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Renal nephropathy present in male Wistar rats more than 13
months of age was reported as an indication that the rats were in
renal failure. In this study, the renal tissue damage at 14 months
of age in male Munich Wistar rats was similar to that reported for
Wistar rats, indicating that Munich Wistar rats could be another
model for study of kidney function in the aging rat. The usual
renal response to Injury involves Increased cell division and/or
reparative processes that involve tyrosine kinase activity (TyrK)
and/or guanosine triphosphate-binding (G) protein signal trans-
duction pathways. This study reveals the presence of renal
tissue damage coinciding with significantly reduced activitiy of
Ras, Akt, and p34cdc2 kinase, the signaling proteins that
regulate cell division and/or growth, in renal cortical tissues of
aging rats compared to young rats (P < 0.005, P < 0.005,and P
< 0.001, respectively). These results suggest that proteins
involved in signal transduction pathways associated with cell
replication are downregulated in the aging kidney cortex at a
time when renal cellular damage is also present. Exp Bioi Med
229:850-856,2004
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Introduction
Along with a progressive decline in renal function,

humans and rats undergo the development of an observable
cytologic renal pathology that occurs with aging. Glomer-
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ulosclerosis, interstitial fibrosis, infiltration by inflammatory
cells, and tubular casts have been described in the kidneyS
of aging humans and rats (1-3). Detailed renal pathological
changes associated with aging in male Wistar rats have also
been described (4). By 13 to 18 months of age, renal disease
was described as the cause for 88% of the morbidity found
in the studied rats and the cause for 58% of the morbidity
found in 19- to 21-month-old rats. The primary histological
findings were chronic nephropathy including interstitial
fibrosis with lymphocyte infiltrates and tubular dilation and
casts (4).

It has been observed that the response of the normal
mature adult kidney to injury involves cellular and
molecular reparative or replacement processes (5, 6). In a
previous study, we found a downregulation of guanosine
triphosphate (GTP)-binding (G) protein, GOtS' tyrosine
kinase (TyrK), and mitogen-activated protein kinase
(MAPK) in renal cortical tissue of aging rats (7). Down-
regulation of these important signaling compounds would
be expected to result in downregulation of cellular repair
and replacement (8). As indicated by the studies in yeast
cells, external signals for cell protein production and/or
growth include signals from membrane receptors, which
suggests that activated TyrK type receptors can activate ras
p2l small G protein (Ras) through a son of sevenless
intermediate step to propagate signals to activate cytoplas-
mic kinases including MAPK (9-14). Another pathway can
act through G proteins and/or TyrK to activate PI-3 kinase,
and the activation of Akt (protein kinase B) is another likely
mechanism by which membrane signaling agonists relay
activity to the interior of the cell (13, 15-17). Further
downstream, cyclins are nuclear regulatory proteins that
form complexes with p34cdc2 kinase. Increased activity of
p34cdc2 kinase and its association with cyclin B would
likely indicate decreased cell replication and/or a decrease in
cell regeneration. It is likely that a downregulation in the
function of these regulatory signaling agents would result in
loss of cell growth and/or turnover. Reduced cellular
regeneration would result in a reduction in the proportion
of "healthy" cells and therefore the increased occurrence of
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cells that appear degraded in the renal cortex of aging male
rats.

First, we proposed that if pathocytology occurs as an
aging process that is characteristic of rats, then it should be
found in more than one strain (Wistar; Ref. 4) and would
likely occur in Munich Wistar rats. Second, we proposed
that any loss of cellular integrity of structures in the renal
COrtex that is characteristic of aging in the male Munich
Wistar rats would likely occur in spite of upregulation of
cellular growth and repair processes. In fact, we hypothe-
sized the presence of a downregulation of those signaling
compounds could be associated with reduced cellular repair
and replacement.

Materials and Methods
Rationale for Selecting 4-Month-Old Rats as

Mature Adult Rats. Beta-I and beta-Z adrenergic recep-
tors that regulate glucose output are mature in 2- to 3-
month-old rats (18), and vascular distribution in the prostate
gland is completed in 3-month-old rats (19). Thus, we
Consider 4 ± 0.5-month-old rats (367 ± 10 g body wt) as
Young adult subjects that have reached a mature stage of
life.

Rationale for Selecting 14-Month-Old Rats as
the Aging Group. Previous studies have shown that 14 of
15 male rats develop some chronic renal failure by 12
months of age (4). The primary histological findings in that
stUdy were chronic nephropathy, including interstitial
fibrosis with lymphocyte infiltrates, and tubular dilation
and cysts, which were large and in many cases appearing to
lead to hydronephrosis. Therefore, by 14 ± 1 months of age
(441 ± 9 g body wt), we expected that renal tissue in male
rats would clearly demonstrate areas of loss of renal cellular
integrity. In this study, the appearance of renal damage was
the primary criteria to distinguish between a young adult

and an aging rat.
In the current investigation, Munich Wistar rats were

Obtained from Simonsen Laboratories (Gilroy, CA) at 3.5
~ months of age and 8 months of age. Aging of animals was
completed in the Animal Care Center at the University of
louisville. Rats were housed individually in an environ-
mentally monitored animal care facility and were provided
food and water consumption ad libitum. At the time of
sacrifice, the rats were administered pentobarbital for
anesthesia, 50 mg/kg pentobarbital (i.p.), and placed on a
temperature-regulated heating pad during the time of
Surgery. Every attempt was made to reduce the rat's strain
and discomfort prior to and during the surgery. All animal
procedures in this study were approved by the Institutional
Animal Care and Use Committee at the University of
louisville.

HistOlogy. In anesthetized rats, retrograde cannula-
tion of the abdominal aorta was performed and the
circulation of the rat, including the kidney circulation, was
flushed with 50 ml of ice-cold phosphate-buffered saline

(PBS). The kidneys were removed, weighed, and bivalved
along the longitudinal axis. Each half was placed into a
tissue cassette. The cassettes were then placed into 10%
neutral-buffered formalin for fixation. Further tissue pro-
cessing included continuation of exposure to fresh 10%
neutral-buffered formalin, followed by dehydration of the
tissue and clearing of the tissue and finally infiltratration of
the tissue with paraffin. The processed tissue was then
placed into a paraffin block, sectioned into 5-l.lm sections,
and stained with hematoxylin and eosin as well as periodic
acid-Schiff (PAS) stains. Sections were examined for
glomerular, tubular, and interstitial changes via observation
of hematoxylin and eosin and periodic acid-Schiff stains.
Three low-power fields (X4) from each of 4 longitudinal
kidney sections were examined for glomerular counts. One
field from each pole of the kidney as well as one from
midportion of the sample were examined. These counts
were averaged to give an average glomerular count per low-
power field (lpt) in each kidney. Because all low-power
fields would have the same diameter and the thickness of the
tissue was the same in all cases, it is reasonable that the
average glomerular count/low-power field would be an
estimate of the number of glomeruli per standard unit of
kidney mass. Twenty random glomeruli from four different
areas in the longitudinal section from a given kidney section
were measured with an ocular micrometer to determine the
average glomerular diameter (in millimeters) per section of
tissue. The diameters from each of the four blocks were then
averaged to give an average glomerular diameter per kidney.

Renal Cortical Tissue. Rat kidneys flushed with
PBS were obtained as described above. Methods of tissue
extraction and homogenization were similar to those
described previously (7). The kidneys were then decapsu-
lated, and the cortex was separated from the medulla.
Cortical tissues were homogenized in a 10 mM potassium
phosphate buffer at pH 7.7 containing 250 mM sucrose, 1
mM EDTA, 0.1 mM PMSF; 1 mg/ml each of leupeptin,
pepstatin A, and aprotonin; and 0.25% Triton-X 100. The
homogenates were centrifuged at 3,000 g at 4°C to remove
large particles and then at 15,000 g for 45 mins to separate
membranes from cytosolic fractions. Supernatants were kept
frozen at -70°C until ready to be analyzed. Protein was
measured by using Bio-Rad protein assay reagent (Bio Rad,
Hercules, CA) using bovine serum albumin as a standard.

Immunoblotting To Determine Ras. The proce-
dure for Western blotting was similar to that previously
published with some modification (7, 20). Approximately
200 ug of supernatant protein from the homogenates of
renal cortex were incubated in sodium dodecyl sulfate
(SDS) sample buffer at 95°C for 5 mins. Proteins were
separated by 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE.) Protein standards of
known molecular weight markers (Bio-Rad) and a positive
control of the appropriate protein were concurrently run.
Proteins were then transferred to polyvinylidene difluoride
(PVDF) membranes using a Mini-Transblot (Bio-Rad),
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Blots were incubated in a blocking solution (6% nonfat dry
milk) at room temperature. Fol1owing two washes with
TIBS (15 mM Tris-HCl; pH 8.0, 160 mM NaCl, and 0.05%
Tween-20), PVDF membranes were incubated overnight at
4°C with a rabbit polyclonal IgG antibody specific for Ras
(Santa Cruz, Santa Cruz, CA). The PVDF membranes were
then incubated with anti-rabbit antibody, followed by two
subsequent washes in TIBS. Proteins were then developed
with enhanced chemiluminescence (Amersham, Piscataway,
NJ) and analyzed by a densitometer (STORM, Molecular
Dynamics, Sunnyvale, CA) to detect and quantitate the
enhanced chemiluminescence.

Protein GTP/(GTP + GOP) Binding Assay for
Ras. The assay was performed by a technique that was
previously published with some modifications (7, 21).
Approximately 200 ug of protein from renal cortical
homogenates were incubated at 4°C for 10 mins in a
reaction buffer containing 20 mM Tris HCl, pH 7.5, 10 mM
MgClz, 400 mM NaCl, 2 mM DTI, and 2 mM L-ct-

phosphatidylcholine dimyristoyl (DMPC). [ct_3zp]GTP (0.1
mCi/l) was added to the reaction mixture and incubated at
37°C for 30 mins. The samples were then immunoprecipi-
tated with Ras antibody conjugated to agarose beads at 4°C
for 1 hr and then centrifuged at 14,000 g. Pellets were
washed and resuspended in 50 J.ll of elution buffer (2 mM
EDTA, and 1 mM DTI) to which 0.5 mM each of guanosine
diphosphate and GTP and 0.1% of SDS was added. The
samples were incubated at 80°C for 5 mins, and 30 ul of
each supernatant was spotted on thin layer chromatography
(TLC) plates (EMD Chemicals, Gibbstown, NJ) and
developed with a mobile phase (1.2 M ammonium formate
and 0.8 M HCl). Plates were dried, and a phosphorimager
was used for quantitative analysis (STORM, Molecular
Dynamics).

Protein Kinase B Assay (Akt). Protein kinase B
was immunoprecipitated, and the immunoprecipitate was
assayed for the rate of phosphorylation of myelin basic
protein (MBP). Supernatants of the kidney cortical tissue
homogenates containing approximately 200 ug of protein
were incubated for 2 hrs at 4°C with 2 ug of agarose
conjugated affinity-purified polyclonal antiserum. Samples
were then incubated for an additional 2 hrs at 4°C. After a
brief centrifugation at 10,000 rpm for 60 sees, pel1ets were
washed 3 times with 1 ml of immunoprecipitation buffer (50
mM Tris HCl, 250 mM NaCl, 5 mM sodium pyrophosphate,
1 mM sodium orthovanadate, and 1 mM PMSF, pH 7.4).
The final wash of the pellet was done in kinase buffer (50
mM Tris, 10 mM MgCh, 1 mM DTT, and 0.4%
betamercaptoethanol pH 8). To assay Akt, the resuspended
immunoprecipitates were incubated at 33°C for 8 mins in a
final volume of 50 ul of kinase buffer containing 6 ug of
myelin basic protein and 6 ~lCi of [y32-P]ATP (specific
activity 3000 Ci/mmol, [New England Nuclear, Boston,
MAJ). The reaction was terminated by addition of SDS
sample buffer. The samples were then electrophoresed on a
12% SDS-PAGE gel. Gels were dried and exposed to

Kodak film. To obtain relative numerical values in this
assay, radioactivity was also quantitated using a densitom-
eter employing a phosphoimager screen (Molecular Dy-
namics, Chicago, IL).

P34cdc2 Kinase Assay. Activity was measured by
a method that was previously published (22-24). In brief,
p34cdc2 kinase was immunoprecipitated, and the immuno-
precipitate was assayed for the rate of phosphorylation of
histone HI. Immunoprecipitations were carried out using
antiserum against a synthetic peptide corresponding to the
carboxyl terminus of the human cdc2 protein. Supernatants
of the kidney cortex homogenates containing approximatelY
200 ug of protein were incubated for 2 hrs at 4°C with 2 Ilg
of affinity-purified polyclonal antiserum. This was followed
by addition of 4 mg of hydrated protein-A-sepharose

(Sigma, St. Louis, MO). Samples were then incubated for
an additional 2 hrs at 4°C. After a brief centrifugation at
10,000 rpm for 60 sees, pel1ets were washed 4 times with 1
ml of immunoprecipitation buffer (50 mM Tris HCl, 250
mM NaCl, 5 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, and 1 mM PMSF, pH 7.4). The final wash of
the pel1et was done in kinase buffer (50 mM Tris, 10 roM
MgClz, and 1 mM DTI, pH 8). To assay p34cdc2 kinase the
resuspended immunoprecipitates were incubated at 33°C for
8 mins in a final volume of 50 ul of kinase buffer containing
6 ug histone HI and 6 J.lCi of [y-32P]ATP (specific activity
3000 Ci/mmol, New England Nuclear). The reaction waS
terminated by the addition of SDS sample buffer. The
samples were then electrophoresed on a 12% SDS-PAGE
gel. The commercial preparation of histone HI used as a
substrate gave 2 phosphorylated products at approximareb'
34 kDa, and untreated histone HI electrophoresed and
stained with Coomassie blue showed the same 2 bands (data
not shown). Gels were dried and exposed to Kodak film. To
obtain relative numerical values in this assay, radioactivity
was also quantitated using a densitometer employing a
phosphoimager screen (Molecular Dynamics).

Amount of p34cdc2 Kinase Associated with
Cyclin B. In this case, 2 ug of an antibody against cyclin B
was used to immunoprecipitate this protein and any bound
p34cdc2 kinase. Immunoprecipitation and assays were
carried out as above.

Statistical Analysis. Values in graphs and tables
shown are mean ± SEM. Significance was determined
using analysis of variance (ANOVA) test. The unpaired
Student t test was used to determine statistical significance
between corresponding mean values. Values of P < 0.05
were considered to indicate statistically significant differ-
ences between the corresponding mean values.

Results
Figure 1 (top left) demonstrates an area of damage in

the kidney cortex of a 15-month-old male Munich Wistar
rat. Compared to the tissue from the 4-month-old rat (toP
right of Fig. 1), the glomerulus in the older rat demonstrates
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Figure 1. (Top left) A photomicrograph of renal cortical tissue from a 15-month-old male rat demonstrating an example of focal glomerular
wrinkling, the dark periodic acid-Schiff staining, and thickening of the glomerular membrane.suggesting that glomerular sclerosis has started.
The capillaries are also distorted. The top-right photomicrograph is from a 4-month-old rat to illustrate a "normal" condition. The bottom-left
Photomicrograph is of renal cortical tissue taken from a 15-month-old male rat. This picture demonstrates the dilated tubules filled with plaque-
like material and the leukocyte infiltration that are characteristically found in male Munich Wistar rats of this age. The bottom-right
Photomicrograph is from a 4-month-old rat to illustrate a "normal" condition.

damaged capillaries with dark PAS staining. The staining

indicates that some sclerosis is present. The capsule is also

thickened. The surrounding tubules appear to have less

brush border than those of the younger rat. Figure 1 (bottom

left) demonstrates an area of tubular damage in the cortex of

a 15-month-old male Wistar rat. There are enlarged tubules

filled with a plaque-like material and areas of leukocyte

infiltration not seen in the tissue from the 4-month-old rat
(bottom right of Fig. 1).

As seen in Table 1, body weight of the rats increased in
a manner appropriate to the Munich Wistar rat strain,
demonstrating an increase of approximately 20% between 4
months and 14 months of age, whereas kidney weight
increased approximately 38% between 4 months and 14
months of age. The number of glomeruli per lpf decreased

Table 1. Body Weights and Kidney values"

Age of male MW rats

4 months old
14 months old

Body weight (g)

367:!: 10
441 :!: 9

Kidney weight (g)

1.04:!: 0.03
1.43 :!: 0.06

Glomeruli/lpf

57:!: 5
39:!: 4

Glomerular diameters (mm)

0.11 :!: 0.05
0.15 :!: 1

a Fourteen-month-old rats were larger, had increased kidney weight, had fewer glomeruli/lpf, and had larger glomerular diameters than those of
the 4-month-old rats (P < 0.01, P < 0.01, P < 0.05, P < 0.05, respectively). MW, Munich Wistar; Ipf, low-power field.
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Renal Cortical Akt Activity

0.001) and, in addition, a similar decrease of cyclin B was
found (P < 0.001 vs. younger rats; Fig. 5)

Age of Munich Wistar Rats

Figure 4. Akt activity (phosphorylation of myelin basic protein by Akt)
in the homagenates from kidney cortex of 4-month-old (n:= 6) and 14-
month-old (n := 7) rats is represented. The average value for the
younger rats represents 100% activity. The average value of the
younger rats was used as the reference for calculating the
percentage values for aging rats. Older rats had significantly
decreased activity compared to 4-month-old rats (P < 0.05). Values
shown are mean ± SEM.

Discussion

This study demonstrates that renal cortical tissue
damage during aging in Munich Wistar rats is similar to
that reported in Wistar rats (4). In these Munich Wistar rats,
the damage in focal areas was found to be extensive with
enlarged and sclerotic glomeruli and wrinkled, damaged
capillary tufts. Tubules were dilated and filled with a
plaque-like material. Leukocyte infiltration was present.

Signals for repair or replacement of damaged ceIls
include signals from membrane receptors. It has been
indicated, from studies in yeast cells, that activated Tyr'K
type receptors can activate ras p21 small G protein (Ras)
through a son of sevenless intermediate step to propagate
signals to activate cytoplasmic kinases including MAPK (9-
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approximately 32% between 4 months and 14 months of
age. However, because the kidneys increased in weight, the
total number of glomeruli per kidney did not appear to
change. Glomerular diameters were increased in the older
rats (P < 0.05).

Homogenates from the kidney cortex of 14-month-old
rats had similar quantities of H-ras when compared to the
homogenates of kidney cortex of 4-month-old rats (Fig. 2).
The steady-state ratio of bound GTP for Ras was
significantly decreased in the renal cortical tissue of the
aging rats compared to young rats (P < 0.005; Fig. 3).

The relative levels for Akt activity in the homogenates
from kidney cortex of 4-month-old and 14-month-old rats
are demonstrated in Figure 4. Homogenates from kidney
cortex of 14-month-old rats showed significantly lower Akt
activity compared to 4-month-old rats (P < 0.005).

The relative numerical values for the results of the gel
electrophoretic analysis of histone HI phosphorylation by
p34cdc2 kinase are summarized in Figure 5. In the young
rat, there is a relative association between p34cdc2 kinase
and cyclin B. There was a significant decrease in the activity
of p34cdc2 kinase in the kidney cortex of aging rats
compared to the kidney cortex of young adult rats (P <

Figure 2. The quantification (Western blot) of H-ras in the
homogenates of kidney cortex of young and aging rats. Value for
the aging rat is represented as a percentage of the mean of the
young rat value (100%). Value for the older rats is presented as the
mean ± SEM of calculated values. Homogenates from kidney cortex
of 14-month-old rats had similar quantities of H-ras when compared
to the homogenates of kidney cortex or 4-month-old rats.

Renal Cortical Ras Activity
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Figure 3. GTP/GDP binding activity of H-Ras in homogenates from
the kidney cortex of young (n:= 6) and aging (n := 7) rats. The average
value for the younger rats was used as the reference for calculating
the percentage values for aging rats. Older rats had significantly
decreased activity compared to 4-month-old rats (P < 0.05). Values
shown are mean ± SEM.

Figure 5. Represents P34cdc2 kinase activity in the homagenates of
kidney cortex of young and aging rats. Values of young (n := 6)
represent 100% activity. The average value for the younger rats was
used as the reference for representing the percentage values for
aging rats. Values shown are mean ± SEM. Older rats had
significantly decreased activity compared to 4-month-old rats (P ~
0.001 for both).
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14). Another pathway can act through G proteins and/or
TyrK to to activate PI-3 kinase. Activation of Akt is also a
likely mechanism by which membrane signaling agonists
relay activity to the interior of the cell (13, 16, 17).

Cyclins are nuclear regulatory proteins that form
complexes with p34cdc2 kinase. Increased activity of
p34cdc2 kinase and its association with cyclin B signals
cell replication, whereas downregulation of this pathway
could lead to decrease in cell regeneration. Previously, we
reported that the activities of TyrK, G"'5' MAPK, and
autophosphorylation of MAPK were decreased, whereas the
activity of G",i was increased in the aging kidney cortex (7).
In the current study, we further demonstrate that the activity
of Ras, p34cdc2 kinase (total and cyclin B-associated), and
Akt were decreased in the kidneys of aging rats compared to
young rats, suggesting that the signal transduction pathways
associated with renal cell regeneration are downregulated
and may be associated with a reduction in the activity of the
downstream effectors that cause cell regeneration.

These results were consistent with our previous findings
in the jejunum of the small intestine, where we found that
the activities of cytoplasmic and nuclear kinases associated
with cell regeneration declined significantly with mucosal
cell exfoliation and hypoplasia. (22-24). Other studies have
shown that exposure of MCF-7 breast cancer cells to
insulin-like growth factor (IGF) induces proliferation as a
result of activation of the PI-3 kinase-Akt pathway and,
SUbsequently, activation of Ras-Raf-MAPK pathways (25).
They also found that prolonged activation of the Ras-MAPK
pathway cascade inhibits growth in these cells. Thus,
regulation of the Ras-MAPK pathway in MCF-7 breast cells
determines whether the response is proliferation or growth
arrest. Those results are consistent with our current
investigation, where we found that downregulation of Akt
activity is associated with decrease in the Ras-GTP-binding
pathway and could result in decreased cell growth and/or
replacement. With downregulation of Ras, TyrK, Akt, and
p34cdc2K activity, a likely scenario would be that cells
remaining after the loss of cellular components of nephrons
in aging kidneys may be less able to regenerate.

Combining our previous and current studies, we
summarize that there are no significant changes in the
quantity of G",s and Ras even though there was a significant
decline in their activity and a decline in TyrK activity in
aging kidneys. These results suggest a downregulation of
the capacity of these proteins to translate extracellular
signals, which would result in a decrease in the activity of
the signal transduction pathways important for cellular
regeneration.

We have chosen to examine the activities of Akt,
p34cdc2 kinase and the amount of p34cdc2 associated with
cyclin B and found evidence of downregulation further
downstream. There are many other pathways that could be
investigated and many more functions of these molecules
that can be studied; however, the data reported here suggests
a downregulation of these important kinases at a time when

areas of tissue damage are occurring in the kidney. It is
notable that these kinases would be upregulated if kidney
damage were to occur in younger animals by insults not
related to aging.

The histological studies reported here demonstrate the
presence of focal tubular dilation and thus evidence of
tubular dysfunction in Munich Wistar rats. An occasional
glomerulus demonstrated thickening or wrinkling of the
glomerular membranes. Male Wistar rats at this age have
been reported to be susceptible to developing renal disease
(4). As shown in the photomicrographs, there are focal
points of what appears to be damaged glomeruli, glomerular
capillaries, tubules, and areas of leukocyte infiltration.
Literally all cells in these areas appear to be damaged with
aging, making it difficult to correlate between our
biochemical results and any specific tissue.

Thus, we conclude based on histology that the Munich
Wistar rat can be used as a model to for aging studies in the
rat kidney as has been shown for Wistar rats. We also
conclude that there is a downregulation in the cytoplasmic
and nuclear signaling mechanisms known to be responsible
for cellular regeneration in the aging kidney cortex. A
decline in cellular regeneration would likely be involved in
the decline of renal cell integrity and function that occurs
with aging in rats.
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