diseases. Long telomeres and continued expression of telomerase may 

protect against the consequences of injury: mice deficient in the telomerase 

activity show progressive telomere shortening with increasing generations, 

with increased susceptibility to liver injury (48) and renal dysfunction (49).
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The role of telomere function in injury and repair could be relevant to the 

high susceptibility of aged human kidneys to disease. One caveat is that the 

fact that mouse and rat lack critical telomere shortening does not guarantee 

that telomere capping and function is normal in aged mice. However, these 

species characteristics may be relevant when trying to use rodent models of 

disease or injury to predict the results of similar stresses in humans, 

especially older humans.

The striking increase in p16INK4a expression with aging in the kidney 

and other organs suggests that cells in mouse organs undergo cell cycle 

regulatory events during aging in vivo similar to those in MEFs in response 

to environmental stress. In MEFs culture induces cell cycle arrest 

associated with p16!NK4a and p19ARF expression (9). P16INK4a and p19ARF 

have overlapping and complementary roles in MEF growth arrest (50), 

unlike human fibroblasts where p16INK4a is more important than p14ARF (the 

human equivalent of p19ARF) (51). The P16INK4a/retinobIastoma pathway is 

known to be activated by oxidative damage, DNA damage, and 

mitochondrial damage (16;52). P16INK4a can be thought of as an irreversible 

lock that is applied when somatic cells reach their limits on replication. 

Young cells in vitro, and cells in organs of young mice and rats, do not use 

p16INK4a. But as cells or organs age, there is a progressive increase in the 

number of cells expressing p16INK4a and exiting the cell cycle. In vitro data 

suggest that p16,NK4a expression induces irreversible cell cycle arrest:
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transfection of p16INK4a into p16iNK4a negative ceils induces growth arrest 

(53;54). Thus p16INK4a is not oniy an indicator but also a mediator of cell 

cycle arrest. The p16INK4a knockout mouse manifests an increase in 

cancers, especially melanoma (55;56) indicating a role for p16INK4a, like 

p19ARF, as a tumor suppressor. The p16lNK4a knockout mouse has not been 

aged to assess how the absence of p16INK4a affects aging. Thus the high 

numbers of cells expressing p16INK4a could limit repair and even 

homeostasis in the aging kidney but this remains to be tested.

The remarkable changes in p16INK4a expression in mouse kidney 

with aging are highlighted by the lack of change in many other features of 

cellular senescence in vitro. Although selected for their proposed 

importance in replicative senescence and/or STASIS in fibroblast culture, 

no candidate gene was as strikingly associated with aging as p16INK4a. Only 

p1 9arf showed an increase with aging but was also associated with 

development, with high expression in newborn mice. PCNA had high 

expression in development and lower but sustained basal expression 

through life, compatible with ongoing replication in mouse kidney. TGF-p 

was highest in newborns, followed by lower but stable expression through 

life. The lack of increase in TGF-p expression with aging could be relevant 

to the lack of interstitial fibrosis in old mice, in comparison to rat, where 

fibrosis and TGF-p are increased.

The comparison between mouse and rat kidneys may provide
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insights into the significance of some of these changes. The similarities are 

that they both show kidney weight and body weight increases, with no 

telomere shortening but expressing progressive increases in p16INK4a. 

However, mice rarely develop renal diseases and show only mild kidney 

pathology in aging whereas many rat strains develop renal disease (39), 

and rat kidneys show many morphologic and biochemical changes that are 

absent in mice. In my previous studies (chapter 3) (45), rat kidneys showed 

focal and segmental glomerulosclerosis, interstitial fibrosis and tubular 

atrophy. Lipofuscin and SA-p-GAL increased exponentially with age in rats, 

but was not prominent in mice. Thus the changes observed in rat are 

unlikely to be due to p16INK4a expression. The aging phenotype in a species 

probably reflects a number of independent events, some intrinsic to aging 

and some due to age related diseases, which are more specific to the 

species.

Despite differences between humans and mice, the mechanisms of 

mouse kidney aging are likely to be relevant to humans. The kidney in each 

species shows some features observed in senescent fibroblasts of that 

species: increased p16INK4a expression without telomere shortening in 

mouse, and increased p16INK4a expression (chapter 5) with telomere 

shortening in human (chapter 2) (41). This is compatible with the hypothesis 

that some mechanisms contributing to senescence of somatic cells in vitro 

also play a role in aging phenotypes in vivo. It will be important to establish
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the reason for the species differences. Perhaps long lived mammals require 

regulatory strategies beyond those in short lived mammals such as mouse 

and rat e.g. superior resistance to cancer through the telomere shortening 

mechanism (11), and perhaps increased resistance to environmental 

stress. If so, studies in rodents will permit us to dissect important molecular 

events in aging and age-related diseases, with the caveat that additional 

levels of control in humans prevent any direct extrapolation to human renal 

aging.
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4.5 Tables
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Table 4.1: Sequences for primers and probes used in Real-time PCR studies.

Name Accession Sequence
Number (5’-»3’)
(GenBank)

p16INK4a L 76150 Forward primer GGGCACTGCTGGAAGCC
Reverse primer AACGTT GCCCAT CAT CAT C AC
Probe CCGAACTCTTTCGGTCGTACCCCGAT

p19ARF L 76092 Forward primer TCGTGAACATGTTGTTGAGGCTA
Reverse primer GTTGCCCATCATCATCACCTG
Probe CGGTGCGGCCCTCTT CT C AAG AT C

GADD45 L 28177 Forward primer ACTGTGTGCTGGTGACGAACC
Reverse primer ACCCACT GAT CCAT GTAGCG AC
Probe ATCACAATGGAAGGATCCTGCCTTAAGTCAA

PCNA NM 011045 Forward primer AGC AACTTGGAAT CCCAGAACA
Reverse primer GGTCTCGGCATATACGTGCAA
Probe CACCCGACGGCATCTTTATTACACAGCTG

Hsp70 NM 031165 Forward primer CCTCATCAAGCGCAATACCAC
Reverse primer CCCTTT C ACCTT CATACACCT G A
Probe C ACCTACT CT GACAACCAGCCT GGTGTACTCA

TGF-p NM 011577 Forward primer GGCTACCATGCCAACTTCTGTCT
Reverse primer CCGGGTTGTGTTGGTTGTAGA
Probe CACACAGTAC AGCAAGGT CCTTGCCCT

SMP30 U 28937 Forward primer CGCTACT GTTT GTAGATATCCCTTCAA
Reverse primer AACT G ACT GGGGC AT CCACA
Probe AACT CGCT GCACTT GATT GCT GACCG

HIC-5 L 22482 Forward primer AGCGCTTCTCCCCACGAT
Reverse primer GCAGCTGACGCAGCAGAA
Probe ACCAACCCAT CCG ACACAAAATGGTT ACC

MT1 NM 013602 Forward primer CACCAGCT CCT GCGCCT
Reverse primer CCTGGGCACATTTGGAGC
Probe CTGCTGCTCCTGCTG

MT3 NM 013603 Forward primer GCACCTGCTCGGACAAATG
Reverse primer ACACAGTCCTT GGCACACTT CT C
Probe CTGCTGCTCCTGCTG

HPRT J 00423 Forward primer T GACACTGGTAAAACAAT GCAAACT
Reverse primer AACAAAGTCTGGCCTGTATCCAA
Probe TTCACCAGCAAGCTTGCAACCTTAACC

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4.2: Kidney weight, body weight and kidney/body weight ratio.

Newborn 
N = 8

1 month
N = 8

3 months 
N = 6

18 months 
N = 8

Kidney weight [mg] 16.8 ±5.9 108.4 ±9.5a 133.3 ± 7.6 b 183.0 ±11.3°
Total body weight [g] 2.1 ±0.3 16.2 ± 1.5a 22.8 ± 0.7b 27.5 ± 1.0°
Kidney/body weight ratio 
[x1 O'3]

7.2 ± 1.4 6.7 ± 0.4 5.8 ± 0.2 6.7 ± 0.3

anewborn vs. 1 month old mice P < 0.05 
b1 month vs. 3 month old mice P < 0.05 
c3 month vs. 18 month old mice P < 0.05
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Table 4.3: P16INK4a mRNA expression values for heart and brain in comparison to
kidney.

Gene Newborn 1 month 3 months 18 months

Brain P16INK4a/HPRT
ratio
Fold change vs.

.005 ± .003 .127 ±.068 .136 ±.087 .578 ± .149a

newborn 
Fold change vs.

“ 24.8 t 26.7 t 113.1 t

preceding age 
group

24.8 t 1.1 t 4.2 t

Brain/kidney ratio 0.8 6.6 2.0 1.0

Heart P16INK40/HPRT
ratio
Fold change vs.

.009 ± .005 .481 ± .240 1.20 ± .401 5.65 ± 1.56a

newborn 
Fold change vs.

53.6 t 133.7 t 629.4 t

preceding age
group

“ 53.6 t 2.5 T 4.7 t

Heart/kidney ratio 1.4 25.1 17.6 9.5

Kidney P16INK4a/HPRT
ratio
Fold change vs.

.006 ± .003 .019 ±.013 .068 ± .044 .593 ± .187a

newborn 
Fold change vs.

” 3.0 t 10.7 t 93.0 t

preceding age 
group

3.0 t 3.6 t 8.7 t

aP < 0.001 when compared to newborn, 1 month and 3 month
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Table 4.4: P19ARF mRNA expression values for heart and brain in comparison to
kidney.

Gene Newborn 1 month 3 months 18 months

Brain P19arf/HPRT ratio 
Fold change vs.

.48 ±.12 ,14± .03 .09 ± .03 .22 ±.12

newborn 
Fold change vs.

" 3.4 4 5.1 4 2.2 4

preceding age group - 3.4 1 1.5 4 2.3 t
Brain/kidney ratio 0.7 1.5 1.3 0.6

Heart P19arf/HPRT ratio 
Fold change vs.

.74 ± .07 .63 ± .25 .55 ± .10 1.25 ± .55

newborn 
Fold change vs.

1.2 4 1.3 4 1.7 t

preceding age group . 1.2 4 1.1 4 2.3 t
Heart/kidney ratio 1.1 6.7 7.5 3.6

Kidney P19arf/HPRT ratio 
Fold change vs.

.67 ± .21 .09 ± .03 .07 ± .02 .35 ± .09

newborn 
Fold change vs.

“ 7.2 4 9.1 4 1.9 4

preceding age group - 7.2 4 1.3 4 0.2 t
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Table 4.5: MT1 mRNA expression values for heart and brain in comparison to
kidney.

Gene Newborn 1 month 3 months 18 months

Brain MT1/HPRT ratio 
Fold change vs.

.97 ± .08 4.38 ±1.34 2.87 ± .61 3.83 ± 1.7

newborn 
Fold change vs.

4.5 t 3.0 T 4.0 t

preceding age group - 4.51 1.5 4 1.3 t
Brain/kidney ratio 0.04 0.8 0.4 0.3

Heart MT1/HPRT ratio 
Fold change vs.

1.37 ±.18 3.40 ±1.04 2.99 ± .67 3.33 ± .96

newborn 
Fold change vs.

” 2.5 t 2.2 t 2.4 t

preceding age group - 2.5 t 1.1 4 1.1 t
Heart/kidney ratio 0.05 0.6 0.4 0.2

Kidney MT1/HPRT ratio 
Fold change vs.

25.9 ±7.1 5.8 ±3.0 7.3 ± 2.4 14.3 ±4.8

newborn 
Fold change vs.

" 4.5 1 3.6 4 1.8 4

preceding age group - 4.5 4 1.3 t 2.0 t
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Table 4.6: MT3 mRNA expression values for heart and brain in comparison to
kidney.

Gene Newborn 1 month 3 months 18 months

Brain MT3/HPRT ratio 
Fold change vs.

117 ± 12 238 ± 38 221 ± 46 216 ±23

newborn 
Fold change vs.

2.0 f 1.9 t 1.8 t

preceding age group - 2.0 t 1.1 4 1.0 =
Brain/kidney ratio 162 71 83 111

Heart MT3/HPRT ratio 
Fold change vs.

17.8 ±3.2 3.6 ±2.1 2.1 ± .7 1.9 ±.2

newborn 
Fold change vs.

4.9 4 8.3 4 9.6 4

preceding age group - 4.9 4 1.7 4 1.2 4
Heart/kidney ratio 24.6 1.1 0.8 1.0

Kidney MT3/HPRT ratio 
Fold change vs.

.72± .17 3.36 ± .91 2.65 ± .25 1.94 ± .24

newborn 
Fold change vs.

4.7 T 3.7 t 2.7 t

preceding age group “ 4.7 t 1.3 4 2.7 4
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Table 4.7: Hsp70 mRNA expression values for heart and brain in comparison to
kidney.

Gene Newborn 1 month 3 months 18 months

Brain Hsp70/HPRT ratio 
Fold change vs.

1.11 ±.18 .98 ±.18 .66 ±.12 .57 ± .07

newborn 
Fold change vs.

“ 1.1 1 1.7 1 2 .0 l

preceding age group - 1.1 1 1.5 4 1.2 1
Brain/kidney ratio 1.3 0.7 0.6 0.6

Heart Hsp70/HPRT ratio 
Fold change vs.

.63 ± .04 1.21 ±.13 1.34 ± .22 1.24 ± .25

newborn 
Fold change vs.

" 1.9 t 2.1 t 2.0 t

preceding age group - 1.9 t 1.1 t 1.1 1
Heart/kidney ratio 0.7 0.9 1.2 1.3

Kidney Hsp70/HPRT ratio 
Fold change vs.

.86 ±.16 1.38 ± .44 1.16 ± .19 1.94 ±.24

newborn 
Fold change vs.

" 1.6 t 1.3 t 1.2 t

preceding age group “ 1.6 t 1.2 1 1.2 1
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Table 4.8: TGF-p mRNA expression values for heart and brain in comparison to
kidney.

Gene Newborn 1 month 3 months 18 months

Brain TGF-p/HPRT ratio 
Fold change vs.

.26 ± .04 .22 ± .02 .18 ± .02 .20 ± .02

newborn 
Fold change vs.

1.2 4 1.5 4 1.3 4

preceding age group - 1.24 1.2 4 1.1 t
Brain/kidney ratio 0.1 0.2 0.2 0.2

Heart TGF-p/HPRT ratio 
Fold change vs.

1.28 ± .09 2.29 ± .19 2.51 ± .41 2.35 ± .14

newborn 
Fold change vs.

1.8 t 2.0 t 1.8 t

preceding age group - 1.8 t 1.1 f 1.1 4
Heart/kidney ratio 0.7 2.1 2.7 2.3

Kidney TGF-p/HPRT ratio 
Fold change vs.

1.92 ± .23 1.11 ± .11 .93 ± .17 1.03 ± .13

newborn 
Fold change vs.

“ 1.7 4 2.1 4 1.9 4

preceding age group - 1.7 4 1.24 1.1 t
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Table 4.9: PCNA mRNA expression values for heart and brain in comparison to
kidney.

Gene Newborn 1 month 3 months 18 months

Brain PCNA/HPRT ratio 
Fold change vs.

1.89 ± .40 .70 ± .08 .661 .13 .69 1 .08

newborn 
Fold change vs.

2.7 4 2.9 4 2.7 4

preceding age group - 2.7 4 1.0 = 1.0 =
Brain/kidney ratio 0.5 0.6 0.7 0.7

Heart PCNA/HPRT ratio 
Fold change vs.

2.80 ± .25 1 .191 .05 1 .371 .08 1.371.08

newborn 
Fold change vs.

" 2.3 4 2.0 4 2.0 4

preceding age group - 2.3 4 1.1 t 1.0 =
Heart/kidney ratio 0.8 1.0 1.4 1.4

Kidney PCNA/HPRT ratio 
Fold change vs.

3.48 ± .45 1 .201 .13 .98 1 .09 .97 ± .06

newborn 
Fold change vs.

” 2.9 4 3.6 4 3.6 4

preceding age group - 2.9 4 1.2 4 1.0 =
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Table 4.10: HIC-5 mRNA expression values for heart and brain in comparison to
kidney.

Gene Newborn 1 month 3 months 18 months

Brain HIC-5/HPRT ratio 
Fold change vs.

2.81 ± .52 1.52 ± .56 1.31 ± .56 .94 ± .31

newborn 
Fold change vs.

” 1.9 4 2.2 4 3.0 4

preceding age group - 1.9 4 1.2 4 1.4 4
Brain/kidney ratio 0.4 0.6 0.9 0.7

Heart HIC-5/HPRT ratio 
Fold change vs.

20.5 ± 2.4 6.8 ± .4 5.4 ± .9 5.6 ± .7

newborn 
Fold change vs.

“ 3.0 4 3.8 4 3.7 4

preceding age group - 3.0 4 1.3 t 1.0 =
Heart/kidney ratio 3.2 2.8 3.8 4.0

Kidney HIC-5/HPRT ratio 
Fold change vs.

6.50 ± .68 2.44 ± .30 1.39 ± .37 1.42 ± .16

newborn 
Fold change vs.

2.7 4 4.7 4 4.6 4

preceding age group - 2.7 4 1.74 1.0 =
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Table 4.11: SMP30 mRNA expression values for heart and brain in comparison to
kidney.

Gene Newborn 1 month 3 months 18 months

Brain SMP30/HPRT ratio Not
detectable

Not
detectable

Not
detectable

Not
detectable

Heart SMP30/HPRT ratio 
Fold change vs.

.19 ± .05 .10 ±.02 ,12±  .03 .13 ± .04

newborn 
Fold change vs.

2.0 4 1.6 4 1.4 4

preceding age group - 2.0 4 1.2 t 1.1 t
Heart/kidney ratio 0.2 0.1 0.1 0.1

Kidney SMP30/HPRT ratio 
Fold change vs.

.90 ± .28 ,90± .17 1.14 ± .22 1.28 ± .15

newborn 
Fold change vs.

1.0 = 1.3 t 1.4 f

preceding age group “ 1.0 = 1.3 t 1.1 t
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Table 4.12: GADD45 mRNA expression values for heart and brain in comparison
to kidney.

Gene Newborn 1 month 3 months 18 months

Brain GADD45/HPRT ratio 
Fold change vs.

.12 ± .03 .20 ± .07 .19±  .04 .16 ± .05

newborn 
Fold change vs.

“ 1.7 t 1.6 t 1.4 t

preceding age group - 1.7 T 1.0 = 1.2 4
Brain/kidney ratio 0.1 0.2 0.2 0.2

Heart GADD45/HPRT ratio 
Fold change vs.

.09 ± .01 .52 ± .06 .58 ± .09 .43 ± .06

newborn 
Fold change vs.

“ 5.8 t 6.4 t 4.8 T

preceding age group - 5.8 t 1.1 t 1.3 4
Heart/kidney ratio 0.1 0.5 0.6 0.5

Kidney GADD45/HPRT ratio 
Fold change vs.

1 .0± .10 1.0 ± .07 .90 ± .13 .89 ± .06

newborn 
Fold change vs.

" 1.0 = 1.1 4 1.1 4

preceding age group “ 1.0 = 1.1 4 1.0 =
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Table 4.13: Predicted and actual changes for the candidate senescence genes.
Predicted changes are based on the literature on cultured fibroblasts and actual
changes are the changes seen in kidney, brain and heart.

Gene Predicted 
change for 
aging

Kidney
Actual changes in 

Brain Heart

P19arf t D4; A t D 4 A t
MT1 t □ 4 D t D t
MTS t D t D t d 4
Hsp70 4 D t M 4 D t
TGF-p f d 4 - D t
PCNA D4 d 4 d 4
HIC-5 t □ 4; M 4 d 4 D 4
SMP30 4 . d 4 □ 4
GADD45 t - n.d. D t ;  A 4

D, development; M, maturation; A, aging; t ,  gene expression increased significantly during 
the indicated period; 4, gene expression decreased significantly during the indicated 
period; no significant change occurred; n.d., not detectable
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4.6 Figures
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Figure 4.1: Representative kidney sections stained with PAS for 1 month (A), 3 
months (B) and 18 months (C) old Balb/c mice. The morphological changes over 
time were rather mild. Glomerulosclerosis, tubular atrophy and interstitial fibrosis 
were not observed. 18 months kidneys showed slight mesangial hyperplasia.
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Figure 4.2: Representative TRF gel. High molecular weight DNA was isolated, 
resolved by pulse field gel electrophoresis. Hybridization with a telomere specific 
32P-labeled oligonucleotide was performed and mean TRF length was calculated 
based on the signal intensity for each lane. Jurkat, Jurkat cell line; undigested, 
DNA sample not digested with Hinfl and Rsa I.
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Figure 4.3: Mean telomere restriction fragment (TRF) length ± SD of mean TRF 
length in mouse kidneys of three different age groups. High molecular weight DNA 
was isolated, resolved by pulse field gel electrophoresis. Hybridization with a 
telomere specific 32P-labeled oligonucleotide was performed and mean TRF length 
was calculated based on the signal intensity for each lane. Significant difference 
(P < 0.05) when compared to 3 or 18 months old mice, respectively.
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Figure 4.4: Tert mRNA expression in mouse kidneys of four different age groups. 
Values were normalized to HPRT and expressed as Tert/HPRT ratio on (A) a 
logarithmic scale and (B) a linear scale. RNA was isolated and reverse 
transcribed. Quantitative PCR was performed using sequence-specific primer and 
probe for p16,NK4a on an ABI 7700 Sequence Detection System. ‘Significant 
difference (P< 0.05) compared to the other three groups and Significant difference 
(P< 0.05) compared to 18 months old mice.
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Figure 4.5: TRF1 mRNA expression in mouse kidneys of four different age 
groups. Values were normalized to HPRT and expressed as TRF 1/HPRT ratio on 
(A) a logarithmic scale and (B) a linear scale. RNA was isolated and reverse 
transcribed. Quantitative PCR was performed using sequence-specific primer and 
probe for p16INK4a on an ABI 7700 Sequence Detection System. ‘Significant 
difference (P< 0.05) compared to the other three groups.
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Figure 4.6: TRF2 mRNA expression in mouse kidneys of four different age 
groups. Values were normalized to HPRT and expressed as TRF2/HPRT ratio on 
(A) a logarithmic scale and (B) a linear scale. RNA was isolated and reverse 
transcribed. Quantitative PCR was performed using sequence-specific primer and 
probe for p16INK4a on an ABI 7700 Sequence Detection System.
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Figure 4.7: P16INK4a mRNA expression in mouse kidneys of four different age 
groups. Values were normalized to HPRT and expressed as p16,NK4a/HPRT ratio 
on (A) a logarithmic scale and (B) a linear scale. RNA was isolated and reverse 
transcribed. Quantitative PCR was performed using sequence-specific primer and 
probe for p16INK4a on an ABI 7700 Sequence Detection System. ‘Significant 
difference (P<0.001) compared to the other three groups. The differences for 
development and maturation were significant when tested with individual T-tests 
(newborn vs. 1 months: p=.031; 1 vs. 3 months: p=.04), but were no longer 
significant after correction for multiple testing.
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Figure 4.8: Representative kidney sections stained for p16lNK4a and counterstained 
with hematoxylin for 1 month (A), 3 months (B) and 18 months (C) old Balb/c mice. 
Nuclear p16INK4a staining was not found in 1 month, very rarely found in 3 months, 
but was present in all 18 months old mouse kidneys. Staining was found mainly in 
tubular cells, but was also detected in glomeruli, interstitium and vasculature.
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Figure 4.9: P16INK4a protein expression in tubular cells in mouse kidney. (A) Cortex 
and (B) Medulla. P16lNK4a was detected by immunoperoxidase staining using a 
monoclonal antibody. Values are expressed as percentage of positive nuclei for 
tubular cells. ‘Significant difference (P<0.01) compared to the other two groups.
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Figure 4.10: P16INK4a protein expression in glomeruli of mouse kidney. P16INK4a 
was detected by immunoperoxidase staining using a monoclonal antibody. Values 
are expressed as percentage of positive nuclei for glomeruli. Significant difference 
(P<0.05) compared to 1 month old mice.
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Figure 4.11: P16INK4a protein expression in interstitial cells of mouse kidney. (A) 
Cortex and (B) Medulla. P16INK4a was detected by immunoperoxidase staining 
using a monoclonal antibody. Values are expressed as percentage of positive 
nuclei for interstitial cells.
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Figure 4.12: P16INK4a protein expression in arteries and arterioles in mouse 
kidney. P16INK4a was detected by immunoperoxidase staining using a monoclonal 
antibody. Values are expressed as a score based on the percentage of positive 
nuclei in arteries and arterioles. Arteries and arterioles were graded on a scale 
from 0 to 3 (0 = no staining of smooth muscle cells, 1 = up to 30% stained nuclei, 2 
= 30-60% stained nuclei, 3 = >60% stained nuclei), the whole section was scored 
and a mean score was calculated. ‘Significant difference (P<0.01) compared to 
the other two groups.
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Figure 4.13: P19ARF mRNA expression in mouse kidneys of four different age 
groups. P19arf shows a “ll” shape pattern with highest values in newborns and 18 
months old mice. Values were normalized to HPRT and expressed as 
p19ARF/HPRT ratio on (A) a logarithmic scale and (B) a linear scale. ‘Significant 
difference (P<0.05) compared to the other three groups.
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Figure 4.14: MT1 mRNA expression in mouse kidneys of four different age 
groups. MT1 shows a “U” shape pattern with highest values in newborns and 18 
months old mice. Values were normalized to HPRT and expressed as MT1/HPRT 
ratio on (A) a logarithmic scale and (B) a linear scale. ‘Significant difference 
(P<0.05) compared to the other three groups and Significant difference (PO.05) 
compared to 18 months old mice.
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Figure 4.15: MT3 mRNA expression in mouse kidneys of four different age 
groups. MTS shows a reciprocal “U” shape with highest expression levels at 1 
months. Values were normalized to HPRT and expressed as MT3/HPRT ratio on 
(A) a logarithmic scale and (B) a linear scale. Significant difference (P<0.05) 
compared to the group indicated in brackets.
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Figure 4.16: Hsp70 mRNA expression in mouse kidneys of four different age 
groups. Hsp70 shows a reciprocal “U” shape with highest expression levels at 1 
months. Values were normalized to HPRT and expressed as Hsp70/HPRT ratio on 
(A) a logarithmic scale and (B) a linear scale. Significant difference (P<0.05) 
compared to 1 month old mice.
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Figure 4.17: TGF-p mRNA expression in mouse kidneys of four different age 
groups. TGF-p decreases with age. Values were normalized to HPRT and 
expressed as TGF-p/HPRT ratio on (A) a logarithmic scale and (B) a linear scale. 
‘Significant difference (P<0.05) compared to the other three groups.
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Figure 4.18: PCNA mRNA expression in mouse kidneys of four different age 
groups. PCNA decreases with age. Values were normalized to HPRT and 
expressed as PCNA/HPRT ratio on (A) a logarithmic scale and (B) a linear scale. 
‘Significant difference (P<0.05) compared to the other three groups.
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Figure 4.19: HIC-5 mRNA expression in mouse kidneys of four different age 
groups. HIC-5 decreases with age. Values were normalized to HPRT and 
expressed as HIC-5/HPRT ratio on (A) a logarithmic scale and (B) a linear 
scale.*Significant difference (P<0.05) compared to the other three groups and 
Significant difference (P<0.05) compared to 3 and 18 months old mice.
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Figure 4.20: SMP30 mRNA expression in mouse kidneys of four different age 
groups. SMP30 stayed basically unchanged. Values were normalized to HPRT 
and expressed as SMP30/HPRT ratio on (A) a logarithmic scale and (B) a linear 
scale. Significant difference (P<0.05) compared to the group indicated in 
brackets.
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Figure 4.21: GADD45 mRNA expression in mouse kidneys of four different age 
groups. GADD45 stayed basically unchanged. Values were normalized to HPRT 
and expressed as GADD45/HPRT ratio on (A) a logarithmic scale and (B) a linear 
scale.
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Chapter 5

Expression of p16INK4a and Other Cell Cycle Regulator 

and Senescence Associated Genes 

in Aging Human Kidney
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5.1 Introduction

Kidney aging is an important problem not only because normal 

aging reduces renal function but also because of the high frequency of end 

stage renal disease in the elderly (USRDS 2000 Annual Report). It is 

possible that interactions between aging and disease stresses contribute to 

renal failure in the elderly. Old kidneys perform badly when transplanted, 

and donor age represents a major correlate of transplant survival (1). The 

mechanisms of decline in organ function with age may be instructive about 

the mechanisms of decline in disease states, since stress could 

theoretically accelerate some aging changes. Kidney aging is also of 

interest as a general model for organ aging because renal function can be 

more readily quantitated in longitudinal studies than the changes in other 

organs (2).

The molecular basis of aging in organs is not known. Theories of 

aging include oxidative damage, genomic instability (including telomere 

loss), genetic programming and cell death (3). One phenomenon that may 

be relevant to aging is the phenotype of senescence in cultured somatic 

ceils. Cultured mammalian somatic cells cease cycling after a finite number 

of population doublings and enter a state of senescence (4). The phenotype 

of cells in this state differs between human and rodent fibroblasts (5). 

Human cellular senescence is called replicative senescence and is 

accompanied by loss of telomeres, the DNA repeats at the ends of
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chromosomes that shorten in dividing normal somatic cells because of a 

lack of telomerase (6). Replicative senescence in human fibroblasts is 

prevented by transfection with telomerase (7). In contrast, mouse and rat 

telomeres are relatively long and show little shortening during their life 

expectancy (5), and telomerase is active in almost all mouse tissues (8). I 

have previously shown that telomere shortening occurs in human kidneys 

with age (chapter 2) (9), whereas in rodent kidneys telomeres are much 

longer and show minimal shortening with age (chapter 3 and 4) (10). In 

mice and rats the cell cycle regulator p16INK4awas strongly associated with 

aging (chapter 3 and 4) (10), but other markers associated with cellular 

senescence in vitro were not.

In this study I focused on the expression of p16INK4a in human 

kidneys. I also surveyed other genes important for senescence for their 

relationship with age. I investigated genes for cell cycle regulation including 

CDK4 (11-13), p53 (14-16) and its transactivational targets p21clp1/WAF1 (17) 

and GADD45 (18), p14ARF (19;20), HDM2 (21), PCNA (22;23), and RAD23. 

I investigated genes expressed in cultured fibroblast taken from aged 

donors (24): MMP1, PAH, TGFpl, COX1 and COX2. Finally, I chose genes 

to reflect dysfunction of the mitochondria (LON protease) (25) or the 

endoplasmic reticulum (HSPA5, GADD153) (26).
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5.2 Materials and Methods

5.2.1 Kidneys

Human kidney samples were derived from total nephrectomies, 

biopsies at time of transplantation and from autopsies. Certain samples 

were the same published previously (chapter 2) (27). Whenever possible 

cortex and medulla were collected separately. A total of 42 samples were 

investigated and considered ‘normal’ since their histology was within the 

limits of changes expected for age as defined by me together with a renal 

pathologist (David Rayner or Kim Solez). These normal kidneys were 

derived from autopsies (n=3), zero biopsies at time of transplantation (n-5), 

or nephrectomies (n=34). Nephrectomies were performed mainly because 

of renal malignancies (renal cell carcinoma (n=25), oncytoma (n=1) or 

transitional cell carcinoma (n=3), metastatic lung cancer (n=1), Wilms tumor 

(n=2)), but included also one case of a benign tumor (angiolipoma) and 

discarded organs not used for transplantation (n=1). In the case of tumors, 

normal renal tissue remote from the tumor was chosen for analysis. Basic 

clinical data of these normal individuals is given in table 5.1. None of the 

patients had diabetes mellitus or uncontrolled arterial hypertension. Table

5.1 shows the histological grading of these normal kidney specimens. 

Based on the Banff classification for chronic allograft nephropathy (28), I 

and a blinded renal pathologist (David Rayner) assessed the amount of 

glomerulosclerosis, interstitial fibrosis, tubular atrophy, fibrous intimal
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thickening and arteriolar hyalinosis.

All tissue samples were snap-frozen in liquid nitrogen and stored at 

-70°C. In addition, tissue was embedded for frozen and paraffin sections. 

The study was approved by the Health Research Ethics Board of the 

University of Alberta, Edmonton.

5.2.2 Real-time RT-PCR

Total RNA was extracted from tissue samples according to a 

modification of the method described by Chirgwin et al. (29). Tissues were 

homogenized with a polytron in 4 M guanidinium isothiocyanate, and the 

RNA was pelleted through a 5.7M CsCk cushion. RNA was isolated by 

phenol/chloroform extraction. Concentrations were determined by 

absorbance at 260 nm. Transcription into cDNA was done using MMLV 

reverse transcriptase and random primers (Life Technologies, Burlington, 

Ontario). The principle of real-time quantitative PCR has been described by 

Heid et al. (30). cDNA was amplified in an ABI PRISM 7700 Sequence 

Detector (Applied Biosystems, Foster City, CA). All samples were done in 

duplicates and run in two separate experiments. I designed sequence 

specific primers and probes (table 5.2) for p16INK4a, p14ARF, LON protease, 

PAH, COX1, COX2, MMP1, and HPRT using Primer Express software 

(Applied Biosystems, Foster City, CA). Pre-developed assay reagents 

(PDARs) for p53, P21C1P1/WAF1, HDM2, CDK4, PCNA, GADD45, GADD153,
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RAD23, TGF-pi, and HSPA5 (aka GRP78) were purchased (Applied 

Biosystems, Foster City, CA). Quantification of gene expression was 

performed using the Relative Standard Curve method as described in User 

Bulletin #2 (Applied Biosystems, Foster City, CA). Briefly, 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 

logarithma of the initial amount of input cDNA. The calibrator used consisted 

of cDNA derived from Jurkat cells and two different human kidney samples. 

Standard curves were prepared by serial dilutions of the calibrator for both 

the gene of interest and the housekeeping gene HPRT. Dilutions were 

arbitrarily numbered 3, 1.5, 0.75, 0.375 and 0.1875. The Ct values for all 

samples were then assigned an arbitrary value based on the standard 

curves. The arbitrary values for gene of interest and for HPRT were divided 

in order to normalize to HPRT. Then the mean value for the duplicates is 

calculated. All values are given as a gene of interest to HPRT ratio.

5.2.3 Senescence associated (SA) (3-galactosidase (p-GAL) staining

Frozen sections were cut at 4 pm and kept at -20°C until further 

processed. Staining was done as described previously (chapter 3 and 4) 

(10). 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-p-GAL staining solution
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(2mg/ml X-gal in dimethyiformamide, 40mM citric acid/sodium phosphate 

(dibasic), pH 6, 5mM potassium ferrocyanide, 5mM potassium ferricyanide, 

150mM sodium chloride, 20mM magnesium chloride). Controls were 

stained for lysosomal (3-GAL using the same SA-p-GAL staining solution 

adjusted to pH 4. Following staining, slides were counterstained with eosin, 

dehydrated and mounted. Quantification of the SA-p-GAL staining was 

accomplished by means of a Nikon Eclipse-1000 digitizing microscope. All 

tubules present in 20 high power fields (HPFs; 400x bright field 

magnification) per specimen were counted and classified as positive or 

negative for SA-p-GAL staining. Cortex and medulla were assessed 

separately. The presence of lipofuscin was noted as well as the numbers of 

glomeruli and blood vessels present in each field.

5.2.4 Immunoperoxidase staining for pi 6INK4a

Immunoperoxidase staining for p16INK4a was performed using 2 pm 

sections of paraffin embedded tissue. Briefly, sections were deparaffinized 

and hydrated. The sections were immersed in 3% H2O2 in methanol to 

inactivate endogenous peroxidase. Slides were blocked with 20% normal 

goat serum. Tissue sections were then incubated for 1 hr at RT with the 

primary antibody (mouse monoclonal antibody, Clone F-12, Santa Cruz 

Biotechnologies, Santa Cruz, CA) and rinsed with PBS. Following 30 

minutes of incubation with the Envision monoclonal system (Dako,
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Mississauga, Ontario), sections were washed again in PBS. Visualization 

was performed using the DAB substrate kit (Dako, Mississauga, Ontario). 

The slides were counterstained with hematoxylin and mounted. Analysis 

was done by counting 10 HPFs. Percentage of positive nuclei was 

assessed for tubules, glomeruli and interstitium. Each vessel was graded 

on a scale from 0 to 3, with 0 being no staining, 1 up to 30% stained nuclei, 

2 between 30 and 60% stained nuclei and 3 more than 60% stained nuclei. 

The mean score was then calculated for each section.

5.2.5 Statistical Analysis

Data analyses were performed using SPSS. Linear regression was 

used to analyze the correlation between expression of candidate genes and 

age. Means among age groups were compared using AN OVA, and T-tests 

with Bonferroni correction were used for multiple pair-wise comparisons. All 

values are given as mean + standard deviation (SD).

5.3 Results

5.3.1 P16INK4a mRNA expression in normal human kidney samples

P16INK4a expression for kidney cortex specimens increased with age 

as shown by linear regression analysis (figure 5.1) (R2=6.47; P<0.001). The 

correlation with age in cortex was still significant when we studied only 

patients older than 30 years (R2=0.36, P<0.001) and when we studied only
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normotensive patients (R2=0.64, P<0.001). This result was corroborated by 

the comparison of cortical p16INK4a expression for different age groups. For 

this comparison, we defined age groups as ‘Young’ for specimens derived 

from individuals between 0 and 29 years of age, ‘Adult’ for 30 to 49 year old 

individuals and ‘Old’ for individuals 50 years and older. Comparison of the 

three age groups revealed highly significant differences in cortex (P<0.001) 

when ‘Old’ individuals where compared to either ‘Adult’ or ‘Young’ (figure 

5.2).

Mean p16INK4a expression was not significantly different between 

cortex and medulla. However, p16!NK4a expression in Young specimens was 

higher in medulla when compared to cortex, and p16,NK4a expression in 

medulla did not increase significantly with age (R2=0.03; P=0.42) (figure 

5.1). The expression of p16INK4a mRNA was not significantly different 

among the three age groups in medulla (figure 5.2).

5.3.2 P16INK4a protein expression in normal human kidney sections

p i6 INK4a protein expression was observed as nuclear and 

cytoplasmic staining. We evaluated the extent of nuclear p16INK4a staining in 

the renal cortex in tubules, glomeruli, in interstitial cells, and in arteries 

(figure 5.3). Tubular staining occurred in all parts of the nephron, but was 

pronounced in distal tubules and collecting ducts. Nuclear staining was rare 

in proximal tubular epithelium. In glomeruli, parietal epithelium and
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podocytes stained. The p16,NK4a positive ceils in arteries were mostly 

vascular smooth muscle cells and rarely endothelial cells. Nuclear p16INK4a 

expression increased with age in all cell types examined. The increase was 

more pronounced in tubular cells (P<0.001; figure 5.4) but also statistically 

significant in glomerular and interstitial cells (P<0.05; figure 5.5 and 5.6). 

Young kidneys showed staining of 7.8% (±10.2%) of tubular nuclei, 11% 

(±15.9%) of glomerular nuclei, and 2% (±3.2%) of interstitial cell nuclei. 

Adult kidneys showed similar staining: 7.8% (±8.1%) of tubular, 7.9% 

(±14.3%) of glomerular and 2.2% (±3.8%) of interstitial cell nuclei showed 

nuclear p16INK4a staining. In contrast, in Old kidneys p16,NK4a staining was 

observed in 30.8% (±18.4%) of tubular nuclei, 20.8% (±15.6%) of 

glomerular nuclei, and 11.4% (±13%) of interstitial cell nuclei. We also 

found a significant increase with age in arteries (P<0.05; figure 5.7).

In addition to the nuclear staining, we observed in some cases a fine 

granular cytoplasmic staining for p16INK4a. This staining was seen in 54% 

(13 of 24) of the Old kidneys, 18% (2 of 11) of the Adult kidneys but in none 

the Young kidneys (P<0.005, X 2-test). Cytoplasmic staining was mainly 

localized to distal tubules, including the macula densa, and occasionally to 

the collecting duct (figure 5.3).

5.3.3 Expression of candidate senescence genes in human kidney cortex

In addition to p16INK4a, I examined renal expression of a number of
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genes that had been associated with cellular senescence in vitro. Table 5.3 

shows the regression analysis for the sixteen additional genes studied and 

table 5.4 states gene to HPRT ratios for these genes in the three age 

groups. Regression analysis revealed significant changes for COX1, COX2, 

CDK4, MMP1 and HSPA5. However, only COX1 and COX2 showed a 

strong relationship between expression and aging in renal cortex 

(regression coefficient: R2>0.16, equivalent to r>0.4). Comparison of the 

three age groups showed significant increases with age for COX1, COX2 

and CDK4.

5.3.4 COX1 and COX2 mRNA expression in normal human kidney

I further compared COX1 and COX2 expression in cortex versus 

medulla (Figures 5.8-5.11). The mean values for COX1 were significantly 

higher in medulla compared to cortex (P 0.001). In cortex, COX1 mRNA 

expression increased significantly with age (R2=0.18, P=0.005; figure 5.8) 

and remained significant, when only patients older than 30 years (R2=0.13, 

PO .05) or only normotensive patients were analyzed (R2=0.25, P<0.01). 

The increase in COX1 mRNA expression in medulla with age was not 

significant (R2=0.06, P=0.25; figure 5.8). When I compared the mean values 

for COX1 mRNA expression in the three age groups, I confirmed that cortex 

of old kidneys showed higher COX1 mRNA expression than cortex of 

Young or Adult kidney (P<0.05; figure 5.9).
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Unlike C0X1, C0X2 mRNA expression was similar in cortex and 

medulla. However, like COX1, COX2 mRNA increased significantly with 

age in cortex (R2=0.19, P<0.005; figure 5.10), whereas the increase in 

medulla was not significant (R2=0.09, P=0.16; figure 5.10). Analysis of 

regression in cortex including only normotensive patients was also 

significant (R2=0.39, P<0.001). When only samples from patients older than 

30 years were analyzed, the correlation with age in cortex was borderline 

(R2=0.10, P=0.06). Comparison of mean values for COX2 mRNA 

expression in the three age groups revealed significant differences for the 

comparison of ‘Old’ versus ‘Young’ (P<0.05; figure 5.11).

The increases in COX1 and COX2 mRNA expression have been 

confirmed by immunohistochemistry. This was done by Bernhard M.W. 

Schmidt and is therefore not presented here.

5.3.5 SA-p-GAL and lipofuscin in human kidney samples

Senescent fibroblasts develop SA-p-GAL staining and lipofuscin 

pigment (31;32). I performed SA-p-GAL staining in four Young and five Old 

kidneys. SA-p-GAL was present in many tubules in all specimens 

investigated, even very young kidneys, with higher expression in medulla. 

SA-p-GAL stained tubules and collecting ducts but not glomeruli. Figure 

5.12 shows that the percentage of SA-p-GAL positive tubular cross-sections 

in cortex and medulla was increased in Old kidneys but the differences
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were not significant.

Lipofuscin was found in none of the Young kidneys, in a third of the 

Adult kidneys and in all Old kidneys. Lipofuscin was found in tubular cells 

but not in glomeruli. It was mainly localized in the medulla in Adult kidneys, 

but Old kidneys developed lipofuscin in a small number of cortical tubules. 

Thus as expected lipofuscin increased with age. The distribution of 

lipofuscin and the increase in cortex in Old kidneys were similar to what I 

had observed in rat kidneys with age (chapter 3) (10).

I studied whether SA-p-GAL staining was more common in tubules 

that have lipofuscin pigment. Lipofuscin positive tubules were more likely to 

be positive for SA-p-GAL: 99 of 126 lipofuscin (79%) positive tubules were 

also SA-p-GAL positive (P 0 .0001 , 2x2 table).

5.4 Discussion

I studied whether cells in old human kidneys show features of 

cellular senescence as observed in cultured somatic cells. The striking 

finding was that age increased the expression of the cyclin-dependent 

kinase inhibitor p16INK4a in renal cortex, a marker and possible mediator of 

the senescence phenotype in mouse and human cultured cells (33-35). The 

steady state mRNA levels were increased about 10 fold, associated with 

nuclear and cytoplasmic staining on immunohistochemistry. COX1, COX2 

and, to a lesser extent, CDK4 mRNA also increased with age. Other genes
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that I had selected as potential senescence or aging genes did not show a 

significant change with age. Lipofuscin increased in renal cells, as 

expected, but the increase in SA-p-GAL was not significant. This data, 

taken together with my previous finding that telomere shortening occurs in 

renal cortex with age, suggests that some changes typical of cellular 

senescence in vitro occur in human kidney cortex with age and could 

contribute to the phenotype of renal aging, but others do not.

The increase in p16INK4a expression in kidney with age suggests that 

many cells in human kidney undergo cell cycle regulatory events during 

development and aging in vivo similar to those in senescent human 

fibroblasts in culture. P16INK4a was found in almost all cell types of the 

kidney, but mainly in tubular cells. P16INK4a expression was higher in 

medulla than in cortex in young kidneys. In view of my previous finding that 

telomeres in medulla are shorter than in cortex in young kidneys, this 

suggests that the replicative history of medullary cells in development, on 

average, is different from that of cortical cells. It is possible that these 

differences reflect differences in embryogenesis, such as the greater net 

contribution of ureteric bud to the medulla. The strong p16lNK4a expression 

in the collecting duct, which is derived from the ureteric bud, is compatible 

with this possibility. Nevertheless, the fact that P16INK4a expression 

increases during adult life in cortex indicates that some of the increase must 

be due to aging.
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In human fibroblasts in culture, the increase in p16INK4a can be 

triggered either by injury from environmental stress or by replication, 

suggesting that these are the forces driving p16INK4a expression in aged 

human kidney. One form of senescence induced by stress in human 

fibroblasts is Ras-induced senescence, which is at least partially triggered 

by oxidative stress (36). A naturally occurring p16INK4a mutation (a 

homozygous loss-of-function deletion designated as “Leiden”) abrogates 

Ras-induced senescence (37). Injury activates Ras, which in turn activates 

the mitogen activated protein kinase (MAPK) pathway (Ras-Raf-MEK) and 

its targets, transcription factors Ets1 and Ets2. Ets1 and Ets2 positively 

regulate the p16INK4a promoter, but are in turn inhibited by the Id family of 

helix-loop-helix proteins (38). In young fibroblasts, Id1 inhibition of Ets2 

expression could explain the absence of p16INK4a expression, whereas in 

senescent fibroblasts, Id1 is downregulated (39). However, other factors 

such as JunB can regulate p16INK4a expression in senescent fibroblasts 

(40). Thus the actual mechanisms of injury-induced p16INK4a expression 

remain incompletely understood. Replication can also increase P16INK4a 

expression, but is likely to be independent from telomere shortening 

(41 ;42).

Widespread P16INK4a expression in old kidneys could have a 

number of consequences, both beneficial and detrimental. P16INK4a 

induction could include irreversible cell cycle arrest and thus could operate
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as a defence against cancer but also influence the loss of renal cell mass in 

cortex in aging. The cell cycle arrest could influence response to injury and 

ability to sustain function in disease states, and thus could be relevant to 

the high incidence of end stage renal disease in the elderly. However, in 

addition to its function as cell cycle regulator, p16INK4a can affect integrin 

expression. In some cell lines, it increases the as integrin chain of the asPi 

fibronectin receptor (43), leading to apoptosis upon loss of anchorage. It 

also inhibits av(33 integrin receptor mediated cell spreading (44). The 

interactions between p16INK4a and integrins are of interest since this might 

be involved in the genesis of atrophic tubules.

The increases in COX1 and COX2 could be either a primary 

manifestation of aging or a secondary compensatory event. In microarray 

studies of aged fibroblasts, COX1 is increased, but COX2 is decreased 

(24). Whether these changes apply to renal cells remains to be evaluated, 

but it raises the possibility that at least COX1 could be increased as a direct 

consequence of age. One of the most consistent changes in human kidney 

with age is a rise in renal vascular resistance. Both COX1 and COX2 

maintain renal perfusion by increasing renal blood flow and GFR through 

their metabolites prostaglandin E2 and prostaglandin I2 (45). Renal 

perfusion in old kidneys may be more dependent on vasodilator 

prostaglandins. The clinical observation that acute renal failure due to COX 

inhibition is more frequent in the elderly is compatible with this belief (46),
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although comorbidities such as heart failure that compromise renal 

perfusion also play a role. COX2 from the macula densa is one factor 

triggering renin release from the juxtaglomerular apparatus (47;48). This 

suggests that the increase in COX2 in kidney is not a cellular feature of 

aging, but compensation for decreased renal blood and increased vascular 

resistance in older kidneys. This highlights the general problem of 

distinguishing the events that cause aging from the events that occur as 

compensatory mechanisms.

The studies of the molecular events in aging in human kidney 

versus rodent kidneys converge to suggest both shared (e.g. p16INK4a) and 

differing (e.g. telomere shortening) elements in the aging phenotype. The 

general observation is that the kidney in each species shows features 

observed in senescent fibroblasts of that species. Thus human kidneys and 

fibroblasts show increased p16INK4a expression, without change in p14ARF, 

but with telomere shortening (49), whereas mouse kidneys and fibroblasts 

show increased p16,NK4a and to a lesser extent in p19ARF expression without 

telomere shortening (chapter 4). My preliminary results with human and 

mouse cDNA microarrays also support the finding that very few genes are 

strongly altered in human renal aging (50). Species differences in aging 

mechanisms are not surprising: long lived mammals require different 

regulatory strategies than those in short lived mammals such as mouse and 

rat. These could include superior resistance to cancer through the telomere
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shortening mechanism (51), and increased resistance to environmental 

stress to permit long survival of post-mitotic cells. Parallel studies of in vitro 

cell behaviour and in vivo behaviour of cells in organs helps to understand 

the components of the aging phenotype in each species.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.5 Tables

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 5.1: Demographic data and histological grading on the 42 individuals from 
whom normal kidneys were derived.

Young 
N = 7

Adult 
N = 11

Old 
N = 24

Mean Age ± SD (years) 5.4 ± 7.4 39.5 ±4.8 66.7 ± 11.0
Age Range (years) 8 wks -  21 years 31 -  47 years 50 -  88 years
Gender (f/m) 1/6 6/5 12/12
Creatinine (pmol/L) 45.8 ± 29.9 90.8 ± 19.8a 92.8 ± 16.9b
Systolic Blood Pressure 86.3 ± 17.2 123.3 ± 18.4a 135.8 ± 18.9b
(mmHg)
Diastolic Blood Pressure 44.3 ± 11.5 75.5 ± 9.5 a 76.7 ± 11.9b
(mmHg)
Proteinuria None None None
History of Hypertension 1 (14%) 1 (9%) 11 (46%)
History of Diabetes mellitus None None None

Glomerulosclerosis (%) 0.43 ± 0.54 2.36 ± 1.91 8.54 ± 6.57°
Interstitial Fibrosis 0.06 ±0.18 0.18 ±0.40 0.88 ± 0.54°
Tubular Atrophy 0.06 ±0.18 0.18 ±0.41 1.10 ± 0.36°
Fibrous Intimal Thickening 0 0.32 ± 0.46 1.24 ± 0.80°
Arteriolar Hyalinosis 0.13 ±0.35 0.27 ± 0.47 1.00 ± 0.80c

aP<0.05 for Adult vs. Young
bP<0.05 for Old vs. Young
CP<0.05 for Old vs. Adult and Old vs. Young
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Table 5.2: Sequences for primers and probes used in Real-time PCR studies.

Name Accession
Number
(GenBank)

Sequence
(5’-*3 ’)

p16INK4a L27211 Forward primer 
Reverse primer 
Probe

GTAACCAT GCCCGC ATAGAT G 
CTAAGTTTCCCG AGGTTT CTCAGA 
TCCCT CAGACATCCCCG ATTGAAAGAAC

p14ARF U40343 Forward primer 
Reverse primer 
Probe

CT GAT CTCC AT CGC AGGGAC 
ATGTCCACGAGGTCCTGAGC 
C ACCCTT GGAGCT GGCACT GC AG A

LON U02389 Forward primer 
Reverse primer 
Probe

AGAAGACCATTGCGGCCAA 
GAAGGCTGCCAGGTCGTAGAA 
CAT CGTCCT GCCAGCCGAGAACAA

PAH M16006 Forward primer 
Reverse primer 
Probe

CAGCTCATCAGCCACTGGAAA 
TCGGT C ATT CCCAGGTT CT CT 
CGCCTCCTGGTTCTGCCCAAGTTCT

COX1 M59979 Forward primer 
Reverse primer 
Probe

CTT C AAT GAGT ACCGC AAG AGGTT 
GT AGAACTCCAACGCAT CAAT GTCT 
CCAT CT CCTT CT CT CCT ACGAGCT CCTGG A

MMP1 D31815 Forward primer 
Reverse primer 
Probe

TT CAAG AC AGAAAG AG ACAGG AG ACA 
GGT GACACCAGTGACTGCACAT 
TTGCCGGAGGAAAAGCAGCTCAAGAAC

HPRT NM000194 Forward primer 
Reverse primer 
Probe

GACTTTGCTTTCCTTGGTCAGG
AGTCTGGCTTATATCCAACACTTCG
TTTCACCAGCAAGCTTGCGACCTTGA
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Table 5.3: Linear regression analysis for kidney cortex.

Gene Slope R2 P-value

p16INK4a +.0160 .465 <.001
CDK4 +.0038 .131 .02
p53 +.0003 .001 .84
p2<jCIP1/WAF1 +.0028 .006 .64
GADD45 +.0016 .001 .86
p14ARF -.0012 .026 .31
HDM2 +.0022 .030 .28
PCNA -.0005 .012 .50
RAD23 +.0024 .015 .44
PAI1 +.0065 .002 .80
COX1 +.0030 .182 .005
COX2 +.0188 .186 .004
MMP1 -.0128 .113 .03
TGF-(31 +.0019 .023 .34
LON protease +.0029 .010 .52
HSPA5 -.0175 .111 .03
GADD153 -.0312 .026 .31
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Table 5.4: Expression of candidate senescence genes (M±SD) for kidney cortex in 
three different age groups. Numbers are gene/HPRT ratio.

Gene Young Adult Old

p16INK4a 0.16 ± 0.21 0.41 ± 0.23 1.05 ± 0.56a
CDK4 0.98 ± 0.36 1.08 ± 0.26 1.24 ± 0.19b
p53 0.46 ± 0.23 0.36 ± 0.09 0.46 ± 0.21
p 2 ^  CIP1W AF1 1.06 ± 0.83 1.14 ± 0.87 1.24 ± 1.01
GADD45 2.47 ± 1.70 3.71 ± 1.59 3.03 ± 1.15
p14ARF 0.63 ± 0.29 0.46 ± 0.09 0.55 ± 0.17
HDM2 0.88 ± 0.35 0.77 ± 0.18 0.96 ± 0.34
PCNA 0.57 ± 0.18 0.56 ± 0.11 0.55 ±0.07
RAD23 1.24 ± 0.42 1.22 ± 0.39 1.41 ± 0.53
PAH 1.88 ± 1.91 4.50 ± 5.08 3.05 ± 3.86
COX1 0.14 ± 0.10 0.17 ± 0.08 0.31 ± 0.19a
COX 2 0.82 ± 0.35 1.18 ± 0.38 1.94 ± 1.27b
MMP1 1.51 ± 2.19 0.76 ± 0.40 0.60 ± 0.27
TGF-P1 0.62 ± 0.24 0.51 ± 0.20 0.73 ± 0.35
LON protease 1.91 ± 0.93 1.69 ± 0.43 2.00 ± 0.75
HSPA5 2.47 ± 2.96 1.21 ± 0.42 1.29 ± 0.44
GADD153 5.93 ± 3.73 6.62 ± 7.26 4.40 ± 3.46

aat least P<0.05 for Old vs. Adult and Old vs. Young 
bat least P<0.05 for Old vs. Young
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Figure 5.1: Regression for p16INK4a mRNA expression in renal cortex (filled circles; 
r 2=0.47, p<0.001) and renal medulla (open circles; R2=0.03; P=0.42) with age. 
RNA was isolated and quantitative RT-PCR was performed using sequence- 
specific primer and probe for p16INK4a on an ABI 7700 Sequence Detection 
System. Values are given as p16INK4a/HPRT ratio.
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Figure 5.2: P16INK4a mRNA expression in renal cortex and medulla. Mean (+SD) of 
p16'NK4a mRNA expression in three age groups (Young, open bar; Adult, gray bar, 
Old, black bar) in cortex and medulla. *P<0.001 for the comparison with Young 
and Adult kidneys. RNA was isolated and quantitative RT-PCR was performed 
using sequence-specific primer and probe for p16INK4a on an ABI 7700 Sequence 
Detection System. Values are given as p16INK4a/HPRT ratio.
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Figure 5.4: P16INK4a protein expression in tubular cells in renal cortex. The 
increase with age was highly significant (Slope, R2, and P-values are shown), and 
most pronounced for tubular cells when compared to other cells. 
Immunoperoxidase staining for p16INK4a was assessed as percentage of positive 
nuclei for tubular cells in 10 HPFs.
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Figure 5.5: P16INK4a protein expression in glomeruli. The increase with age was 
significant (Slope, R2, and P-values are shown). Immunoperoxidase staining for 
p1giNK4a wgs assesseci as percentage of positive nuclei for glomerular cells in 10
HPFs.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



y = 0.18x - 1.25 
R2 = 0.16 
P < 0.05

60 '

40-

cb .E  2 0 ~  

10 -

•  •
100

Age (years)

Figure 5,6: P16INK4a protein expression in interstitial cells in renal cortex. The 
increase with age was significant (Slope, R2, and P-values are shown). 
Immunoperoxidase staining for p16INK4a was assessed as percentage of positive 
nuclei for interstitial cells in 10 HPFs.
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Figure 5.7: P16INK4a protein expression in rena! arteries. The increase with age 
was significant (Slope, R2, and P-values are shown). Immunoperoxidase staining 
was assessed by grading arteries on a scale from 0 to 3 (0 = no staining of smooth 
muscle cells, 1 = up to 30% stained nuclei, 2 = 30-60% stained nuclei, 3 = >60% 
stained nuclei), the whole section was scored and a mean score was calculated.
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Figure 5.8: Regression for COX1 mRNA expression in renal cortex (filled circles; 
Rz=0.18, p=0.005) and renal medulla (open circles; R2=0.06, P=0.25) with age. 
Values are given as COX1/HPRT ratio.

208

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



□ Young
□ Adult 
■ Old

Cortex Medulla

Figure 5.9: COX1 mRNA expression in renal cortex and medulla. Mean (±SD) of 
COX1 mRNA expression in three age groups (Young, open bar; Adult, gray bar, 
Old, black bar) in cortex and medulla. *P<0.05 for the comparison with Young and 
with Adult kidneys. Values are given as COX1/HPRT.
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Figure 5.10: Regression for COX2 mRNA expression in renal cortex (filled circles; 
R2=0.19, p=0.004) and renal medulla (open circles; R2=0.09, P=0.16) with age. 
Values are given as COX2/HPRT ratio.
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Figure 5.11: COX2 mRNA expression in renal cortex and medulla. Mean (+SD) of 
COX2 mRNA expression in three age groups (Young, open bar; Adult, gray bar, 
Old, black bar) in cortex and medulla. #P<0.05 for the comparison with Young 
kidneys. Values are given as COX2/HPRT ratio.
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Figure 5.12: SA-p-GAL expression in renal cortex and medulla. SA-p-GAL was 
present in many tubules in all specimens investigated, but not in glomeruli. The 
percentage of SA-p-GAL positive tubular cross-sections in cortex and medulla was 
increased in Old kidneys but the differences were not significant. SA-p-GAL 
staining was performed using frozen sections. Percentage of SA-p-GAL positive 
tubules were assessed in 20 HPFs (10 HPFs for each cortex and medulla).
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Chapter 6

Evidence that Acute Rejection induces Epithelial Cell 

Senescence in Mouse Kidney

A version of this chapter will be submitted for publication.

Anette Melk, Bernhard M.W. Schmidt, Oki Takeuchi, Joan Urmson, Lin-Fu 

Zhu, David Rayner, and Philip F. Halloran: Evidence that acute rejection 

induces epithelial cell senescence in mouse kidney.

Portions of this publication that were contributed by co-authors are not 

included unless noted.
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6.1 Introduction

Donor age is the major predictor of function and graft survival after 

kidney transplantation (1-5). This could represent the effect of senescence 

due to age. In addition, peri- and posttransplant stresses could accelerate 

senescence features. These stress-induced changes add to the already 

preexisting senescence changes of the kidney and might be responsible for 

organ failure.

In subsequent studies I have shown that features of cellular 

senescence in vitro indeed occur in normal aging in human and rodent 

kidneys (human: chapters 2, 5; rat: chapter 3; mouse: chapter 4) (6;7). This 

new finding enabled me to ask if peri- and postransplant stresses are 

capable of accelerating the development of senescent changes in the 

kidney. Peritransplant stresses are related to brain death (8;9), 

preservation, cold and warm ischemia and reperfusion (10;11). A high load 

of peritransplant stresses leads to delayed graft function (12). The most 

important posttransplant stresses are immunologic and cardiovascular. 

Rejection episodes as well as immunosuppressive treatment itself, 

especially calcineurin inhibitors due to their nephrotoxicity (13), reduce 

renal function. Hypertension often occurs in patients after renal 

transplantation and if left uncontrolled has deleterious effects (14).

One could imagine two pathophysiological pathways contributing to 

an acceleration of senescence by stresses surrounding transplantation.
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Peri- and posttransplant stresses might induce an increase in replication 

and could thereby lead to replicative senescence. This has been shown for 

bone marrow transplantation (15;16). Telomere length measured in 

leukocytes of donor and recipient showed significant shorter telomeres for 

the recipient’s leukocytes. However, the stresses acting in the context of 

transplantation could also directly induce senescence changes without the 

need for replication like in “stimulation and stress-induced senescent-like 

arrest” (STASIS). It is thought that STASIS is caused by extrinsic stresses 

rather than an intrinsic program of the cell (17). STASIS is the in vitro 

phenotype that occurs in mouse embryonic fibroblasts (MEFs) in culture 

and is accompanied by increases in p16INK4a and p19ARF (18-21). 

Expression of either of those proteins will result in an irreversible cell cycle 

arrest (21;22).

In the study presented here I used a previously described non-life 

supporting vascularized renal transplantation model in mice across full 

MHC barriers (23) to assess the impact of the transplantation process on 

renal senescence. I focused on p16INK4a and p19ARF as I had established 

the relationship between mouse renal senescence and p16INK4a and to a 

much lesser extent p19ARF in my former studies (chapter 4).
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6.2 Materials and Methods

6.2.1 Mice

Male CBA mice were obtained from the National Institute on Aging, 

Aged Rodent Colonies, at 3 (Young, N=20) or 18 months (Old, N=18) of 

age. C57BI/6 (B6) mice were purchased from Jackson Laboratory (Bar 

Harbor, ME). All animals were maintained in a facility that is barrier 

maintained and specific pathogen free. The animals were transplanted 

within one week after arrival in our colony. All experiments were performed 

according to the University of Alberta Animal Policy and Welfare 

Committee’s animal care protocols.

6.2.2 Renal Transplantation

Donor mice (CBA at age 3 or 18 months) were anaesthetized and 

the abdomen was opened through a midline incision. The right kidney was 

excised and preserved in cold lactate Ringer’s solution. The host mice (B6 

at age 2 months) were similarly anaesthetized and the right native kidney 

was excised. The donor kidney was anastomosed heterotopically to the 

inferior aorta, vena cava and bladder on the right side, without removing the 

host’s left kidney (non-life supporting kidney transplantation). The mice 

were allowed to recover and were killed at day 7 or 21 following anesthesia 

and cervical dislocation. None of the transplanted hosts received 

immunosuppressive therapy. All hosts received prophylactic antibiotics to

221

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



prevent wound and urinary tract infection. Mice with technical complications 

or severe pyelonephritis at the time of harvesting were removed from the 

study. I was able to study 15 Young donors (N=7 at D7 and N=8 at D21) 

and 13 Old donors (N=6 at D7 and N=7 at D21). (Renal transplantation was 

performed by Lin-Fu Zhu).

6.2.3 Histopathology

Tissue sections (2 pm) were stained with hematoxylin and eosin (H 

& E) or with periodic acid-Schiff (PAS), respectively. Under the supervision 

of a renal pathologist (David Rayner), I evaluated the histologic changes 

based on the Banff classification for transplant pathology (24). The acute 

lesions were scored from 0 to 3 based on the percentage of parenchymal 

involvement as described earlier. Interstitial infiltrate: 10 - representing no or 

trivial (<10%) interstitial inflammation; 11 - representing 10 - 25%; 12 - 

representing 26 -  50%; and 13 - representing more than 50% of the total 

parenchyma inflamed. Glomerulitis: GO - representing no glomerulitis; G1 - 

representing glomerulitis in up to 25% of glomeruli; G2 - representing 

glomerulitis in 26 -  75% of glomeruli; and G3 - representing glomerulitis in 

more than 75% of glomeruli. Tubulitis: TO - no mononuclear cells in tubules; 

T1 - representing foci with 1 - 4  cells per tubular cross section; T2 -  

representing foci with 5 - 1 0  cells per tubular cross section; and T3 - 

representing more than 10 cells per tubular cross section. Tubulitis was
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assessed for non-atrophic and atrophic tubules separately. Vasculitis: VO -  

no arteritis; V1 -  mild-to-moderate intimal arteritis in at least one arterial 

cross section; V2 - severe intimal arteritis with at least 25% luminal area 

lost in at least one arterial cross section; V3 -  transmural arteritis and/or 

arterial fibrinoid change and medial smooth muscle necrosis with 

lymphocyte infiltrate in vessel. I also recorded the extent of peritubular 

capillary congestion (PTC), graft necrosis, thrombosis and edema as 

percentage of total parenchyma involved. Assessment of chronic changes 

included interstitial fibrosis and tubular atrophy. These changes were 

scored based on the percentage of parenchymal involvement. Interstitial 

fibrosis: CIO - representing interstitial fibrosis in up to 5%; CM - representing 

interstitial fibrosis in 6 - 25%; CI2 - representing interstitial fibrosis in 26 -  

50%; and CIS - representing interstitial fibrosis in more than 50% of the 

cross section. Tubular atrophy: CTO - representing no tubular atrophy; CT1 

- representing tubular atrophy in up to 25%; CT2 - representing tubular 

atrophy in 26 -  50%; and CT3 - representing tubular atrophy in more than 

50% of tubules. Vascular fibrous intimal thickening and arteriolar hyaline 

thickening did not occur in any of the mice and were therefore not scored.

In addition, on PAS stained slides, number of nuclei per tubular 

cross section and tubular diameter for non-atrophic and atrophic tubules 

were assessed. Both assessments were done in 10 random high power 

fields (HPFs; 400x magnification). For the measurement of tubular diameter
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pictures from randomly selected areas were taken using a Nikon Eclipse- 

1000 digitizing microscope. The resulting TIFF-files of these pictures (size 

25.6 x 20.48 inches) were processed using Adobe Photoshop 5.0 to reduce 

their size (size 12.8 x 10.24 inches) making them suitable for ImageJ 

software (free share software, NIH, USA). The tubular diameter was 

measured as inches on these processed pictures.

6.2.4 Antibodies

Hybridoma cell lines were obtained from ATCC (Rockville, MD). Cell 

lines producing monoclonal antibodies, 34-4-20S (anti H-2D), 11-5.2.1.9 

(anti l-Ak), 11-4.1 (anti H-2K) and 20-8-4S (anti H-2KbDb) were maintained 

in tissue culture in our laboratory. All other antibodies were purchased: Anti 

l-Ab (Serotec, Raleigh, NC), anti-mouse CD45 (Cedarlane, Hornby, ON), 

anti-mouse CDS (Serotec, Raleigh, NC), anti-mouse CD8 (Serotec, 

Raleigh, NC), anti-mouse CD4 (BD Pharmingen, Mississauga, ON), anti- 

p16'NK4a (Santa Cruz Biotechnologies, Santa Cruz, CA).

6.2.5 Immunohistochemistry

Immunohistochemistry was performed either on frozen or paraffin 

embedded sections.

Fresh frozen sections were fixed in acetone and then incubated with 

normal goat serum. Slides were then incubated with rat anti-mouse CD45,
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CDS, CD4 and CD8. Control slides were treated with PBS. Next, slides 

were exposed to the affinity purified, goat anti-rat IgG F(ab’)2 fragment 

(ICN, Costa Mesa, CA). Slides were finally stained with 3’3 

diaminobenzidine tetrahydrochloride (DAB) and hydrogen peroxide for the 

peroxidase reaction and counterstained with hematoxylin. Analysis was 

done by counting 10 random high power fields (HPFs) by a blinded 

observer. (Staining and counts for frozen sections were done by Joan 

Urmson).

Immunoperoxidase staining for p16INK4a was performed using 2 pm 

sections of paraffin embedded tissue. Briefly, sections were deparaffinized 

and hydrated. The sections were immersed in 3% H2O2 methanol to 

inactivate endogenous peroxidase. Slides were blocked with 20% normal 

goat serum. Tissue sections were then incubated for 1 hr at RT with the 

primary antibody (mouse monoclonal antibody, Clone F-12, Santa Cruz, 

CA) or isotype control and rinsed with PBS. Following 30 minutes of 

incubation with the Envision monoclonal system (Dako, Mississauga, 

Ontario), sections were washed again in PBS. Visualization was performed 

using the DAB substrate kit (Dako, Mississauga, Ontario). The slides were 

counterstained with hematoxylin and mounted. Percentage of positive 

nuclei was assessed for tubules, glomeruli and interstitium by counting 10 

random HPFs. A total of 30 mice (5 for each group) were assessed.
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6.2.6 RNA isolation

Total RNA was extracted from tissue samples according to a 

modification of the method described by Chirgwin et al. (25). Tissues were 

homogenized with a polytron in 4 M guanidinium isothiocyanate, and the 

RNA was centrifuged through a 5.7 M CsCh cushion. RNA was isolated by 

phenol/chloroform extraction. Concentrations were determined by 

absorbance at 260 nm.

6.2.7 Reverse transcription (RT) and real-time polymerase chain reaction

(PCR)

Transcription into cDNA was done using Maloney murine leukemia 

virus (MMLV) reverse transcriptase and random primers (Life Technologies, 

Burlington, Ontario). The principle of real-time quantitative PCR has been 

described by Heid et al. (26). cDNA was amplified in an ABI PRISM 7700 

Sequence Detector (Applied Biosystems, Foster City, CA). All samples 

were done in duplicates and run in two separate experiments. I designed 

sequence specific primers and probe (table 6.1) for IFN-y, perforin, 

granzyme B, p16INK4a, p19ARF, and hypoxanthine phosphoribosyl- 

transferase (HPRT) using Primer Express Software (Applied Biosystems, 

Foster City, CA). Relative quantification of gene expression was performed 

using the Relative Standard Curve method as described in the User Bulletin 

#2 (Applied Biosystems, Foster City, CA). Briefly, the number of PCR
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cycles that are needed to reach the fluorescence threshold is called 

threshold cycle (Ct). The Ct value for each sample is proportional to the 

logarithm^ of the initial amount of input cDNA. The calibrator used consisted 

of cDNA derived from different tissues and age groups from normal and 

transplanted mice. Standard curves were prepared by serial dilutions of the 

calibrator for both the gene of interest and the housekeeping gene HPRT. 

Dilutions were arbitrarily numbered 3, 1.5, 0.75, 0.375 and 0.1875. The Ct 

values for all samples were then assigned an arbitrary value based on the 

standard curves. The arbitrary values for gene of interest and for HPRT 

were divided in order to normalize to HPRT. Then the mean value for the 

duplicates is calculated. All values are given as a gene of interest to HPRT 

ratio.

6.2.8 Statistical analysis

Data analyses were performed using SPSS. For quantitative 

variables, means among different groups were compared using AN OVA, 

and T-tests with Bonferroni correction were used for multiple pair-wise 

comparisons. For ordinal observations, the different groups were compared 

using Kruskal-Wallis test, and pair-wise comparisons were performed using 

Mann-Whitney-U statistics. The groups used for statistical testing consisted 

of normal CBA mice (NCBA) at 3 months (Young; N=20) and 18 months 

(Old; N=18) and CBA kidneys that had been transplanted into B6 recipients

227

permission of the copyright owner. Further reproduction prohibited without permission.



(Young CBA donors: N=7 at D7 and N=8 at D21; Old CBA donors: N=6 at 

D7 and N=7 at D21). All values are given as mean (M) ± standard deviation

(SD).

6.3 Results

To study the effect of ischemia-reperfusion and rejection for Old 

donor kidneys, I chose a renal transplant model. In this model 

transplantation is performed between two fully MHC mismatched mouse 

strains and without the use of immunosuppressive agents to ensure the 

occurrence of rejection.

6.3.1 Histopathology

6.3.1.1 Normal CBA mice

None of the Young NCBA mice had features consistent with aging 

or suggesting renal diseases (table 6.2). Four of the 18 Old NCBA showed 

tubular atrophy in less than 5% of the area of cortical tubules. None of the 

Old NCBA mice showed features consistent with renal disease. There were 

no significant differences in tubular diameter (table 6.3; figure 6.1) or 

number of nuclei per tubular cross section (table 6.3; figure 6.2). 

Representative pictures of tubular cross sections are shown in figure 6.3.
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6.3.1.2 CBA mice at day 7 after renal transplantation

At day 7 both age groups developed lesions characteristic for 

rejecting transplants (table 6.2). There were no differences between the 

acute features such as tubulitis, interstitial infiltrate, glomerulitis, vasculitis, 

peritubular capillary congestion. Tubulitis showed a trend towards a higher 

score in Old mice (1.0±0, i.e. all 6 mice had a tubulitis score of 1) when 

compared to Young mice (Q.6±Q.5, i.e. 4 of 7 mice had a tubulitis score of 

1). The tubulitis score in Old mice was even higher when atrophic tubules 

were included (1.2+0.4), but still did not differ significantly from Young mice. 

Necrosis was not found in any of the Young kidney transplants and was 

very mild (5%) in 2 of the Old mice. Thrombosis (either arterial or venous), 

edema, or casts were not found in any of the two age groups. The most 

striking difference between Young and Old mice at day 7 was the amount of 

tubular basement membrane wrinkling (table 6.3; figure 6.4). Tubular 

basement membrane wrinkling appeared and was much more frequent in 

Old mice (60%±28%; P<0.01 when compared to Old NCBA) when 

compared to Young mice (4%±5%). The higher score for tubular atrophy in 

Old transplants also reflects the higher amount of basement membrane 

wrinkling. Old transplants showed a reduced tubular diameter (PO.01 vs. 

Young D7 or Old NCBA) and lower number of nuclei per tubular cross 

section (P<0.05 vs. Young D7; N.S. vs. Old NCBA) (table 6.3 and figures

6.1 and 6.2). No other chronic features were found in either Old or Young
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transplants.

6.3.1.2 CBA mice at day 21 after renal transplantation

At day 21 both age groups showed all the acute features of rejection 

(table 6.2). Interstitial infiltrate, glomerulitis and peritubular capillary 

congestion did not change when compared to day 7. The amount of 

vasculitis significantly increased in both groups (Old, P<0.05; Young, 

P<0.05). Tubulitis increased only in Young transplants (P<0.005). Edema 

significantly increased in both groups, it was present in 4 Old (PO .05) and 

in 5 Young transplants (PO.Q5). Necrosis was found in 2 of the Old and in 

3 of the Young mice. Casts were only found in 3 Young transplants. Arterial 

or venous thrombosis was not present in any of the two age groups. Old 

mice showed 64% (±31%) and Young mice showed 44% (±41%) tubular 

basement membrane wrinkling (comparison Old vs. Young N.S.) (table 6.3; 

figure 6.5). Both groups developed interstitial fibrosis (Old: P<0.005; Young: 

P<0.005 when compared to D7). The amount of tubular atrophy increased 

further in Old transplants (P<0.05 when compared to Old D7) and became 

detectable in Young transplants (PO.OQ5 when compared to Young D7). 

There was no significant difference for the amount of interstitial fibrosis or 

tubular atrophy between Old and Young transplants. The number of cells 

per tubular cross section and the tubular diameter further decreased in Old 

transplants (table 6.3 and figures 6.1 and 6.2). Old transplants had a
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significantly fewer cells per tubular cross section (P<0.005) and their tubular 

diameter tended to be smaller (P=0.06), especially if  they were wrinkled 

(P<0.005 when compared to diameter from wrinkled tubules in Young 

transplants).

6.3.2 RT-PCR for senescence-associated genes

6.3.2.1 Normal CBA mice

pi0iNK4a (fjgUre 6.6) and p19ARF (figure 6.7) mRNA expression were 

significantly higher in kidneys from Old NCBA when compared to Young 

(p16INK4a: 13.2 fold; P O .061; p19ARF: 4 fold; P<0.001).

6.3.1.2 CBA mice at day 7 after renal transplantation

P16*NK4a mRNA and p19ARF mRNA expression increased 

significantly in transplants from Old mice (both P<0.05, figures 6.6 and 6.7), 

whereas in Young transplants they did not. The difference for p16INK4a and 

p19ARF between Old and Young transplants was significant (p16INK4a: 

P<0.05; p19ARF: P<0.001).

6.3.1.3 CBA mice at day 21 after renal transplantation

P16INK4a mRNA and p19ARF mRNA expression further increased in 

transplants from Old mice (P16INK4a, P<0.05, figure 6.6; p19ARF, P<0.001 

figure 6.7; when compared to day 7). In addition, p16INK4a mRNA and
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p19ARF mRNA expression also increased in Young mice (P16INK4a, P<0.001, 

figure 6.6; p19ARF, P<0.001, figure 6.7; when compared to day 7). There 

was no longer a difference for p16INK4a and p19ARF mRNA expression 

between Old and Young transplants.

6.3.3 p i6 INK4a staining

6.3.3.1 Normal CBA mice

P16lNK4a staining was found in nuclei of distal tubules and collecting 

duct, podocytes and parietal epithelium of glomeruli, vascular smooth 

muscle cells and interstitial cells. The nuclear staining was assessed for 

tubular (figure 6.9), glomerular (figure 6.10) and interstitial cells (figure 

6.11). The amount of p16INK4a staining was higher for Old NCBA in ail three 

compartments (4.7 fold in tubules, 2.4 fold in glomeruli, 3.3 fold in 

interstitium when compared to Young NCBA), but the difference was only 

significant for tubular cells (P<0.001).

6.3.3.2 CBA mice at day 7 after renal transplantation

P16INK4a staining was more difficult to assess in transplants as 

compared to native kidneys. The restriction was that I could not always be 

certain whether a nucleus belonged to a tubular cell or a podocyte and was 

not just an infiltrating lymphocyte. With this limitation the percentage 

p1giNK4a p0Sjtjve nuclei increased in all three compartments in Old and
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Young transplants but without reaching significance (figures 6.8-6.10). The 

percentage of p16INK4a positive nuclei in tubules in Old transplants was 

significantly higher when compared to Young (P=0.001).

6.3.3.3 CBA mice at day 21 after renal transplantation

In tubular cells, the percentage p16INK4a positive nuclei in Old 

transplants stayed the same, whereas in Young transplants the percentage 

p16'NK4a positive nuclei increased significantly (P<0.05 when compared to 

D7; figure 6.8). The percentage of p16INK4a positive nuclei in glomeruli or 

interstitium increased in both groups when compared to day 7 (glomeruli: 

Old, N.S.; Young, P<0.05, figure 6.9; interstitium: Old, N.S.; Young, N.S., 

figure 6.10). Old transplants tended towards higher expression for all three 

compartments but this difference was not statistically significant.

6.3.4 MHC class I and II staining

6.3.4.1 Normal CBA mice

Staining for class I (H-2K) and class II (l-Ak) did not significantly 

differ between both age groups (table 6.4). in tubular cells, class I and II 

showed a trend towards lower levels in Old NCBA.

6.5.4.2 MHC expression in CBA mice at day 7 after renal transplantation 

Donor (CBA) class I and II increased in both Old and Young at day 7
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after transplantation (table 6.4). The increases were observed in tubular 

cells (class 1: Old, PO .01, Young, N.S.; class II: Old, P<Q.Q05, Young, 

P<0.005). There were no differences between Old and Young D7 

transplants in donor class I and II expression. Recipient (B6) class I (H-2Kb) 

and II (!-Ab) increased for Old and Young transplants at day 7 (table 6.4). 

The increases were observed in interstitial cells (class I: Old, P<0.001, 

Young, P<0.001; class II: Old, P<0.001, Young, P<0.001). There were no 

differences between recipient class I and II expression between Old and 

Young D7 transplants.

6.3.4.3 CBA mice at day 21 after renal transplantation

Donor (CBA) class I did not change in either Old or Young at day 21 

after transplantation when compared to day 7, but was slightly higher in Old 

transplants when compared to Young (P<0.05) (table 6.4). Donor class II 

decreased in Old transplants when compared to day 7 (P<0.05). Donor 

class II showed a similar trend (which was not significant) for Young 

transplants. Recipient (B6) class I and II did not change significantly in 

either Old or Young transplants at day 21 (table 6.4).

6.3.5 Cytology and number of infiltrating lymphocytes

6.3.5.1 Normal CBA mice

Infiltrating lymphocytes were very rarely found in any of the normal
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mice (table 6.5).

6.3.S.2 CBA mice at day 7 after renal transplantation

CD45 (total lymphocytes), CDS ( I  cells), CD4 ( I  helper cells) and 

CD8 (cytotoxic T cells) positive cells increased significantly in both Old and 

Young transplants at day 7 (table 6.5). There were no differences in the 

amount of infiltrating cells between Old and Young transplants. T cells were 

the major contributor to the infiltrate, reflected by CDS positive cells 

accounting for 80% or 79% of the CD45 positive cells.

6.3.5.S CBA mice at day 21 after renal transplantation

The number of infiltrating cells decreased for all subsets and in both 

Old and Young transplants at day 21 (table 6.5). Since the Banff score 

(table 6.2) for interstitial infiltrate did not suggest a decrease in infiltrating 

cells, this is probably due to a technical problem with this experiment 

resulting in lower sensitivity. With this limitation in mind, the results suggest 

that there were no differences in the amount of infiltrating cells between 

both groups. This interpretation is supported by the Banff score for 

interstitial infiltrate that was similar for both groups (table 6.2).
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6.3.6 RT-PCR for Granzyme B, Perforin and IFN-y

6.3.6.1 Normal CBA mice

Messenger RNA expression for both cytotoxic T cell genes 

(granzyme B, figure 6.11; perforin, figure 6.12) and IFN-y (figure 6.13) were 

very low in both Old and Young normal CBA and did not show any 

significant differences between the age groups.

6.5.6.2 CBA mice at day 7 after renal transplantation

Messenger RNA expression for both cytotoxic T cell genes 

(granzyme B, figure 6.11; perforin, figure 6.12) and IFN-y (figure 6.13) 

increased significantly in Old and Young transplants (granzyme B: Old, 

P<0.001, Young, P<0.001; perforin: Old, P<0.001, Young, P 0 .001; IFN-y: 

Old, P<0.001, Young P<0.001). There were no differences in expression 

levels between both age groups.

6.3.6.3 CBA mice at day 21 after renal transplantation

Messenger RNA expression for granzyme B (figure 6.11) and IFN-y 

(figure 6.13) decreased significantly in Old and Young transplants when 

compared to day 7 (granzyme B: Old, P<0.Q61, Young, P<0.001; IFN-y: 

Old, P<0.005, Young P<0.05). Changes in perforin were not significant in 

either age group (figure 6.12). There were no differences in expression 

levels between both age groups.
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6.4 Discussion

I have studied a mouse model that mimics two processes during 

clinical transplantation: ischemia-reperfusion injury and acute rejection. I 

found that transplantation induced p16INK4a and p19ARF mRNA and p16INK4a 

protein expression. This induction was present in Old donors already at day 

7 after transplantation. Transplantation also resulted in a faster 

development of features of tubular atrophy in kidneys from Old donors 

when compared to Young donors. At day 7, Old donor kidneys had 

developed more tubular basement membrane wrinkling and smaller tubular 

diameter consistent with more tubular atrophy. Old donor kidneys lost 

tubular cells during the whole time course after transplantation whereas the 

number of tubular cells was consistent in donor kidneys from Young mice.

The increases in p16INK4a probably reflect both the response to the 

peri- and post transplant stresses as well as the need for increased 

replication. The induction of p16,NK4a in Old donors at day 7 was about 7- 

fold higher compared to Young donors and was additive to the preexisting 

higher p16INK4a expression in Old normal CBA mice. The changes at day 7 

reflect the damage caused by acute rejection, and possibly by ischemia- 

reperfusion and related stresses of the surgery itself. Since p16INK4a positive 

cells have irreversibly arrested and are therefore no longer capable of 

replication, this data suggests that 7 days after transplantation Old donor 

kidneys already have a significantly lower capability to withstand stresses
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and to repair. Twenty-one days after transplantation, p16INK4a was 

increased in both Old and Young transplants consistent with the idea that 

ongoing acute rejection with increased need for replication will result in an 

exhaustion of the replicative potential also in Young donors.

Another mediator of ceil cycle arrest, p19ARF, was increased after 

transplantation. In my former studies (chapter 4), I had shown that the 

association of p19ARF with senescence had been much weaker when 

compared to p16INK4a. This was confirmed by this data showing only a 4-fold 

difference for p19ARF between Old and Young NCBA (compared to a 13.2- 

fold difference in p16INK4a). After transplantation, the increase for p19ARF at 

day 7 was similar for Old and Young transplants. At day 21, the increase 

seen for Young transplants significantly exceeded the increase in Old 

transplants. Since I have not performed staining for p19ARF, I do not know 

how much of the increase is due to expression of p19ARF by tubular cells or 

infiltrating leukocytes.

The faster development of histopathological features of atrophy and 

cell loss reflects the lower capacity of Old donor kidneys compared to 

Young donor kidneys to withstand peri- and posttranspfant stresses. These 

changes may be due to excessive cell death or shedding, or decreased cell 

replacement. My data is consistent with the conclusion that acute rejection 

has a greater impact in Old than in Young donor kidney but this was not 

due to differences in recipient’s immune response towards the old organ or
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donor’s immunogenicity. This is in contrast to data from the human 

population that had suggested a greater impact of acute rejection due to 

higher immunogenicity of old donors (27). All parameters assessing the 

immunogenicity of the transplant as well as the activity of the recipient’s 

immune response were indistinguishable between Old and Young 

transplants. In addition, gene array studies that I am currently performing 

support this finding on a much larger scale of investigated genes. 

Therefore, I conclude that Old kidneys are not more immunogenic, but the 

old parenchyma shows a greater susceptibility to deterioration and atrophy 

when rejection occurs. That suggests that the reason for the worse 

outcome in Old donors is intrinsic to the donor and is a combination of the 

underlying senescent features as well as the developing chronic features 

together with the loss tubular cells. This results in a decreased capability of 

the old donors to repair peritransplant injuries and maintain organ mass.

My study supports the hypothesis that some mechanisms of cellular 

senescence are active in the transplantation process and might be limiting 

for the survival of transplants. However, it was beyond the scope of this 

study to mechanistically prove the importance of p16,NK4a or p19ARF. Further 

studies have to prove the significance of the ceil cycle arrest mediated by 

either of these genes for the limited ability of the old donor kidney to 

maintain organ function if challenged. Blockade of the p16INK4a or p19ARF 

pathways should prevent the histological changes seen in the Old
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transplanted kidneys at day 7 and in the Young at day 21. This is supported 

by the observation that in absence of p21clp1/WAF1, which is a cyclin- 

dependent kinase inhibitor and in vitro senescent marker, renal ablation 

does not result in progressive renal failure (28).

For clinical transplantation, my data suggests that minimizing the 

stresses towards old donor kidneys would help to improve outcome. This is 

consistent with the finding that old donor kidneys can function as well as 

their young counterparts if they do not experience acute rejection (27).
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Table 6.1: Sequences for primers and probes used in Real-time PCR studies.

Name Accession
Number
(GenBank)

Sequence
(5'->3’)

p16INK4a L76150 Forward primer 
Reverse primer 
Probe

GGGCACT GCT GG AAGCC 
AACGTTGCCCAT CAT CAT CAC 
CCGAACT CTTT CGGT CGTACCCCG AT

p19ARF L76092 Forward primer 
Reverse primer 
Probe

TCGTGAACATGTTGTTGAGGCTA 
GTTGCCCATCATCATCACCTG 
CGGT GCGGCCCT CTT CT CAAG AT C

Granzyme B M22526 Forward primer 
Reverse primer 
Probe

CG AT CAAGGAT CAGCAGCCT 
CTTGCTGGGTCTTCTCCTGTTCT 
TGCTGCT CACT GT GAAGGAAGT AT AAT AAA 
TGTCACT

Perforin M23182 Forward primer 
Reverse primer 
Probe

GAAGACCTATCAGGACCAGTACAACTT
CAAGGTGGAGTGGAGGTTTTTG
ACCAGGCGAAAACTGTACATGCGACACT

IFN-y M28621 Forward primer 
Reverse primer 
Probe

AGCAACAGCAAGGCGAAAAA 
AGCT C ATT GAAT GCTT GGCG 
ATT GCCAAGTTT G AGGT CAACAACCC ACA

HPRT J00423 Forward primer 
Reverse primer 
Probe

TGACACTGGTAAAACAATGCAAACT
AACAAAGTCTGGCCTGTATCCAA
TTCACCAGCAAGCTTGCAACCTTAACC
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Table 6.2: Histopathology for kidneys from CBA mice. Data is shown for normal 
mice prior to transplantation (NCBA) as well as 7 days (D7) and 21 days (D21) 
after transplantation.

NCBA 
Young Old

D7
Young Old

D21
Young Old

Tubulitis 0 0 0.6 ±0.5 1.0 ±0.0 1.7 ±0.5 1.1 ±0.4
Interstitial
infiltrate

0 0 2.4 ± 0.5 2.8 ± 0.4 2.8 ±0.7 2.6 ±0.8

Glomerulitis 0 0 0.9 ± 0.4 1.0 ±0.6 0.9 ± 0.6 1.0 ± 0.0
Vasculitis 0 0 0.6 ± 0.5 0.7 ± 0.8 1.5 ± 0.5 1.6 ± 0.5
PTC 0 0 1.4 ±3.8 1.7 ±2.6 7.5 ±17.5 5.7 ± 6.7
Necrosis 0 0 0 1.7 ±2.6 2.5 ±3.8 1.4 ±2.4
Thrombosis 0 0 0 0 0 0
Edema 0 0 0 0 7.5 ± 7.6 6.4 ± 6.9
Casts 0 0 0 0 3.8 ± 5.2 0
Tubular atrophy 0 0 0 1.3 ± 0.5a 1.6 ± 0.9 2.1 ±0.7
Interstitial fibrosis 0 0 0 0 1.0 ±0.5 1.1 ±0.7

PTC, peritubular capillary congestion 
aP<0.05 when compared to Young D7
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Table 6.3: Basement membrane wrinkling, tubular diameter and cell number for 
kidneys from CBA mice. Data is shown for normal mice prior to transplantation 
(NCBA) as well as 7 days (D7) and 21 days (D21) after transplantation.

NCBA D7 D21
Young Old Young Old Young Old

IB M  wrinkling (%)
0 0 3.5 ± 5.4 60.4 ± 27.9 44.2 ±41.1 63.9 ±31.3

Tubular diameter
all 1.4 ±.08 1.3 ±0.1 1.4 ± .2 1.0 ±.09 1.2 ±0.2 0.9 ± .06
wrinkled 0 0 ND 0.9 ± .09 1.0 ±.05 0.8 ± .06
normal 1.4 ± .08 1.3 ±0.1 1.4 ± .2 1.1 ±0.1 1.2 ±0.2 1.1 ±.1

Nuclei per tubular cross section (#)
all 3.9 ±0.9 4.1 ±0.8 4.5 ±0.7 3.6 ± 0.5 4.2 ± 0.2 2.6 ± 0.7
wrinkled 0 0 ND 3.3 ±0.7 3.7 ±0.2 1.9 ± 1.1
normal 3.9 ± 0.9 4.1 ±0.8 4.5 ± 0.7 3.9 ±0.3 4.9 ±0.8 3.9 ±2.0

IB M , tubular basement membrane; “all”, diameters or nuclei for all tubules in the 10 HPFs 
assessed were used to calculate the mean value for either diameter or number of nuclei; 
“wrinkled”, diameters or nuclei for tubules that appeared to be wrinkled in the 10 HPFs 
assessed were used to calculate the mean value for either diameter or number of nuclei; 
“normal”, diameters or nuclei for tubules that appeared to be normal in the 10 HPFs 
assessed were used to calculate the mean value for either diameter or number of nuclei; 
ND, not done, because the amount of wrinkled tubules at day 7 for Young transplants was 
too small;
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Table 6.4: Donor (CBA) and recipient (B6) MHC class I and class II expression. 
Data is shown for normal mice prior to transplantation (NCBA) as well as 7 days 
(D7) and 21 days (D21) after transplantation. Donor MHC expression was 
assessed in tubules and recipient MHC for interstitium.

NCBA 
Young Old Young

D7
Old Young

D21
Old

Donor MHC
Class i .67 ± 1.4 .14+ .36 1.9 ± 1.8 2.0 ± 1.7 0.5 ±1.4 1.8 ± 1.5
Class il .17 ±.38 .08 ± .27 2.9 ±2.0 2.2 ± 1.7 0.5 ± 1.4 1.5 ±1.6

Recipient MHC
Class I 0 0 3.4 ±1.1 3.5 ±0.8 2.8 ± 1.0 3.5 ± 0.8
Class II 0 0 2.3 ±0.5 2.2 ±1.2 3.1 ±1.1 3.7 ±0.8
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Table 6.5: Cytology and cell counts for infiltrating lymphocytes. Data is shown for 
normal mice prior to transplantation (NCBA) as well as 7 days (D7) and 21 days 
(D21) after transplantation.

NCBA
Young Old Young

D7
Old Young

D21
Old

CD45 2 ± 3 4 ± 8 148 ± 80 138 ±86 38 ± 5 30 ± 7
CDS 1 ± 4 0 ± 1 117 ±68 111 ±79 44 ± 6 43 ±10
CD4 0 ± 1 0 47 ±38 54 ±61 3 ± 3 4 ± 3
CD8 1 ± 2 1 ± 2 113 ± 77 88 ±67 20 ± 6 21 ± 8
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6.6 Figures
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Figure 6.1: Tubular diameter for CBA kidneys. Normal CBA, prior to
transplantation; D7, 7 days after transplantation, D21, 21 days after 
transplantation. Old kidneys (•), SD down; Young kidneys (♦), SD up. Significant 
differences are indicated.
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Figure 6.2: Number of cells per tubular cross section for CBA kidneys. Normal 
CBA, prior to transplantation; D7, 7 days after transplantation, D21, 21 days after 
transplantation. Old kidneys (•), SD down; Young kidneys (♦), SD up. Significant 
differences are indicated.
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Figure 6.3: Tubular cross sections in normal CBA. (A) Young; (B) Old.
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Figure 6.4: Tubular cross sections in CBA donors 7 days after transplantation. (A) 
Young; (B) Old.
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A

Figure 6.5: Tubular cross sections in CBA donors 21 days after transplantation. 
(A) Young; (B) Old.
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Figure 6.6: P16INK4a mRNA expression for CBA kidneys. Normal CBA, prior to 
transplantation; D7, 7 days after transplantation, D21, 21 days after 
transplantation. Values are given as p16INK4a/HPRT ratio. Old kidneys (•), SD up; 
Young kidneys (♦), SD down. Significant differences are indicated.
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Figure 6.7: P19ARF mRNA expression for CBA kidneys. Normal CBA, prior to 
transplantation; D7, 7 days after transplantation, D21, 21 days after transplantation 
Values are given as p19ARF/HPRT ratio. Old kidneys (•), SD down; Young kidneys 
(♦), SD up. Significant differences are indicated.
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Figure 6.8: P16INK4a protein expression in tubular cells in renal cortex of CBA 
kidneys. Normal CBA, prior to transplantation; D7, 7 days after transplantation, 
D21, 21 days after transplantation. Old kidneys (•), SD up; Young kidneys (♦), SD 
down. Significant differences are indicated.
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Figure 6.9: P16INK4a protein expression in glomeruli of CBA kidneys. Normal CBA, 
prior to transplantation; D7, 7 days after transplantation, D21, 21 days after 
transplantation. Old kidneys (•), SD up; Young kidneys (♦), SD down. Significant 
differences are indicated.
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Figure 6.10: P16INK4a protein expression in interstitial cells in renal cortex of CBA 
kidneys. Normal CBA, prior to transplantation; D7, 7 days after transplantation, 
D21, 21 days after transplantation. Old kidneys (•), SD up; Young kidneys (♦), SD 
down.
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Figure 6.11: Granzyme B mRNA expression for CBA kidneys. Normal CBA, prior 
to transplantation; D7, 7 days after transplantation, D21, 21 days after 
transplantation; Yg, Young. Values are given as Granzyme B/HPRT ratio. Old 
kidneys (•), SD up; Young kidneys (♦), SD down. Significant differences are 
indicated.
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Figure 6.12: Perforin mRNA expression for CBA kidneys. Normal CBA, prior to 
transplantation; D7, 7 days after transplantation, D21, 21 days after 
transplantation; Yg, Young. Values are given as Granzyme B/HPRT ratio. Old 
kidneys (•), SD up; Young kidneys (♦), SD down. Significant differences are 
indicated.
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Figure 6.13: IFN-y mRNA expression for CBA kidneys. Normal CBA, prior to 
transplantation; D7, 7 days after transplantation, D21, 21 days after 
transplantation; Yg, Young. Values are given as IFN-y/HPRT ratio. Old kidneys (•), 
SD up; Young kidneys (♦), SD down.Significant differences are indicated.
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7.1 Introduction

Our group had hypothesized that one element in the 

pathophysiology of allograft nephropathy (AN) could be accelerated somatic 

cell senescence (1). This hypothesis was based on the clinical observation 

that the donor is a major predictor of long-term graft survival after kidney 

transplantation (2-6). Further evidence in favor of this hypothesis was the 

histological features found in AN: tubular atrophy, interstitial fibrosis and 

fibrous intimal thickening (7). These lesions can also be seen in old native 

kidneys (8). Our hypothesis was that peri- and posttransplant stresses 

might lead to changes that are related to those that occur from 

environmental stresses in normal aging over a longer period of time (“a 

lifetime”). However, these changes would occur at a faster pace. They 

would be additional to already preexisting age-changes in older transplants 

and thereby have more deleterious effects in kidneys from older donors.

Peritransplant stresses are related to brain death (9;10), 

preservation, cold and warm ischemia and reperfusion (11;12). A high load 

of peritransplant stresses leads to delayed graft function (13). The most 

important posttransplant stresses are immunologic and cardiovascular. 

Rejection episodes as well as immunosuppressive treatment itself due to 

drug toxicity (especially calcineurin inhibitors) (14) alter renal function. 

Hypertension often occurs in transplant patients and correlates with 

decreased renal function (15). These stress-induced changes add to the
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already preexisting senescence changes of the kidney and might be 

responsible for organ failure.

In my studies in human (chapter 2 and 5) (16) and rodent (chapter 3 

and 4) (17), I have shown that aged kidneys in vivo show some of the 

mechanisms used by cultured cells that undergo senescence in vitro. In 

addition, I was able to demonstrate that certain transplant stresses 

(ischemia-reperfusion and rejection) lead to greater deterioration and 

atrophy in old mouse kidneys when compared to young mouse kidneys 

(chapter 6). The fact that the overall expression of senescence marker 

p1giNK4a was aiwayS higher in old when compared to young mice suggested 

that this may be the reason for the limitations of the old parenchyma to 

withstand peritransplant injuries.

P16iNK4a as effector molecule in “stimulation and stress-induced 

senescent-like arrest" (STASIS) (18). It might be also important in 

replicative senescence, as a downstream signal after critical telomere 

shortening or telomere dysfunction. Mouse embryonic fibroblasts (MEFs) in 

culture cease cycling independent of telomere length (19). This phenotype 

of MEFs is caused by environmental stresses (“culture shock”) (20) and the 

accompanied irreversible cell cycle arrest is mediated by p16INK4a (21- 

24;24;25).

To examine the hypothesis that AN is accompanied by accelerated 

senescence, I compared p16INK4a protein expression in human renal
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transplant biopsies taken at the time of transplantation with a biopsy of the 

same kidney diagnosed with AN.

7.2 Material and Methods

7.2.1 Biopsies

Biopsies were taken at the time of transplantation after reperfusion 

of the kidney (implantation biopsy) and during follow up of the patients as a 

diagnostic tool in patients that presented with rising creatinine levels. 

Biopsies were fixed in 10% buffered formalin and paraffin embedded.

7.2.2 Immunoperoxidase staining for p i 6INK4a

Immunoperoxidase staining for p16INK4a was performed using 2pm 

sections of paraffin embedded tissue. Briefly, sections were deparaffinized 

and hydrated. The sections were immersed in 3% H2O2 in methanol to 

inactivate endogenous peroxidase. Slides were blocked with 20% normal 

goat serum. Tissue sections were then incubated for 1 hr at RT with the 

primary antibody (mouse monoclonal antibody, Clone F-12, Santa Cruz 

Biotechnologies, Santa Cruz, CA) and rinsed with PBS. Following 30 

minutes of incubation with the Envision monoclonal system (Dako, 

Mississauga, Ontario), sections were washed again in PBS. Visualization 

was performed using the DAB substrate kit (Dako, Mississauga, Ontario). 

The slides were counterstained with hematoxylin and mounted. Analysis
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was done by counting 10 high power fields (HPFs). Percentage of positive 

nuclei was assessed for tubules, glomeruli, interstitium and arteries. 

Cytoplamic staining was assessed by counting the percentage of tubular 

cross sections that showed p16INK4a positive staining of the cytoplasma.

7.2.3 Statistical analysis

Data analyses were performed using SPSS. Comparison of p16INK4a 

expression in the implantation biopsy and in the biopsy showing AN were 

compared using paired T-test. The level of significance was set at p<0.05. 

All values are given as mean + standard deviation (SD).

7.3 Results

7.3.1 Demographic data

A total of 14 patients were included in the study. All patients had 

received a renal transplant for treatment of end stage renal disease 

between 1988 and 1998. The patients were selected from the clinical 

transplant data base by the following criteria: biopsy proven diagnosis of 

allograft nephropathy between October 1998 and June 2000, the least 

acute changes possible and availability of an additional paraffin embedded 

specimens obtained at the time of transplantation.

Ten patients were male, 4 female. Eleven patients had received 

cadaveric kidneys and 3 living related donation. The donor age was 35.4 ±
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13.4. The oldest and youngest donors were 59 and 19 years old, 

respectively. The patient age at time of the diagnostic biopsy was 46.2 ± 

15.1 years and the time elapsed since transplantation was 4.8 ± 3.5 years. 

Serum creatinine at time of AN biopsy was 247 ± 90 pmol/L. (table 7.1)

7.3.2 Histology

All biopsies were graded according to the Banff classification (26). 

The kidneys at the time of transplantation showed few, if any pathological 

changes. This reflects the selection criteria of a kidney for transplantation.

The biopsies that were diagnostic for AN showed intense chronic 

changes. Tubular atrophy, interstitial fibrosis and vascular changes 

occurred to a similar extent. Transplant glomerulopathy was present in 3 of 

the 14 biopsies (table 7.2). In conclusion, the histological changes seen 

were typical for AN.

7.3.3. P16INK4a protein expression

P16INK4a protein expression was assessed using 

immunohistochemistry. P16INK4a staining was found in nuclei of distal 

tubules and collecting duct, podocytes and parietal epithelium of glomeruli, 

vascular smooth muscle cells and interstitial cells. In addition to the nuclear 

staining, a patchy cytoplasmic staining occurred in all parts of the nephron. 

The extent of this cytoplasmic staining was higher than in every normal old
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kidney, which i reported previously (figure 7.1 and 7.2). Thus the changes 

were qualitatively similar but quantitively greater than the changes observed 

in kidney with normal aging.

The nuclear staining was assessed in tubular, glomerular and 

interstitial cells as well as in arteries. In implantation biopsies 16.7 ± 14.3 % 

of tubular nuclei showed p16iNK4a staining, whereas AN biopsies showed

53.3 ± 13.5 % (P<0.001; figure 7.3). The same tendency was seen in 

glomerular (figure 7.4) and interstitial nuclei (figure 7.5): p16INK4a positive 

cells increased from 12.3 ± 16.2 % and 7.7 ±11.3  % to 64.1 ± 12.4 and

54.3 ± 18.6 %, respectively (both P< 0.001). P16INK4a staining in vascular 

smooth muscle cells of arteries increased in all but one patient (7.0 ± 21.4 

% to 55.5 ± 19.1 %; figure 7.6).

The cytoplasmic staining was expressed as the percentage of 

tubular crossections showing p16INK4a in the cytoplasma. This percentage 

increased in all but two patients (17.0 ± 23.7 % to 59.5 + 21.9 %; figure 

7.7).

7.4 Discussion

Our group had hypothesized that renal senescence could be an 

important pathomechanism of AN (27) and probably other renal diseases. 

Preexisting senescent changes might limit the ability of a transplant to cope 

with peri- and posttransplant stresses and these stresses might induce
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accelerated senescence. In my previous studies, I have shown that 

changes seen in the in vitro phenotype of cellular senescence occur in the 

aging kidney in humans (chapter 2 and 5) (28) and in rodents (chapter 3 

and 4) (17). Furthermore, I showed that acute rejection in a mouse model of 

renal transplantation induced the expression of p16INK4a, known to be an 

important mediator of somatic cell senescence in vitro (chapter 6). In the 

study presented here I extended my previous findings by showing that AN 

in humans is indeed associated with a steep increase of p16INK4a 

expression.

The results of this study strongly support the notion that AN could 

reflect accelerated aging. This is corroborated by the overlap of 

histopathological features of aging with those of AN. Both show tubular 

atrophy, interstitial fibrosis and fibrous intimal thickening. The changes in 

p1 giNK4a expression seen in AN biopsies occurred within a mean time period 

of less than five years whereas it would have taken decades for them to 

develop in normal aging. The increase in p16INK4a expression might be 

directly induced by peri- or posttransplant stresses or could be a 

downstream event of an increase replication of renal cells, which has been 

induced by these stresses, leading to telomere shortening and then 

increases in p16INK4a. Others have found increased p21clp1/WAF1 expression 

in human allograft nephropathy (29) and chronic liver allograft rejection 

(30). P 2 1 C,P1/WAF1 is a marker of cellular senescence in vitro (31) and had
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not been associated with human kidney aging in my studies (chapter 5). 

Since p21C!P1/WAF1 is the main transactivational target of p53 (32;33), its 

increase could be the result of telomere shortening. Telomere shortening 

has been observed in a rat model of “chronic rejection” (34). Even though 

these results have to be seen in context with my own data showing that 

normal rodent cells with telomerase expression do not use the telomere 

mechanism in kidney aging (chapter 3 and 4) (17), they provide another 

piece of evidence that mechanisms also involved in cellular senecence 

could play a role in allograft nephropathy.

The intense cytoplasmic staining was an additional feature that I 

have almost never observed in normal aging. Cytoplasmic p16INK4a staining 

has been observed previously in certain cancer types {8182} and has been 

associated with more aggressive tumors (35). However, its relevance in 

non-malignant cells is completely unclear. I did not observe cytoplasmic 

staining in any of the mouse or rat kidneys, including the ones with acute 

rejection. This suggests that the cytoplasmic staining is a feature unique to 

human cells and might reflect some chronic changes. Further studies are 

necessary to evaluate the importance of cytoplasmic p16INK4a staining.

Future studies to prove the hypothesis that senescence is an 

important pathomechanism in chronic renal disease must show that the 

senescence mechanisms have real pathophysiological importance. One 

approach would be to specifically target particular senescence markers,
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e.g. by studying the p16INK4a knockout mouse. Based on the current results, 

the acceleration of senescent changes induced by transplantation should 

be blunted in such animals. However, it is also possible that we will see 

other problems in these kidneys when they are stressed, such as tumors. It 

is also possible that there is redundancy in the cell cycle regulation in 

senescence, and that it will require multiple knockouts to obtain a 

phenotype. Thus p16INK4a may be a convenient marker but not sufficient or 

necessary in itself.

In clinical trials, one could prospectively assess human transplants 

to show that preexisting senescent changes are predictors of later 

development of AN. These studies will provide the opportunity to assess 

kidneys considered for transplantation more accurately. It might also enable 

us in the later future to target the senescence pathway pharmacologically. 

Both advances would improve graft survival in renal transplant patients.
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Table 7.1: Demographic data for the 14 individuals from whom the biopsies were 
derived.

Mean ± SD Minimum - Maximum

Patient age (years) 46.2 ± 15.1 16.7 to 70.0
Creatinine (pmol/L) at AN 246.9 ± 90.3 120 to 390
Donor age (years) 35.4 ± 13.4 19.2 to 59.1
Time since transplantation (years) 4.8 ± 3.5 0.3 to 11.4
Gender (m/f) 10/4
History of acute rejection 3/14
Donation (CD/LD) 11/3

An, allograft nephropathy; CD, cadaveric donation; LD, living donation
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Table 7.2: Banff scores for the 28 biopsies. Biopsies are either prior to 
transplantation (Implantation Bx) or at the time the diagnosis allograft nephropathy 
(AN Bx) was made.

Biopsy Donor
age

G I T V CG Cl CT CV AH

#1 Implantation 40.9 0 0 0 0 0
AN 43.6 0 1 1 0 0 2 2 2 0

#2 Implantation 29.7 0 0 0 0 0 0 0 0 1
AN 36.7 0 1 0 0 0 3 3 3 0

#3 Implantation 26.6 0 0 0 0 2
AN 31.1 0 2 0 0 0 2 1 1 1

#4 Implantation 21.1 0 0 0 0
AN 31.7 0 1 1 0 0 2 2 0 1

#5 Implantation 45.0 0 1 0 0 0 1 1 0 1
AN 52.1 0 1 1 0 0 2 2 1 2

#6 Implantation 59.1 0 1 0 0 2
AN 62.7 0 1 2 0 1 3 3 2 1

#7 Implantation 27.7 0 0 0 0 0
AN 29.0 0 1 1 0 1 2 2 2 1

#8 Implantation 37.2 0 1 1 0 0
AN 39.9 0 1 0 0 0 2 1 2 0

#9 Implantation 46.0 0 0 0 0 0
AN 47.9 0 1 1 0 0 2 2 0 3

#10 Implantation 40.2 0 0 0 0
AN 45.9 0 0 1 0 1 2 2 1 2

#11 Implantation 25.1 0 0 0 0
AN 31.9 0 1 0 0 0 2 2 2 2

#12 Implantation 57.8 0 0 0 0 2
AN 59.0 0 1 0 0 0 1 1 2 2

#13 Implantation 19.2 0 0 0 0
AN 30.6 0 1 0 0 0 2 2 3 3

#14 Implantation 19.4 0 0 0 0 1
AN 19.7 0 1 0 0 0 1 1 2 0

G, glomerulitis; I, interstitial infiltrate; T, tubulitis; V, vasculitis; CG, allograft glomerulopathy; 
Cl, interstitial fibrosis; CT, tubular atrophy; CV, vascular fibrous intimal thickening; AH, 
arteriolar hyaline thickening. These changes are based on the Banff score for renal 
allograft pathology (36). Changes were assessed from 0 to 3, with 0 being no changes and 
3 being the most possibly changes.
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7.6 Figures
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Figure 7.1: Kidney biopsies showing p16INK4a staining prior to and after 
transplantation. (A) Implantation biopsy of a 19-year old donor. (B) Biopsy 
diagnostic for allograft nephropathy showing increase in nuclear and cytoplasmic 
staining of tubules.
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Figure 7.2: Kidney biopsy showing p16,NK4a staining affecting one nephron. This 
biopsy was taken almost 3 years after transplantation and was diagnostic for 
allograft nephropathy. Donor age at time of transplantation had been 41 years. 
The staining was nuclear and cytoplasmic. The pattern suggested that a whole 
nephron (glomerulus and tubuli) was affected.
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Figure 7.3: P16INK4a protein expression in tubular cells in 14 human kidney 
biopsies. Only nuclear staining was assessed. Implantation biopsy was taken at 
the time of transplantation and allograft nephropathy (AN) biopsy was taken at 
various times after transplantation (see table). Crosses (x) reflect individual values 
and dots (•) reflect mean value.
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Figure 7.4: P16INK4a protein expression in glomeruli in 14 human kidney biopsies. 
Only nuclear staining was assessed. Implantation biopsy was taken at the time of 
transplantation and allograft nephropathy (AN) biopsy was taken at various times 
after transplantation (see table). Crosses (x) reflect individual values and dots (•) 
reflect mean value.
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Figure 7.5: P16INK4a protein expression in interstitial cells in 14 human kidney 
biopsies. Only nuclear staining was assessed. Implantation biopsy was taken at 
the time of transplantation and allograft nephropathy (AN) biopsy was taken at 
various times after transplantation (see table). Crosses (x) reflect individual values 
and dots (•) reflect mean value.
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Figure 7.6: P16lNK4a protein expression in arteries in 14 human kidney biopsies. 
Only nuclear staining was assessed. Implantation biopsy was taken at the time of 
transplantation and allograft nephropathy (AN) biopsy was taken at various times 
after transplantation (see table). Crosses (x) reflect individual values and dots (•) 
reflect mean value.
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Figure 7.7: P16INK4a protein expression measured as cytoplasmic staining of 
tubular cross sections in 14 human kidney biopsies. Implantation biopsy was taken 
at the time of transplantation and allograft nephropathy (AN) biopsy was taken at 
various times after transplantation (see table). Crosses (x) reflect individual values 
and dots (•) reflect mean value.
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Chapter 8 

General Discussion and Conclusions

Portions of this chapter will be published.

Anette Melk: Senescence of renal cells -  molecular basis and clinical 

implications. Nephrology Dialysis Transplantation 2003; in press. Used with 

permission of Oxford University Press.
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8.1 Introduction

Renal senescence has many implications for nephrology, including 

normal aging, increased incidence in end stage renal disease (ESRD), 

poorer graft survival and increased cancer rates. The phenotype of renal 

senescence is characterized by the loss of function, cells, and nephron 

mass. I hypothesized that the loss of functioning cells and units in aging 

and diseased kidneys could follow molecular pathways that had been 

described for cellular senescence. The mechanism leading to cellular 

senescence had been studied extensively in human fibroblasts and mouse 

embryonic fibroblasts in vitro. In vivo studies had mainly involved 

leukocytes, but no studies had addressed the kidney. Because of the lack 

of studies showing that cellular senescence can be found in aging kidney, 

the first part of my studies had to establish this relationship. I therefore 

examined whether molecular changes and pathways involved in cellular 

senescence in vitro would occur in aged kidneys in vivo. I also assessed 

their relative contribution in different species, in particular human and 

rodent (mouse and rat), and their relevance to renal aging. For the second 

part of my studies, I focused on the importance of those senescence 

markers that I had found to be associated with renal senescence for 

disease states. I chose to investigate injuries occurring during 

transplantation and assessed cellular senescence for acute changes due to 

ischemia-reperfusion and rejection and for chronic changes in allograft
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nephropathy.

8.2 Objectives of the thesis

The major objectives of this thesis have been:

1. The description of the molecular basis of renal senescence by 

defining features of in vitro cellular senescence in kidneys in vivo.

2. The documentation of possible differences in renal senescence 

between human and rodent kidneys in vivo.

3. The definition of features of cellular senescence in kidneys prior to 

and after transplantation.

8.3 Evidence for cellular senescence in kidneys in vivo

8.3.1 Telomere Shortening

Telomere shortening is the cause of replicative senescence in 

human fibroblasts in culture (1). I have shown that telomeres become 

shorter in human kidneys with age, and that the rate of loss is greater in 

cortex than in medulla (chapter 2) (2). I also found long telomeres, 

continued telomerase expression, and the lack of critical telomere 

shortening with aging in rat (chapter 3) and mouse kidneys (chapter 4) 

(3;4). Telomeres were about fourfold longer in rodent kidneys than in 

human kidneys. The species differences with aging support the conclusion 

that mouse and rat cells in vivo, like mouse embryonic fibroblasts in vitro,
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do not use telomere shortening as a replication counter, but human cells 

do. This is illustrated in figure 8.1. The fact that mouse and rat kidneys have 

telomeres that remain long even in aging must be taken into account when 

using mouse and rat models to explain human diseases as long telomeres 

and continued telomerase expression may protect against the 

consequences of injury. Mice deficient in telomerase activity show 

progressive telomere loss with increased susceptibility to liver injury (5) and 

renal dysfunction (6). The role of telomere function in injury and repair could 

be relevant to the high susceptibility of aged human kidneys to disease due 

to a decreased capability to withstand stress.

8.3.2 Cellular senescence reached by other mechanisms

In addition to replication, the exposure of primary mammalian cells 

to certain types of stress had been shown to trigger a permanent and 

irreversible proliferation arrest that results in a senescence-like phenotype 

(“stimulation and stress-induced senescent-like arrest”, STASIS) (7). It can 

be reached by DNA damage, oxidative stress, Ras induction, and 

epigenetic alterations.

The cell cycle regulators and tumor suppressors p16INK4a and 

p19ARF (and its human equivalent p14ARF) have been associated with this 

non-replication dependent growth arrest (8-10) and were of additional 

interest because of the differences between species. P16INK4a and p19ARF
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have overlapping and complementary roles in mouse embryonic fibroblasts 

growth arrest in vitro (11) with the notion that p19ARF is more potent (12). In 

human fibroblasts p16!NK4a but not p14ARF (13) mediates irreversible cell 

cycle arrest leading into senescence.

I investigated several candidate genes (e.g. p16INK4a, p14/p19ARF, 

p21WAFi/ciPi) heat shock proteins, TGF-p, PAI-1, metallothioneins, GADD45) 

that had been reported to be altered in senescence in vitro and found the 

most striking correlation with renal aging for the cell cycle regulator p16,NK4a 

in human (chapter 5) (14) as well as in mouse and rat kidneys (chapter 3 

and 4) (3;4;15). P14ARF did not change with age in human kidney but p19ARF 

was highly expressed during development and aging in mouse kidney. 

These results suggest that human and mouse cells undergo cell cycle 

regulatory events during aging in vivo that are similar to those in culture in 

response to environmental stresses (figure 8.1). Young cells in vitro, and 

renal cells of young humans and rodents, do not seem to rely on p16INK4a 

for cell cycle arrest. But as cells or kidneys age, there is a progressive 

increase in the number of cells expressing p16,NK4a and exiting the cell 

cycle. The high numbers of cells expressing p16INK4a could limit repair and 

even homeostasis in the aging kidney. The remarkable changes in p16INK4a 

are highlighted by the lack of change in many of the other genes 

investigated, suggesting a role for some but not all in vitro senescent 

features for in vivo kidney aging. This observation suggests that renal aging
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has relatively little effect on transcription. This hypothesis is supported by 

my findings from microarray studies in human and mouse (16). Presumably 

this is a protective mechanism that eliminates cells with damage, thereby 

limiting their contribution to transcription and is part of the anticancer 

defense (17).

8.3.3 In vivo senescence marker

I investigated two markers of cellular senescence in vitro that had 

previously been shown to be important in vivo in other organs. SA-p-GAL 

probably reflects an increased lysosome content of senescent cells (18;19) 

and lipofuscin, the well known “aging pigment”, was recently suggested to 

be not simply an “innocent” bystander but rather a contributor to the aging 

process (20). My data revealed a striking association between SA-p-GAL, 

lipofuscin, and aging for rat kidney. Both markers were present in tubular 

cells and increased with age. In rat kidney, this increase was exponential 

and lipofuscin showed a strong association with atrophic tubules (chapter 

3). Aged human kidneys showed a similar pattern for lipofuscin, but the 

increase with age was less steep and the increase in SA-p-GAL was not 

significant (chapter 5). Old mouse kidneys showed the least amount of 

lipofuscin and SA-p-GAL when compared to the other species (chapter 4). 

Lipofuscin and SA-p-GAL may both be manifestations of impaired 

homeostasis of cell organelles with age.
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8.4 Evidence for cellular senescence in transplantation

A special case for possible interaction of underlying renal 

senescence and imposed stresses might be the poor performance of 

transplanted kidneys from older donors, particularly cadaveric donors (21). 

Our group had hypothesized that senescent cells could contribute to the 

diminished ability of the old donor kidney to withstand peritransplant (brain 

death, preservation) as well as posttransplant (rejection, hypertension) 

stresses, resulting in a higher incidence of allograft nephropathy and poorer 

graft survival (22).

8.4.1 Acute rejection

Transplanted kidneys from older donors perform badly compared to 

their younger counterparts as reflected by their poorer graft survival (23-27). 

They have a higher incidence of delayed graft function (DGF) (21), but even 

with immediate function their performance is only as good as young organs 

with delayed graft function (28). This suggests that stresses occurring 

during and after the transplantation process might add to the burden of age 

that the old organ already carries. Old donor kidneys that do experience 

acute rejection episodes do worse than young donor kidneys (29). Again, 

this suggests an acceleration of the senescence process by additional 

stresses such as rejection.

In a vascularized, fully MHC mismatched mouse transplant model
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(chapter 6), I have found that acute rejection in kidneys from 18 month 

donors not only induced p16INK4a and p19ARF but also led to the rapid 

development of tubular atrophy and loss of tubular cells, despite similar 

host immune response and donor immunogenicity when compared to 3 

month donors (30;31). At day 7 after transplantation, the increases in 

p16!NK4a were higher in old kidneys when compared to young kidneys, 

whereas the increases were similar for p19ARF. At day 21, an additional 

increase occurred for both genes that was greater in young transplants for 

p19ARF. For both, p16lNK4a and p19ARF, the increase after transplantation 

was additive to the preexisting p16lNK4a and p19ARF expression in old 

kidneys. These results suggested that older donor age led to faster 

deterioration and atrophy of the parenchyma when rejection occurred. They 

are consistent with the idea that p16INK4a and p19ARF cause irreversible cell 

cycle arrest that might limit the capability of the old donor kidney to repair 

peritransplant injuries and maintain organ mass and function.

8.4.2 Cellular senescence in allograft nephropathy

Allograft nephropathy and normal renal aging show similar features. 

In both cases, loss of function and loss of renal mass has been observed 

(32). The histological features of allograft nephropathy overlap those of 

aging with the occurrence of tubular atrophy, interstitial fibrosis and fibrous 

intimal thickening (33;34). Allograft nephropathy is strongly correlated with
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donor age and posttransplant injuries such as brain death, DGF, and 

rejection. Based on these similarities, the importance of allograft

nephropathy for long-term graft failure and my previous finding that p16INK4a 

expression was associated with human renal aging (chapter 5), led to the 

question of whether p16INK4a expression would be detectable in allograft 

nephropathy.

I observed a steep increase in p16INK4a in human allograft

nephropathy biopsies compared to their paired biopsies at time of

implantation (chapter 7). Others have found increased p21WAF1/CIP1

expression in human allograft nephropathy (35) and telomere shortening in 

a rat model of “chronic rejection” (36). My own data and the data from the 

literature showed that certain features that are displayed by senescent cells 

in culture could be detected in allograft nephropathy in vivo. This suggested 

that peri- and posttransplant stresses are able to induce features of 

senescence independent of age and could be causal for the observed 

malfunction.

8.5 Summary of the findings

The major findings of this thesis have been:

1. Certain features of cellular senescence occurred in the kidney in

vivo with age.

2. The species differences for kidneys in vivo resembled the
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differences described for fibroblasts in vitro.

3. Transplantation led to the occurrence of senescence features.

4. Senescence limited the capability of older kidneys to withstand

peritransplant injuries.

5. Allograft nephropathy showed increases in p16lNK4a.

8.6 Implications for nephrology and transplantation

In renal senescence, some cells drop out completely, some persist 

in damaged form (atrophic tubular cells) and others develop features that 

are seen in senescent cells in vitro. The potential importance of persisting 

cells with such features in vivo might be that they compromise the function 

and integrity of the tissue, since ordinarily the organized tissue rather than 

the individual cell accounts for function. My results are compatible with the 

hypothesis that some mechanisms contributing to senescence of somatic 

cells in vitro also play a role in aging phenotypes in the kidney in vivo. 

Measurements of senescence changes could emerge as better markers for 

function or biological age, adding to existing assessments such as 

histological findings and chronological age. We might find that the renal 

cells displaying features of senescence such as increased p16INK4a 

expression and shortened telomeres do not affect kidney function under 

normal conditions. This is supported by the clinical observation that ESRD 

remains uncommon in the elderly and that the majority of the elderly that do
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not have other age-related diseases have normal renal function (37-39). 

However, based on my findings it seems likely that processes of renal 

senescence result in a decreased ability of the aged nephron to cope with 

disease stresses and that the measurement of markers such as p16INK4a or 

telomere length might help to explain the performance of a kidney under 

stress.

The pathogenesis of chronic renal failure is poorly understood. In 

the early sixties, Bricker showed that in failing (and aging) kidneys the 

functioning nephrons are intact, i.e. nephrons with partial function are 

eliminated. That means that a glomerulus cannot exist without its tubuli and 

vice versa (40). Subsequently many mechanisms have been described that 

are involved in the process of chronic renal failure. A considerable amount 

of data has been generated looking at the mechanisms regulating or 

generating interstitial fibrosis or glomerular sclerosis. However, up to now 

no mechanism has been identified that explains how nephrons are shut 

down as the key event in renal failure. It is possible that senescence of 

renal cells contributes to progression of chronic renal failure. The kidney 

had been considered to be an almost non-replicating, post-mitotic organ. 

During the last ten years it has been shown that there is replication, even in 

the healthy kidney (41). My studies support these findings by showing that 

some features of cells with replicative senescence occur in the healthy 

kidney with age. In addition to replicative stress, oxidative stress can cause

299

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



telomere shortening and therefore accelerate senescence. This is in 

agreement with my data showing factors such as p16INK4 involved in the 

stress induced STASIS pathway are increased with aging and can be 

induced by stresses surrounding transplantation in vivo.

Based on the findings in transplanted kidneys, one could propose 

that induction or “acceleration” of features found in cellular senescence in 

vitro might be a common pathway for other chronic renal diseases. P16INK4a 

expression and/or telomere shortening could be causal in the development 

of tubular atrophy and interstitial fibrosis. In addition, age-related diseases 

might accelerate the changes contributing to the phenotype of renal 

senescence. The observation that telomeres are shorter in intimal cells from 

arteries exposed to higher blood pressure (42) would suggest an important 

role for hypertension. My own data on telomere length in renal arteries (not 

presented in this thesis) did not suggest that telomeres in arteries were 

shorter when compared to renal tissue from the same individual. However, 

since I did not study a large enough population, I cannot comment on the 

effect hypertension might have had on telomere length.

The hypothesis that kidney cells reach a “senescence-like” state (by 

showing some of the features seen in cellular senescence in vitro) and that 

this might be the critical event in chronic renal failure raises the question of 

which cells are required for this event. The well-known features of chronic 

renal failure like tubular atrophy, interstitial fibrosis and glomerular sclerosis
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could be explained as reactive or reparative events triggered by 

senescence of such cells. Based on my studies, these key cells might be 

epithelial cells: the increases of senescence changes (p16INK4a, SA-(3-GAL, 

lipofuscin) were most pronounced in tubular as compared to glomerular, 

interstitial or vascular cells. In addition, the finding of increased p16INK4a 

expression in the macula densa might - in analogy to its function as a 

‘nephron switch’ in acute renal failure -  be of particular importance (43;44). 

The localization of these cells makes them a very likely cell type to function 

as a more general ‘final switch’ to terminate nephron life. These cells are 

able to measure the functionality of the kidney by assessing the ability to 

retain sodium and are able to shut down the perfusion of the glomerulus. 

However, one could argue that senescence of the macula densa would be 

deleterious in order to execute this function. The cells of the macula densa 

are the sensors of poor performance elsewhere, possibly the sensors of 

senescence elsewhere, and should thereby not senesce themselves in 

order to mediate nephron shutdown if necessary.

8.7 Future work

Further studies have to focus on exploring the causal relationship 

between the occurrence of senescent cells and organ function and damage. 

The experiments have to establish that mechanisms of cellular senescence 

are indeed of pathophysiological relevance, that their disruption limits
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normal aging and increases the ability of the kidney to withstand stresses, 

and that these mechanisms are important in many or even all diseases 

leading to chronic deterioration of renal function. If senescence turns out to 

have these important effects, then it will be of interest to see what cell type 

shuts the nephron down and how this shut down is mediated.

Based on my previous findings, the next step would be to prove that 

p16INK4a limits the ability of older kidneys to withstand peri- and 

posttransplant injuries. In order to do this, one could study transplantation in 

old p16INK4a knockout mice. If p16INK4a were limiting the ability to withstand 

transplantation stresses, then grafts from old p16lNK4a knockout mice will 

show less organ damage and better function when compared to wildtype 

mice. However, one could imagine that in the absence of p16INK4a, other 

mechanisms of cellular senescence may become more important. The 

candidate gene based on my studies would be p19ARF. The p16INK4a/p19ARF 

double knockout could help to define these compensatory mechanisms.

In conclusion, the observation that cells with some features of 

senescent cells in culture can be identified in kidney and seem to be 

involved in certain disease states is exciting. The establishment of the 

pathophysiological importance of senescence mechanisms will extend our 

understanding of normal kidney aging and the pathogenesis of chronic 

renal diseases.
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8.8 Figures
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Figure 8.1: Cellular senescence in renal cells in vivo. The cartoon is based on the 
results of my studies and indicates the differences between the two forms of 
cellular senescence: “replicative senescence” and “STASIS” in the different 
species. In human renal cells, short, dysfunctional telomeres will trigger a DNA 
damage response by activation of p53 and possible p16INK4a (also p16INK4a does 
not seem to be essential for “replicative senescence” based on in vitro data). P53 
leads to cell cycle arrest via its main transactivational target p21clp1/w . The 
increases seen in p16INK4a could be caused by environmental stresses (possibly 
oxidative stress) leading to the activation of the “p16/Rb pathway”. P16INK4a inhibits 
the activity of the cyclin-dependent kinases (CDKs) 4 and 6, thereby leading to 
hypophosphorylation (hypo-P) of retinoblastoma (Rb) and irreversible cell cycle 
arrest (STASIS). In mouse renal cells, replication in the presence of continuous 
telomerase expression does not result in short telomeres. Increases in p16INK4a or 
p1 9arf result in activation of the “p16/Rb pathway” or the “ARF/p53 pathway”, 
respectively. P19ARF by binding to MDM2 prevents ubiquination and degradation of 
p53. This results in cell cycle arrest (STASIS) mediated by p53 through 
p2i clp1/WAF1. njn|jke in mouse embryonic fibroblasts, p16INK4a in renal cells seems to 
be more potent than p19ARF in regulating cell cycle arrest. The discussion whether 
stress can lead to telomere shortening reflecting STASIS rather than replicative 
senescence remains controversial. However, the data on this seems to be more 
substantiated for human cells.

304

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8.9 References

1. Harley CB, Futcher AB, and Greider CW: Telomeres shorten during 
ageing of human fibroblasts. Nature 1990, 345: 458-460

2. Melk A, Ramassar V, Helms LM, Moore R, Rayner D, Solez K, and 
Halloran PF: Telomere shortening in kidneys with age. J Am Soc Nephrol 
2000, 11:444-453

3. Melk A, Kittikowit W, Sandhu I, Halloran KM, Grimm P, Schmidt BMW, and 
Halloran PF: Cell senescence in rat kidney in vivo increases with growth 
and age despite lack of telomere shortening. Kidney Int 2003, 63: 2134- 
2143

4. Melk, A., Rayner, D., Pehowich, E. D., Solez, K., and Halloran, P. F. Renal 
senescence reflects different mechanisms in human and rodent kidneys. 
Journal of the American Society of Nephrology 12, 616A-617A. 2001.

5. Rudolph KL, Chang S, Millard M, Schreiber-Agus N, and DePinho RA: 
Inhibition of experimental liver cirrhosis in mice by telomerase gene 
delivery. Science 2000, 287: 1253-1258

6. Ruiz-Torres, M. P., Perez-Rivero, G., Franco, S., Blasco, M. A., Diez-
Marques, M. L, and Rodriguez-Puyol, D. Role of telomere shortening in
renal function. The importance of oxidative damage. Journal of the 
American Society of Nephrology 13,163A. 2002.

7. Wright WE and Shay JW: Historical claims and current interpretations of 
replicative aging. Nature Biotechnology 2002, 20: 682-688

8. Weinberg RA: The retinoblastoma protein and cell cycle control. Cell 1995, 
81: 323-330

9. Serrano M, Lee H-W, Chin L, Cordon-Cardo C, Beach D, and DePinho
RA: Role of the INK4a locus in tumor suppressor and cell mortality. Cell
1996, 85: 27-37

10. Ramirez RD, Morales CP, Herbert BS, Rohde JM, Passons C, Shay JW, 
and Wright WE: Putative telomere-independent mechanisms of replicative 
aging reflect inadequate growth conditions. Genes & Development 2001, 
15: 398-403

11. Carnero A, Hudson JD, Price CM, and Beach DH: p16(INK4A) and 
p19(ARF) act in overlapping pathways in cellular immortalization. Nature 
Cell Biology 2000, 2: 148-155

12. Krimpenfort P, Quon KC, Mooi WJ, Loonstra A, and Berns A: Loss of 
p16lnk4a confers susceptibility to metastatic melanoma in mice. Nature 
2001,413: 83-86

3 0 5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13. Wei W, Hemmer RM, and Sedivy JM: Role of p14(ARF) in replicative and 
induced senescence of human fibroblasts. Mol Cell Biol 2001, 21: 6748- 
6757

14. Melk, A., Turner, P., Helms, L. M., Ramassar, V., Urmson, J., and 
Halloran, P. F. Expression of senescence regulator P16INK4a mRNA in 
some human kidney samples. Journal of the American Society of 
Nephrology 11, 461 A. 2000.

15. Melk, A., Halloran, K., Sandhu, I., Gourishankar, S., Rayner, D., Helms, L, 
and Halloran, P. F. Evidence for cellular senescence in tubular epithelium 
of rodent and human kidneys. Am J Transplant 1[Suppl 1], 230. 2001.

16. Melk, A., Halloran, P. F., and Sarwal, M. Gene expression pattern in 
human renal senescence using microarray technique. Am J Transplant 
2[3], 383. 2002.

17. Mathon NF and Lloyd AC: Cell senescence and cancer. Nat Rev Cancer 
2001, 1:203-213

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

19. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, Medrano EE, 
Linskens M, Rubelj I, Pereira-Smith O, Peacocke M, and Campisi J: A 
biomarker that identifies senescent human cells in culture and in aging 
skin in vivo. Proc Natl Acad Sci USA 1995, 92: 9363-9367

20. Sitte N, Merker K, Grune T, and von Zglinicki T: Lipofuscin accumulation in 
proliferating fibroblasts in vitro: an indicator of oxidative stress. Exp Geront 
2001,36: 475-486

21. Cecka JM: The UNOS scientific renal transplant registry. Clinical
Transplants. Edited by Cecka JM and Terasaki PI. Los Angeles, CA, 
UCLA Tissue Typing Laboratory, 1998, pp. 1-16

22. Halloran PF, Melk A, and Barth C: Rethinking chronic allograft
nephropathy: the concept of accelerated senescence. J Am Soc Nephrol
1999, 10: 167-181

23. Gjertson DW: Determinants of long term survival of adult kidney
transplants. Clinical Transplants 1999. Edited by Terasaki P and Cecka 
JM. Los Angeles, CA, UCLA Immunogenetics Center, 2000, pp. 341-352

24. Terasaki PI, Cecka JM, and Gjertson D.W.: Impact analysis: a method for 
evaluating the impact of factors in clinical renal transplantation. Clinical

306

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Transplants. Edited by Cecka JM and Terasaki PI. Los Angeles, CA, 
UCLA Tissue Typing Laboratory, 1998, pp. 437-441

25. Cicciarelli J, Iwaki Y, and Mendenz R: The influence of donor age on 
kidney graft survival in the 1990s. Clinical Transplants. Edited by Cecka 
JM and Terasaki PI. Los Angeles, CA, UCLA Tissue Typing Laboratory,
1999, pp. 335-340

26. Terasaki PI, Gjertson DW, Cecka JM, Takemoto S, and Cho YW: 
Significance of the donor age effect on kidney transplants. Clinical 
Transplants. Edited by Cecka JM and Terasaki PI. Los Angeles, CA, 
UCLA Tissue Typing Laboratory, 1997, pp. 366-372

27. Prommool S, Jhangri GS, Cockfield SM, and Hailoran PF; Time 
dependency of factors affecting renal allograft survival. J Am Soc Nephrol
2000, 11: 565-573

28. Boom H, Mallat MJ, de Fijter JW, Zwinderman AH, and Paul LC: Delayed 
graft function influences renal function, but not survival. Kidney Int 2000, 
58: 859-866

29. de Fijter JW, Mallat MJ, Doxiadis II, Ringers J, Rosendaal FR, Claas FH, 
and Paul LC: Increased immunogenicity and cause of graft loss of old 
donor kidneys. J Am Soc Nephrol 2001,12:1538-1546

30. Melk, A., Schmidt, B. M. W., Takeuchi, O., Urmson, J., and Halloran, P. F. 
Senescence marker p16INK4a is induced in acute rejection: evidence that 
rejection induces epithelial cell senescence. Am J Transplant. 2003.

31. Melk, A., Schmidt, B. M. W., Urmson, J., Solez, K., and Halloran, P. F. 
Does donor age affect immunogenicity or tissue fragility? Evidence that 
old kidneys develop equivalent inflammation but more tubulitis and tubular 
atrophy. Am J Transplant. 2003.

32. Moreso F, Lopez M, Vallejos A, Giordani C, Riera L, Fulladosa X, Hueso 
M, Alsina J, Grinyo JM, and Seron D: Serial protocol biopsies to quantify 
the progression of chronic transplant nephropathy in stable renal 
allografts. Am J Transplant 2001, 1: 82-88

33. Pannu N and Halloran PF: The kidney in aging. Primer on Kidney 
Diseases. Edited by Greenberg A. San Diego, CA, Academic Press, 2001, 
pp. 377-381

34. Kasiske BL, Kalil RSN, Lee HS, and Rao V: Histopathologic findings 
associated with a chronic, progressive decline in renal allograft function. 
Kidney Int 1991, 40: 514-524

35. Chkhotua AB, Altimari A, Gabusi E, D'Errico A, Yakubovich M, Vienken J, 
Stefoni S, Chieco P, Yussim A, and Grigioni WF: Increased expression of

307

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



P21((WAF1/CIP1)) CDKI gene in chronic allograft nephropathy correlating 
with the number of acute rejection episodes. Transplant Proc 2003, 35: 
655-658

36. Joosten SA, Van H, V, Nolan CE, Borrias MC, Jardine AG, Shiels PG, Van 
Kooten C, and Paul LC: Telomere shortening and cellular senescence in a 
model of chronic renal allograft rejection. Am 3 Pathol 2003, 162: 1305- 
1312

37. Lindeman RD, Tobin J, and Shock NW: Longitudinal studies on the rate of 
decline in renal function with age. J Amer Ger Soc 1985, 33: 278-285

38. Fliser D, Franek E, Joest M, Block S, Mutschler E, and Ritz E: Renal 
function in the elderly: impact of hypertension and cardiac function. Kidney 
Int 1997, 51:1196-1204

39. Fliser D, Zeier M, Nowack R, and Ritz E: Renal functional reserve in 
healthy elderly subjects. J Am Soc Nephrol 1993, 3: 1371-1377

40. Bricker NS, Morrin PAF, and Kime SW, Jr.: The pathologic physiology of 
chronic Bright's disease. An exposition of the "intact nephron hypothesis". 
J Am Soc Nephrol 1997, 8:1470-1476

41. Nadasdy T, Laszik Z, Blick KE, Johnson LD, and Silva FG: Proliferative 
activity of intrinsic cell populations in the normal human kidney. J Am Soc 
Nephrol 1994, 4: 2032-2039

42. Chang E and Harley CB: Telomere length and replicative aging in human 
vascular tissues. Proc Natl Acad Sci USA 1995, 92: 11190-11194

43. Thurau K and Schnermann J: The Na concentration of the macula densa 
cells as a factor regulating glomerular filtration rate (micropuncture 
studies). 1965. J Am Soc Nephrol 1998, 9: 925-934

44. Schnermann J and Levine DZ: Paracrine factors in tubuloglomerular 
feedback: Adenosine, ATP, and Nitric Oxide. Annu Rev Physiol 2003, 65: 
501-529

308

permission of the copyright owner. Further reproduction prohibited without permission.



OXFORD
UNIVERSITY PRESS

R ights and New Business Development, Journa ls
IK

02/06/03

Dr A nette  M e lk

BO) 407 3417 

Dear D r M e lk

NEPHROLOGY DIALYSIS TRANSPLANTATION, "Senescence o f Renal Cells.../’ (In Press) J

Thank you fo r your em ail dated 30 May 2003, requesting perm ission to  re p rin t the above m ate ria l. 
O ur perm ission is granted w ith o u t fee to  reproduce the  m ate ria l, as you are the o rig in a l author.

Use o f the  a rtic le  is restric ted  to  your thesis, available in  prin t fo rm a t only, to  be used on ly  in  the  
English Language. This perm ission is lim ite d  to  th is  p a rticu la r use and does no t a llow  you to  use i t  
elsewhere or in  any o ther fo rm at other than  specified above. Should your thesis be pub lished 
com m ercia lly, please reapply fo r perm ission.

Please include a cred it lin e  in  your pub lica tion  c itin g  fu ll details o f the O xford U n ivers ity  Press 
p u b lica tio n  w h ich  is the source o f the m ate ria l and by perm ission o f O xford U n ivers ity  Press o r the 
sponsoring society i f  th is  is a society jou rna l.

I f  the c re d it lin e  or acknowledgem ent in  our pub lica tion  indicates th a t m a te ria l in c lud ing  any 
illu s tra tions/figu res etc was draw n or m od ified  fro m  an ea rlie r source i t  w ill be necessary fo r you to  
also clear perm ission w ith  the o rig ina l pub lisher. I f  th is  perm ission has no t been obtained, please 
note th a t th is  m ate ria l cannot be included in  your publication/photocopies.

Please do n o t hesitate to  contact me i f  I can be o f any fu rth e r assistance.

Yours sincerely,

1 Fiona W illis
Head o f R ights and New Business Developm ent

For an online permissions forms visit our web site at:
h ttp//3V3Yw3,QUj?,m i

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



° l ffiLLIAMS&fflLKINS @1001/002

k JdhnsonjGvren.

From:
Sent:
To. an—  _
Subject RE: Copyright permission

Dear Gwen, We will indicate in the thesis that Lippincott Williams fi 
Wilkins
is the original source and copyright owner. However, can you fax and 

mail us an official letter. The university will not accept an emailed 
permission.
thanks

From:
To: 1 ,ca
Subject: RE: Copyright permission
Date sent: Mon, 16 Jun 2003 11:17:36 -0400
> D ear Ms. Buck,
> Permission is granted to reproduce the requested material for use in your
> academic thesis/dissertation. Permission is granted provided a prominent
> credit line is placed stating the original source and copyright owner
> Lippincott Williams £ Wilkins.
>
>
>
> Gwen Johnson
> Sen. Permissions Coordinator
> Wolters Kluwer Health
> Medical Research

> http: I /www.lww.com/resources/permissions/journals .html
> Chttp:/ /www.lww.com/resources/perroissions/journals.html>
>

>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>

Fra
Sen
To:
Cc:
Subject: Copyright permission

Lberta.ca]

To; Lippincott,
Publisher

Williams & Wilkins
/

Permission is granted to reproduce the 
requested material for use in your academic 
thesis/dissertation. Permission is granted 
provided a prominent credit line is placed 
stating the original source and copyright owner, 
©  Lippincott Williams & Wilkins.

Iidate: 8

uDr. Anette Melk is requesting permission to use two articles that were 
published in JASN in her PhD thesis to be completed at the University of 
Alberta. The thesis will be published through the University of Alberta. 
The articles are listed below:
1. Melk, A. "Telomere Shortening in Kidneys with Age" J Am Soc Nephrol 
1 1 : 4 4 4 - 4 5 3 ,  2 0 0 0
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> 2. Melk, A. "Cell Senescence and its Implications for Nephrology, J Am Soc ^
> -Nephrol 12: 385-393, 2001
>
> Please send original letter by regular mail to the mailing address below and
> one by fax if possible.
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Kathleen Buck 
Assistant to
Drs. Allan Murray & Philio F. Halloran
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Dr Anette Melk
#  Blackwell

Publishing

29th May 2003 

Dear Dr Melk,

Re: ‘M elk. Kidney International Volume 63 (6) pp 2134-2143’ .

Permission is granted for you to use the material specified above in your forthcoming thesis. 
This is subject to the usual acknowledgements and on the understanding that nowhere in the 
original text do we acknowledge another source for the requested material. Non-exclusive 
world English Language rights granted, print and electronic.

Many thanks for your time. If you have any queries, please do not hesitate to contact me. 

Yours Sincerely,

Ames
Berlin

Boston
Copenhagen

Edinburgh
Melbourne

Oxford
Paris

Tokyo
Vienna
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